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ABSTRACT: We performed sum-frequency generation
(SFG) spectroscopic measurements on water in contact with
supported thin metal and metal-oxide films. We employed an
internal reflection configuration and varied the angles of
incidence of the visible and infrared beams and measured the
SFG signals using different polarization combinations. While
SFG is a surface-specific vibrational spectroscopy, the shape of
the SFG spectra can be fully accounted for by the bulk
response of the materials through the frequency-dependent
enhancement of the local incident infrared fields at the
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interface, ie., Fresnel effects. We find that the dispersion of the refractive index of the bulk water phase leads to a strong
enhancement of the electric field at the interface at specific infrared frequencies. These local, frequency-dependent fields act on
the frequency-independent, nonresonant SFG response of the electrons at the surfaces of the metal or metal-oxide films. As a
result, the measured SFG spectra closely follow this infrared frequency dependence. Hence, we conclude that the nonresonant
SEG signal from the electrons in the metal or metal-oxide film strongly dominates over the resonant SFG signal of the interfacial
water vibrations. This work demonstrates the importance of Fresnel factors in SFG spectroscopy of metal(-oxide)—liquid
interfaces and shows that the spectral dependence and magnitude of the Fresnel factors can be calculated, making corrections to
the data in principle possible. Finally, this work provides practical recommendations for the selection of suitable experimental
conditions for future SFG studies on metal(-oxide)—liquid interfaces aimed at elucidating interfacial water structures at these

interfaces.

B INTRODUCTION

The interaction of water with metal or metal-oxide surfaces
plays a central role in many disciplines such as catalysis,
electrochemistry, and biochemistry. Unfortunately, little is
known about the properties of surface water on metals and
metal-oxides, because in most techniques the signal of surface
water is overwhelmed by the response of bulk water. Sum-
frequency generation (SFG) provides high surface specificity
and is thus an ideal technique to study the interface of water
with a metal or metal-oxide. SFG is a second-order nonlinear
optical process in which two light beams at frequencies @, and
@, generate light at their sum frequency (w; = @; + @,). The
process of SFG is highly surface-specific, as the SFG process is
forbidden in centrosymmetric media (within the electric dipole
approximation). Hence, for centrosymmetric media like liquid
water, SFG possesses monolayer interfacial specificity.

Typically, surface SFG experiments employ a pulsed visible
laser beam of fixed wavelength and a pulsed tunable infrared
laser beam. The sum-frequency signal is enhanced when the
infrared frequency matches a vibrational resonance of some
interfacial species. Thus, by recording the SFG signal as a
function of the infrared frequency, one can obtain an SFG
spectrum which contains unique information on the vibrational
response of the surface molecules. Surface or interfacial SFG
has been widely employed in surface science studies." "’

In spite of the inherent power of surface SFG, the
interpretation of surface SFG spectra is unfortunately often
not straightforward. One complication is that the measured
SEG signal not only consists of the signal originating from the
interfacial vibrational resonances but also contains a non-
resonant contribution. This nonresonant contribution origi-
nates from the nonlinear susceptibility associated with non-
resonant but potentially strong electronic transitions. The
resonant and the nonresonant sources of SFG radiation
interfere. As a result, depending on the relative strengths of
the two contributions, a variety of different SFG band-shapes
may appear, such as monopolar, bipolar, or inverted bands."**°

Another complication is that the SFG signal depends on the
magnitude of the local electric fields of the three interacting
optical beams at the interface. The local electric field strengths
depend not only on the intensity of the incident beams but also
on the bulk, linear refractive indices of the different layers of the
sample, in a manner described by the Fresnel factors. These
effects are particularly relevant for the infrared beam, as one or
both of the bulk phases bordering the interface may display
strong dispersion in the infrared frequency region. As such, it
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has been shown that the correct interpretation of SFG spectra
requires the evaluation of Fresnel factors.”' >° In the present
work, we show that this is especially true for SFG measure-
ments performed on thin metal and metal-oxide films in
contact with a bulk liquid, because of the strong nonresonant
second-order nonlinear response of the metal(-oxide).

We present a detailed analysis of the SFG spectra of thin
films of gold, titanium (Ti), and indium tin oxide (ITO) in
contact with water. We performed measurements and
calculations under different polarization combinations for the
infrared, visible, and sum-frequency light and at different angles
of incidence of the visible and infrared beams. It is shown that
the Fresnel factors exhibit a marked frequency-dependence due
to the frequency-dependence of the refractive index of bulk
water in the infrared region. We find that the Fresnel effects
give rise to a strong spectral structuring of the SFG signal that
can easily be confused for the presence of particular interfacial
vibrational resonances. Moreover, we show that due to the
Fresnel factors the SFG signal at a certain polarization
combination can be amplified by several orders of magnitude
in comparison to the SFG signal obtained at other polarization
combinations, especially for water—metal interfaces.

Bl THEORY

The basic theory of SEG has been described elsewhere.””?!
Briefly, the SFG intensity, Iggg, is proportional to the intensities
of the incident visible and infrared beams, I and Iy, and to
the square of the second-order nonlinear susceptibilities,
)(;;k Nwgpg = Wys + W), of the interface
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where i, j, k (= x, y, or z) are the coordinates of the reference
frame defined in Figure 1; L;, L; and Ly are the Fresnel
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Figure 1. Sketch of SFG from a model sapphire—metal(-oxide) —water
layer. For simplicity, multiple reflections of the beams are not shown.

coefficients or local field factors, which define the magnitude of
the electric fields at the interface (in relation to the magnitude
of the electric fields of the incident beams); and Ogg is the
reflected angle of the SFG beam (with respect to the surface
normal) in medium 1. Equation 1 illustrates the essence of the
challenge addressed in this manuscript: the quantity )(uk Nwgeg =
Wy + Wir) possesses resonant character due to the vibrational
response of the interface, but its frequency dependence can
easily be concealed by the frequency dependence of the Fresnel
coefficients L(w). For readability we omit in the remamder of
this manuscript the explicit frequency dependence of )(,]k

For a thin film in between two media, e.g, sapphire and
water (Figure 1), the SFG signal will be generated at both the
sapphire-film and the film-water interfaces. Consequently, the
total SFG intensity is given by the sum of two contributions
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where the superscripts I and II refer to the interface between
media 1 and 2 and between media 2 and 3, respectively (Figure
1). For each interface, 7 of the 27 elements of the third-rank
tensor )( 2 are nonzero, of which 4 can have a different
value.* 3t In this work we perform SFG measurements under
four different polarization combinations of the SFG, visible
(VIS), and infrared (IR) beams: SSP (referring to S-polarized
SFG, S-polarized VIS, and P-polarized IR), SPS, PSS, and PPP.

The corresponding SFG intensities can be expressed as””>!
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where n denotes either one of the two interfaces (I and II) and
Oz and Oy are the incident angles of the infrared and visible
beams in medium 1 (with respect to the surface normal; see
Figures 1 and 2).
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Figure 2. Top (left) and side (right) view of the experimental setup.
Orange and blue represent the metal(-oxide) and water layer,
respectively.

The Fresnel coefficients of a model three-layer system, with
and without multiple reflections in the second layer, have been
reported previously in literature.*"">*72%3%3> The expressions
for the Fresnel coefficients involve the complex refractive
indexes of the different components of the system.”**> We
follow the notation of ref 30, as we have the same system:
practically copropagating incoming beams, SFG detected in
reflection, and multiple reflections in the thin metal(-oxide)
film.** The precise form of the Fresnel factor depends on the
definition of )(,5%). We choose to follow the general
convention®>>* where the polarization sheet and thus the
generated sum-frequency field is placed outside the nonlinear
medium, and the incoming electric fields are defined just inside
the nonlinear medium. Following ref 30 and this definition, we
get the following Fresnel factors. The equations are derived by
considering that the boundaries separating the layers are plane
and parallel.

The Fresnel factors of interface I (i.e., the sapphire—metal(-
oxide) interface) are given by
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where  is the beam frequency and #1;,.s,.; is equal to n, or n,
(as will be explained below); n, and n, are the complex
refractive indices of medium 1 (sapphire) and medium 2
(metal(-oxide)). ¥, 73, tF, and £; are the linear transmission and
reflection coefficients at the boundary between media i and j,
for p- or s-polarized light
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6, and 0, (see Figure 1) are the beam incident angles in
medium 1 (sapphire) and medium 2 (metal(-oxide)), measured
with respect to the surface normal. f, in eq 4 is a phase
difference factor, given by

2r
p= Tnzd cos 6, ©)
where 1 is the beam wavelength and d is the thickness of
medium 2 (thin metal(-oxide) film). As n, is complex, f§ will be
complex as well.

The Fresnel eqs 4a—4c are valid both for the incoming IR/
VIS field and for the reflected SFG beam.”! However, the L,
component will be different for an incoming or outgoing beam,
because )(1(;? assumes the incoming fields to be placed in the
nonlinear medium, and the polarization sheet and thus the
generated sum-frequency field to be placed just outside the
medium. This difference is expressed in the value taken for
Minterface- 10 general the )(,gi) for sapphire (medium 1) is much
smaller than that of the metal(-oxide) (medium 2), so that the
nonlinear medium (i.e., the medium with the largest nonlinear
optical response) will be medium 2. Hence in L., for the
incoming IR and VIS beams 7y, 5,ce; = #,. In our definition, in
which the nonlinear polarization source is placed outside the
nonlinear medium, the nonlinear source is thus placed in
medium 1, resulting in #;,¢pce = 1, for the outgoing SFG field.
The difference between LLZ,SFG and L;VIS /i is just a factor (n,/
n,)* originating from the displacement rather than the field
being continuous in the z direction, which follows from the
Maxwell equations.36 If }{i(ji) for medium 1 would be larger than
for medium 2, then for the incoming fields #; . e = 7 and for
the resulting SFG iy ericer = 1o

Fc;; interface II (metal(-oxide)—water) the Fresnel factors
read
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where 1 egcen is equal to n, or ns. The factor e’ takes into
account the phase difference between SFG generated at
interface I and II (and thus the absorption in medium 2) and
is present for both the incoming IR/VIS and outgoing SFG
field, but with a different A. The definitions for A read”>*%3°
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As for the first interface (sapphire—metal(-oxide)), the
Fresnel factors for the second interface (metal(-oxide)—water)
in eq 7 are valid both for the incoming IR/VIS fields and the
outgoing SFG beam, the difference being contained in the
definition for n. . In case the )(fji) of medium 2 is much
larger than that of medium 3, then for the incoming IR/VIS
field 7y erfacernr = 115 and for the resulting SFG 7o facenr = 13- The
opposite definition is valid in case ;(ifk) of medium 3 is much
larger than that of medium 2: for the IR/VIS field ner,cerr = 113
and for the resulting SFG fipcer = 1y Also here, the
difference between the Fresnel factor for the incoming and
outgoing beam is a factor (n,/n;)* owing to the displacement
being continuous.

In the above given Fresnel factors the transmission from air
into the sapphire prism for the incoming beams and the
transmission from sapphire to air for the SFG is not taken into
account, as this factor is not frequency dependent in the IR
region. Of course, the refraction at the air-prism interface is
taken into account (see the Experimental Section). Moreover,
to avoid calculating with complex angles (6, is real as the
refractive index of our medium 1 (sapphire) is real in the
frequency range used in this paper), we make the following
substitution in eqs 4a, S, 6, 7a and 838

n]-2 — n, sin” 6,
i )

Equation 9 and Snell’s law are used to convert the tan 6,
terms of eq 8 into terms containing only sin 6,.
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B EXPERIMENTAL SECTION

Figure 2 shows a schematic outline of the experimental setup.
The sample is a thin metal or metal-oxide layer deposited on a
sapphire equilateral prism (face dimension: 10 by 14 mm), put
in contact with pure water H,O (Millipore, 18.2 MQ cm) or
D,0 (Merck, 99.9%). The sample cell is made of Teflon and
allows the exchange of the solution without affecting the optical
alignment. The deposits of gold and titanium were made by
electron beam evaporation at a base pressure <2 X 107° mbar.
The final thickness of the layer was monitored with a quartz
microbalance. The ITO layer (In,O5/Sn0O,, 90/10 wt %) was
prepared by magnetron sputtering.>”

The SFG experiments were carried out in a copropagating
internal reflection geometry, because the strong vibrational
absorption of the liquid would complicate the performance of
SFG spectroscopy from the liquid side (external-reflection
geometry). The SFG light is detected in reflection. To perform
experiments in an internal reflection configuration, it is
necessary to prepare very thin metal films as most metals are
very strong absorbers of visible and infrared light. Indeed,
previous SFG measurements in the internal reflection
configuration could not detect the presence of adsorbates on
gold thin films of thickness larger than 5~10 nm.** On the
other hand, very thin metal films are known to contain a lot of
pores, meaning that the sapphire-water interface will also
contribute to the signal. We used a minimal layer thickness of 5
nm. Although there might still be pores present they will not
contribute significantly to the signal: the SFG signal from a bare
prism is at least 2 orders of magnitude lower than the signal
from a prism with a metal(-oxide) layer. As ITO is not as
strongly absorbing as the metals, we could use a thicker layer of
this material. We performed experiments for gold, titanium, and
ITO layers with thicknesses of S, 5, and 100 nm, respectively.

The incident angles of the visible and infrared beams, yy;s
and ¥, were varied by rotating the prism around its primary
axis. The values of Yy and YR were measured from the
directions of the beams outside the prism (with respect to the
central plane of symmetry of the prism). The internal incident
angles at the sapphire-metal interface, 6,y;s and 6,1z, were
calculated from the refraction at the air-sapphire interface (see
Figure 2). In our experiments, the incident angles of the visible
and infrared beams were equal, and the azimuthal angles
differed by about 5° (see Figure 2). The narrow-band visible
beam was obtained by passing part of the output of a ~100 fs
amplified Ti:sapphire laser system (Legend, Coherent, Inc.)
through an etalon. This beam had a central wavelength of ~800
nm, an energy of ~20 uJ/pulse, and a bandwidth of 17 cm™.
The infrared pulses were generated by an OPG/OPA (TOPAS,
Light Conversion) system pumped by another part of the
output of the laser system. The infrared pulses had an energy of
~S uJ/pulse and a bandwidth of 150 cm™". In order to study a
broad infrared frequency window, the measurements were
performed by sweeping the infrared frequency using the
automated control of the TOPAS motors of the grating, delay
lines and the crystal rotator. In order to minimize the
absorption of the infrared pulses by water vapor, the chamber
covering the infrared beam was continuously purged with N,.
The infrared and visible beams were focused loosely at the
sample down to a beam waist diameter of ~5 mm, to avoid
damaging of the thin metal(-oxide) films. The reflected SFG
light was spectrally dispersed by a monochromator and
detected by an electron-multiplied charge coupled device
(EMCCD, Andor Technologies). The acquisition time was
varied between 60 and 300 s per spectrum, depending on the
signal size. Prior to the experiments, the thin film deposits were
cleaned with acetone and isopropanol and by thorough rinsing
with ultrapure water. The Teflon cell and all the glassware were
immersed overnight in a concentrated solution of slightly acidic
KMnO,. The residual KMnO, was removed with a diluted
solution of H,0, and sulfuric acid (3:1). Finally the cell was
thoroughly washed with ultrapure water.

To obtain SFG spectra, the measured SFG intensity has to be
corrected for the frequency-dependent IR intensity. In previous
work, this normalization is done by measuring the SFG
spectrum from a nonresonant reference sample (such as z-cut
quartz). However, the experiments described here involve thin
metal films supported on a sapphire prism, and as a result, the
temporal and spatial overlap of the visible and infrared beams
for SFG generation are not the same as in the case of the air—
quartz interface. Consequently, in order to perform an accurate
normalization of the SFG intensities, we performed successive
SFG measurements with H,O or D,0O as the water layer. The
SEG signal obtained with D,O constitutes the nonresonant
reference measurement that is used to normalize the SFG
signals obtained with H,O. This approach is accurate, because
all the experimental conditions (thin film, optical alignment,
etc) are identical in the measurements with H,O and D,0. We
checked that the spectra measured in H,O and in D,O are
highly reproducible, even after several exchanges.

B RESULTS AND DISCUSSION

Experimental SFG Spectra. Figure 3a shows the ratios of
the SFG intensities measured for a 5 nm gold film in contact
with H,O and D,O at different incident angles of the visible
and infrared beams (y = 22°, 43°, 60°, and 75°), using PPP
polarization. Measurements performed with the bare sapphire
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Figure 3. (a) Ratio of the SFG intensity measured in H,O and in D,0
with gold as medium 2, for y = 22, 43, 60, and 75° under PPP
polarization. (b) Ratio of the square of the calculated IR Fresnel factors
for H,O and for D,0O |Lxx,H30(a)lR)|2/|Lxx,DZO((oIR)|2 (red),

ILyy,HZO(wIR)IZ/ILyy,DZO(a)IR)lz (green); and |Lzz,HZO(a)IR)|2/
IL..p,0(wr)* (blue) for the sapphire-gold interface. (c) Like b but

for the gold-water interface. The blue solid and dotted line represent
the case for )(g,fd > 2 and 42 > )(g)%d, respectively. The thick lines
in panel b and c represent the strongest calculated Fresnel factor for
the chosen polarization combination in the experiment.

prism (i.e., without gold layer) showed that the SFG intensity
was roughly 150 times smaller, demonstrating that the results in
Figure 3a do not contain significant contributions from exposed
sapphire resulting from holes in the gold layer. The signal size is
strongly dependent on the incident angles, being large for 43
and 60°, and much smaller for 22° and 75°. We found no signal
for SSP polarization. The signals measured for H,O and D,0
are clearly different, resulting in a ratio different from 1.
Previously, the differences in SFG response measured for H,O
and D,0 were ascribed to the vibrational resonances of
interfacial H,O molecules.*""** However, one would expect the
resonant SFG signal for an H,O interface to appear at
frequencies near 3300 cm™'. Figure 3a shows that the main
differences in SFG intensity between H,O and D,O are found
at significantly lower and higher frequencies than the expected
3300 cm™ of the maximum of the absorption of the O—H
stretch vibrations.

In Figure 4a the ratio of SFG signals obtained from a system
with § nm titanium in contact with H,O and D,O is depicted
for SSP and PSS polarization at 45°; the PSS signal is roughly
60 times larger than the SSP signal. Spectral modulations are
observed at very low and very high frequencies (2700 and 3800
cm™'), which do not correspond with the vibrational
resonances of H,O or D,0. The signals for PPP and SPS
(data not shown) are of similar strength as SSP, and the ratios
look similar to SSP and PSS, respectively.

For a 100 nm ITO layer in contact with H,0/D,0, see
Figure Sa, we again observe spectral features at frequencies that
do not correspond to the vibrational resonances of H,O and
D,0. The ITO film shows a roughly 6 times larger signal for
SSP than for PPP.

Table 1 summarizes the signal sizes for the different systems
measured. Due to the difficulties in the normalization described
in the experimental part, only the relative signal sizes between
the different polarization combinations for each system (i.e.,
SSP vs PPP for ITO or the different signals of titanium) are
presented. For the different systems the polarization combina-
tion that gives the largest signal differs: for ITO the signal is
extremely large for the SSP polarization configuration, while for
gold the signal obtained with SSP is very small (below the
detection limit).

Clearly, the three systems show very different SFG responses,
but have in common that the spectra do not contain clear
features that can be assigned to the OH stretch vibrations of
interfacial H,O. Apparently we do not measure the resonant
signal from interfacial water but rather a nonresonant (NR)
signal most likely originating from the metal(-oxide) layer.
Surprisingly, the metal and metal-oxide interfaces do not induce
a structuring of the water that would lead to a significant SEG
signal. The resonant SFG signal seems to be orders of
magnitude smaller than the NR signal from the metal(-oxide).
Unfortunately, it is not possible to suppress this NR signal with
respect to the resonant signal by introducing a time-delay
between the visible and infrared pulse,43 because the water
molecules at the interface show a very short dephasing time.
The NR signal has a strong frequency dependence, which
originates from the Fresnel factors, as shown in the following,

Calculation Results. We calculate the Fresnel factors of the
studied systems using the equations given in the Theory
section. To allow a direct comparison with the experiments, we
calculate the ratio of the Fresnel factors for the systems with
H,0 and D,0. We assume the layers to be perfectly flat; we do
not take account for the corrugated structure of the metal films.
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Figure 4. (a) Ratio of the SFG intensity measured in H,0 and in D,0
with titanium (Ti) as medium 2 under SSP and PSS polarization for y
= 45°. (b) Ratio of the square of the calculated IR Fresnel factors
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lLyy,HzO(wIR)Iz/lLyy,DZO(wIR)lz (green), and |Lzz,HzO(wIR)|2/
IL..p,0{@r)l* (blue) for the sapphire-Ti interface. (c) Like b but for
the Ti-water interface. The blue solid and dotted line represent the
case for ¥ > @ and 4@ > 42 respectively. The thick lines in
panel b and c represent the strongest calculated Fresnel factor for the
chosen polarization combination in the experiment.

When calculating the spectral shape we only consider the
Fresnel factors for the infrared light and not for the SFG light,
as there is very little dispersion at the SFG frequency. The
visible light is narrow-band and can therefore not produce any
frequency dependence. We use the optical constants of
sapphire from ref 44 and for H,O and D,O from ref 4S. The
optical constants for water in the visible are taken from ref 46.
The small birefringence (0.008) of sapphire is not taken into
account as we found no experimental evidence that it plays a
significant role: e.g. for the titanium-water interface the
(forbidden) SSS polarization signal is roughly 20 times smaller
than the PSS signal, indicating only very small amount of
rotation of the polarizations. The refractive indices of gold and
of titanium are taken from ref 44 and the refractive index of the
metal-oxide ITO is obtained from ref 47. We calculate the
ratio of the square of the Fresnel factors for the sapphire—
metal(-oxide) and metal(-oxide)—water interface both for the
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with ITO as medium 2 under SSP and PPP polarization for y = 45°.
(b) Ratio of the square of the calculated IR Fresnel factors for
H,0 and for D,0 |Lxx,HZO(wIR)|2/ |Lxx,D20(U)IR)|2 (rEd)z ILy ,Hzo(wm)lz/

lLyy,DZO(wIR)IZ (green), and |LZZ,H20(wIR)|2/ |Lzz,Dzo(w1R)|2 (blue) for the
sapphire-ITO interface. (c) Like b but for the ITO-water interface.
The blue solid and dotted line represent the case for 220> @ and
PN respectively. The thick line in panel ¢ represents the
strongest calculated Fresnel factor for the chosen polarization

combination in the experiment.

Table 1. Relative Signal Sizes for the Different Experimental
Systems and Geometries

gold 5 nm Ti S nm ITO 100 nm
22° 43° 60° 75° 45° 45°
SSp 0 0 0 0 small very large
1*PPP 6*PPP
SPS small
2*PPP
PSS large
60*PPP
PPP small large large small small large

case that the signal would originate from the metal(-oxide)
layer, and for the case that the signal would originate from the
seg))phire and/ sz)water layer, ie., )(,fe)t.al(,ox,-de) > ){sza)ter/sapphire and
Xviater/sapphire > Xmetal(-oxide)- Lhe only difference between the two
cases is the value for f. .. Which is only present in L.



Hence, LY, and Lj, will be equal for the two cases and thus the
ratios L:x,Hzo(wlR)/ L;x,Dzo(CUIR) and L;y,HZO(wIR)/ L; ,DZO(wIR)
remain the same. For L., 7o iS either Minetal(-oxide) OF Msapphirer
For the ratio L. g o(®r)/L.p,o(@g), the two cases are

identical, as #yepcer In €q 4c will cancel out in the ratio; both
H,0 and D,0 have the same 7,51 However, for interface II
this is not the case. If the metal(-oxide) film is the predominant
source of the nonresonant nonlinear response, My, ef,cerr Will still
cancel in the ratio as the metal(-oxide) is the nonlinear medium
both for the system with H,O and for the system with D,0.
However, if water is the (resonant or nonresonant) nonlinear

medium Minterfacel

system with H,O and #;,es,cenr = #ip o for the system with D,0.

1 will not cancel as #iyepeen = ,0 for the

Hence, the ratio LY, y o(@r)/L% b o(@pr) is determined by the

nature of the nonlinear medium. The value of .. has a
strong effect on the amplitude of the Fresnel factors, especially
in the case of gold, ie, a material with a very high refractive
index. This effect is divided out when we consider the ratio of
the Fresnel factors of the H,O and D,O systems. The Fresnel
factors do not include any resonant contribution from the
interfacial water. These resonant contributions are represented
by the frequency dependence of the resonant part of )(,(ji) and
are not considered in the present calculations.

The calculated ratios of the squared Fresnel factors are
plotted in Figure 3—5 for the gold, titanium and ITO
system, respectively. Figure 6 shows the square of the Fresnel

y=22° y=43°
3 - D,O
gold-water
—~ oL interface -
)

2
Ll

2800 3200 3600 2800 3200 3600

IR frequency (cm"1) IR frequency (cm'1)

Figure 6. Square of the calculated IR Fresnel factors IL,,I* for H,O
(red) and for D,O (blue) for the gold—water interface measured for
incident angles of 22, 43, 60, and 75°, illustrating that the frequency
dependence mainly originates from the Fresnel factor of H,O.

factor |L,I* for both H,O and D,O (and not the ratio) for the
system with gold as medium 2. Figure 6 shows that for D,O the

Fresnel factor shows strong frequency dependence below 3000
cm™, while for H,O the Fresnel factor depends on frequency
above 3000 cm™'. By comparing all calculated ratios of
the squared Fresnel factors, we find that for all systems the

: I 207 1 2 1 2
ratios 1L,y 0(@1R)1*/IL,, b o(@R)1* and Ly 0 (@r)?/
IL}),p,0(@r)I* have approximately the same shape and have a

ratio around 1 at all frequencies. The ratios for the L, (@) and
L?(w) depend more strongly on the frequency and on the
particular system, because the linear transmission and reflection
coefficients (eq S) for p-polarized light, especially 45, are more
strongly frequency modulated compared to the transmission
and reflection coefficients for s-polarized light which are present
in the L) (@r) Fresnel factors. We notice that for the titanium

1 1 . I
film |L,,,1,0(0r)P/ILy,p,0(@0r)P is equal to ILy,o(@r)P/
ILY p.0(@r)* (nn = xx, yy, zz). This result has its origin in the

almost zero value for f and A making the expression for
L} (oy) and L} (wr) equal (see eqs 4 and 7). In contrast, for
ITO f is large, mainly because of the 20 times thicker film,
resulting in a large difference between the Fresnel factors of the
first and the second interface. For all systems, the imaginary
parts of  and A become large for very thick layers, due to
absorption in the film. Hence, the terms ¢/ and ¢ become
zero, making L}, only dependent on medium 1 and 2 (see eq
4). As a result, the ratio IL;,, 1y o(@)I*/IL;,p.0(@r)l* = 1. The

Fresnel factor itself (L, o(@pr)) will still have a modest

frequency dependence, because the refractive indices of
medium 1 and 2 are slightly frequency dependent. For the
case of a very thick metal(-oxide) layer the Fresnel factors for
the second interface become very small due to the absorption
of the IR light.

To predict relative signal sizes, the magnitude of the Fresnel
factors has to be taken into account. Up to now, we only
considered the spectral dependence of the signals that is
determined by the dispersion of the IR light. To calculate the
SEG amplitude we need to include the Fresnel factors at the
SFG and visible frequencies, as can be seen in eq 3. We
calculated the relative magnitudes of the signals for all systems
and polarization combinations by using the refractive indices
given in Table 2. The results are given in Table 3 and 4. For the
IR light we used the Fresnel factor at 3300 cm™. Table 3
presents the calculation results for the case that the metal(-
oxide) film is the nonlinear medium, while Table 4 presents the
results for the case that sapphire or water forms the nonlinear
medium. Of course the experimentally observed signals can be
a sum of signals originating from the sapphire and metal(-
oxide) media at the first interface and from the metal(-oxide)
and water media at the second interface. Hence, in total there
could be four contributions to the signal. For the PPP
polarization combination there can even be 16 contributions:
the four contributions from the different media enter in four
different combinations of Fresnel factors (eq 3d).

Table 2. Real (n) and Imaginary Part (k) of the Refractive Index of the Different Materials Used in the Calculations Presented

in Tables 3 and 4

sapphire** gold** Ti* oY water*>*

n k n k k n k n k
IR 3300 cm™ 1.709 0 1.67 18.79 2.55 4.35 0.55 3.60 1.409 0.243
VIS 12500 cm™" 1.76 0 0.188 5.39 2.87 3.33 1.52 0.025 1.329 125 X 1077
SFG 15800 cm™ 177 0 0.166 3.15 2.16 2.93 1.66 0.025 1.332 1.39 X 1078



Table 3. Calculated Ma§nitudes of the Fresnel Factors for the Case That Medium 2 (Thin Metal(-Oxide) Film) Is the Nonlinear

. 2) 2
Medium (X(mediumZ > %vater/sapphire)

gold S nm Ti S nm ITO 100 nm
22° 43° 60° 75° 45° 45°

sapphire—metal(-oxide) interface

- - - -6
SSP: 1L, (ge) L, (@ys) L. (g sin Oy 1x10™* 2% 107 5% 107° 8 X 10 0.01 0.44
SPS: IL,(@5) L. (0yys) Ly, (ry)sin Byygl 3% 107 0.01 7 x 107 4x107° 0.07 4.24
PSS: | Lzz(wSFG)Lyy(wVIS) Lyy(wIR)Sin Oepal 0.16 0.63 0.07 7 x 1073 2.46 2.74

_ 6 - 6 - _
PPP: IL,. (@5pG) Lyu(@yis) L. (@1 )cos Ospgeos Bygsin 61R|2 2x107 2x10 3x 107 910 5x 107 1x 107

-3 -3 - - -3
PPP: IL,. (@5pG)L..(@vis) Ly (@rp ) cos Ospgsin Oyygcos ‘gmlz 1x10 1> 10 9 x 107 1x 107 S x 10 025
PPP: IL,. (0556) Ly (@y15) Ly (@15 )sin Ogpeos Oygeos Orgl” 0.08 0.13 0.19 0.03 019 0.02
PPP: IL_(0gpg)L,.(@yis)L,. (055 )sin Ogpgsin Oyygsin O 1x107 3x107° 2x1077 1x 107 6x 107 0.32
metal(-oxide)-water interface

— - - -6
SSP: IL, (5L, (@yss) L. @y )sin O 2%x107° 7 % 107 2%x107° 3% 10 0.01 0.12
SPS: 1L, (gpe) Lo (0yis) Ly, (@ sin Byl 2% 107 0.01 2% 107 2x 107 0.07 1.47
PSS: | Lzz(wSFG)Lyy(leS) Lyy(wIR)sin Ogecl 0.40 1.99 0.29 0.03 7.64 2.39

—6 -6 - -6 - -3
PPP: IL,. (05pG) Lyu(@yis) L. (@i )cos Ospgeos Bygsin 6’1}1'2 3x10 3x10 3 x 107 6x10 1x 107 2x10
PPP: IL,. (@5pG) L. (@vis) Ly, (@1 )cos Ospgsin Oyygcos 01R|2 7% 107 3x 107 4% 107 g x 107 8 x 107 0.22
PPP: I (05G) Lo @vy1s) Lo (@1 )sin Gsgieos Oypscos Org 0-20 0.79 1.06 021 093 0.36

_ —6 —6 ! —
PPP: IL_(0gpg) L. (@yis)L,. (055 )sin Ogpgsin Oyygsin O 6% 107 6x 10 2Xx10 2 x 1077 2x107° 0.17

Table 4. Calculated Magnitudes of the Fresnel Factors for the Case That Sapphire and/or Water Are the Nonlinear Medium

(x‘(éi)ter /sapphire > %r:e)diumz)

gold S nm Ti S nm ITO 100 nm

22° 43° 60° 75° 45° 45°
sapphire—metal(-oxide) interface
SSP: IL, (@gpq )Ly, (@yis) L (@ )sin Ol 1.62 3.46 0.70 0.13 112 9.12
SPS: IL, (@pq) L. (@yrs) Ly, (@ )sin Oyl 023 1.02 0.06 4% 1073 2.68 2.36
PSS: IL,(05p6)L,, (@yis)L,, (@yp)sin Ol 0.02 0.06 7 X 107 7% 107 0.14 3.51
PPP: IL, (05pc) Lo (@yis) L. (01 ) cOs Ogpgeos Oygsin glRlz 0.26 0.03 0.50 0.13 0.04 3x 107
PPP: IL, (@gpg)L,. (@)L, (01 )cos Ogpgsin Oygcos Ol 0.09 0.08 0.08 9% 107 0.18 0.14
PPP: IL, (056) Ly (@yis) L, (@1 )sin Ogpeos Oygcos 01R|2 8 x 107 0.01 0.02 3x 107 0.01 0.02
PPP: IL (0gpq) L., (0y1s) L. (0 )sin Ogpsin Oyygsin Oyl 0.02 044 0.03 2x 107 0.10 477
metal(-oxide)-water interface
SSP: 1L, (55)L, @y L. (@ )sin O 0.61 2.07 0.58 0.10 1.80 522
SPS: I, (@pe) L. (@yrs) Ly, (@ )sin Oygl? 048 3.96 0.54 0.06 791 2.52
PSS: IL,, (05r6)L,, (@)L, (@15 )sin Ggrgl” 0.02 0.06 7% 1073 7% 107 0.14 0.99
PPP: I (@gp) Ly (@yis) Ly, (01 ) cos Ogrgeos Oygsin O > 0.09 0.08 0.77 0.19 0.18 0.07
PPP: IL, (05r) L. (0yis) Ly (@1 ) cos Ogpgsin Oyygcos 91R|2 0.20 0.85 107 0.21 0.98 0.38
PPP: IL, (056) Ly (@yis) L, (@1r )sin Ogpeos Oygcos emlz 6107 0.03 0.03 7% 107 0.02 0.15
PPP: IL, (056) L, (@)L, (0 )sin Ogpesin Oygsin 91R|2 0.01 L44 041 0.06 0.58 515

In case the metal(-oxide) film constitutes the nonlinear
medium (Table 3) all polarization combinations that involve
L,.(wp) vield very small SFG signals due to the large refractive
index, especially the imaginary part, of the metal(-oxide) in the
infrared region (see Table 2). This large refractive index is

present in the denominator of the expression for L (@) thus
making L_,(w) small. For PSS polarization combination the
SFG signal is relatively large due to the large value of L,(wgpg)

that results from the small value of the refractive index of



sapphire and water in the visible (for L,(@gpg), Minterface IS
nsapphire or nwater)'

In case the metal(-oxide) film is not the nonlinear medium
the small values observed in Table 3 disappear (see Table 4).
Now the SSP and SPS polarization combination yield large
signals due to a large contribution from the L_(wpy) and
L. (wyy), respectively. In general, the PPP polarization
combination gives smaller signals than the other polarization
combination, because the expression for PPP includes a
multiplication with two additional goniometric functions.

Comparison between Experiment and Calculations.
As is clear from comparing the experimental and calculated
spectra in Figures 3—S5, the measured SFG spectra are always
remarkably similar to at least one of the calculated squared
ratios of the Fresnel factors.

For the PPP signal of gold (Figure 3) the experimentally
observed ratio of the signals measured for H,O and D,0O
(Figure 3a) matches very well with the calculated ratio of
the Fresnel factors IL y o(@r)*/IL.p,0(@r)* and

|L;L'HZO(wIR)IZ/IL,ICinZO(wIR)lz (red) for all four measured

incident angles. Although the PPP signal is a combination of
four terms of which two scale with L’ (wyz) and two with
L (wgr), we do not observe a significant contribution from
L? (wr)- This observation can be understood by looking at the
relative magnitude of the different signal contributions shown
in Tables 3 and 4. Gold shows a very large nonlinear response
(see, e.g, refs 18 and 19) meaning that we only need to
consider the signal contributions from Table 3, ie., the case
that )(g,}d > ;(sza)ter/sapphm. Moreover, if the nonlinear response of
gold would have been small compared to that of water or
sapphire, a large signal for the SSP polarization combination
would have been observed, as is evident from Table 4. As we do
not see a large signal for SSP, we can indeed conclude that the
signal originates from the gold layer. Based on the Fresnel
factors the largest contribution for PPP is then expected from
the ILY (wgpg)LE (wyis) LY (wp)* term (see Table 3), but a
contribution from L. (@gpg)LL (@yis)LL (@R)? cannot be
excluded, exactly the two factors that match very well the
measured SFG spectrum. The relative magnitude of the
observed signals for the different angles (i.e., large for 43 and
60°, small for 22 and 75°) is also in agreement with the
calculations. Of course the tensor elements of )(fji) also
determine which contribution will be dominant in the signal.
However, for PPP the term |LL(wgpg)LE(0yis) L (@)l is in
general over 1000 times larger than the other factors, whereas
the )(l(]i) tensor elements are in general not that different.>
For titanium (optical constants from ref 44) the experimental
results are compared with the calculations in Figure 4. For the
SSP polarization combination the data coincide with the
ratios of the calculated IR Fresnel factors ILL p o(@wp)l/

ILLpo(@r)l and ILL

- mo0(@R)P/ILL b o(@R)l?, whereas for
the PSS polarization a good comparison of the data with

the ratios of the calculated IR Fresnel factors L}, 1 o(@r)*/

I 2 1 2711 2
|Lyy’D20(a)IR)| and |Lyy,HZO(wIR)| / |Lylezo(a)IR)| is found, as

predicted by eq 3.*® The measured PSS signal was much larger
than the other signals. The calculation predict a strong signal
for PSS when 4 > x&er/sappmre (Table 3), hence the SEFG
signal appears to be generated by the titanium film. If water or
sapphire would have been the nonlinear medium, a strong
signal for the SPS combination would have been observed (see
Table 4), which does not agree with the experimental

observations. As for gold, the SFG signal originates from the
metal rather than the water/sapphire. Both the first and second
interface can contribute to the signal as the Fresnel factors for
the two interfaces are comparable in size (see Table 3).

For ITO (Figure S) the interpretation of the data is less
straightforward than for gold and titanium. Unfortunately, we
have no a priori knowledge about the relative magnitude of the
nonlinear response of ITO compared to that of sapphire and
water. The experimental data show that the SSP signal is
roughly 6 times stronger than that obtained with PPP, and that
the spectral shapes of the signals obtained with SSP and PPP
are both similar to the frequency dependence of the ratio of the
calculated IR Fresnel factors ILL. y o(@wp)I*/IL%  o(0r)% By

comparing Table 3 and 4 we see that in both cases (ITO or
sapphire/water as the nonlinear medium) the magnitudes of
the Fresnel factors for SSP and PPP (the terms containing
L? (wr)) are comparable. In case water would be the dominant
nonlinear medium, the zzz term of PPP will be dominant, in
agreement with the observed correspondence of the signal with
the spectral shape of L' (). However, as we did not observe
any sign of a resonance in )(i;‘i) (no resonant water signal), it
seems much more likely that the ITO film has a stronger
nonlinear response than water, like the gold and titanium
system. However, for the case that ITO is responsible for the
SEG signal, the Fresnel factors associated with the xzx, zxx, and
zzz terms of PPP are comparable in size. It will thus depend
critically on the values of the corresponding ;(,(]i) tensor
elements which Fresnel factor dominates.

Summarizing, for all three studied systems the experimental
data can be fully explained by the shape and size of the Fresnel
factors assuming that the SFG signal originates from the
metal(-oxide) film. The nonresonant nonlinear response of the
metal(-oxide) film is thus concluded to dominate the overall
SEG response, although the infrared light is in resonance with
the vibrations of water in the measured frequency range. The
spectral dependence of the Fresnel factor is fully determined by
the infrared field, due to the strong dispersion of the refractive
index of water in this frequency region. Interestingly, different
Fresnel factors dominate the response of the three studied
systems, which can be explained from their specific IR, VIS, and
SEG Fresnel factors. For gold in PPP polarization we find a
good match of the signal with ILL, ;; o(@w)*/ILL, p o (@) and
|LEx,HZo(CUIR)|2/ lL}ch,DZO(wIR)lZ) indicated by the thick lines in
Figure 3, panels b and c. For Ti the SSP measured data
match well with lei,HZO(a)IR)lz/lezI,DZO(wIR)lz and

|L£z,Hzo(wIR)|2/ |L£z,Dzo(w1R)|2; while for PSS lL}I/y,HZO(wIR)lz/

I 2 I 2711 2
|Lyle20(a)IR)| and |Lyy,HZO(wIR)| /IL ,DZO(wIR)l are observed

(thick lines Figure 4, panels b and c). For ITO both in PPP and
SSP polarization we observe a spectral dependence close to
|L£z,HZO(wIR)|2/ |L£z,Dzo(w1R)|2 (thick line Figure Sc). The spectra
of the metal(-oxide) interface films do not show any evidence
for the presence of interfacial vibrational resonances in the
second-order nonlinear susceptibility. The effect of the
vibrational resonances only enters through the dispersion of
the Fresnel coefficients for the infrared light, but these
resonances are bulk water vibrations as the infrared light
probes the water over its evanescent wavelength of several
hundred nanometers.



B CONCLUSIONS

We have analyzed surface sum-frequency generation (SFG)
spectra obtained from supported thin metal and metal-oxide
films in contact with water in an internal reflection
configuration. We found that the shapes of the observed SFG
spectra are completely dominated by the frequency-depend-
ence of the Fresnel coefficients, which implies that the
nonresonant SFG signal strongly dominates over the SFG
signal of the vibrational resonances of the interfacial water
molecules.

The results from the present study are important for future
SFG studies on water at thin film metal and metal—oxide
interfaces. For the study of the vibrational properties of
interfacial species, it is advantageous to select experimental
conditions in which the SFG Fresnel factors show little infrared
frequency dependence. This can be achieved by decreasing the
angle of incidence (see the angle dependence for gold in Figure
3). Smaller angles of incidence also allow for a deeper
penetration of the beams across the thin metal layer. A
disadvantage of choosing smaller angles of incidence is that the
Fresnel factors become smaller because the system is further
away from the surface plasmon resonance.*’ As a result the
local electric fields and thus the generated SFG intensity
decrease. Finally, to characterize the vibrational properties of
interfacial water at interfaces, it is necessary to select a material
which produces a much smaller nonresonant SFG signal (i.e.,
with a small nonresonant ) than the presently studied films.
Even then, Fresnel factors will affect the shape of the SFG
spectra (see eq 1), but the spectral structure of the SFG signal
will not be completely dominated by the Fresnel factors and
can thus be used to determine the frequency dependence of )(1(;'%)
that reflects the vibrational modes of the interfacial species.
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