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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
interface, i.e., 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
SFG 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.

■

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. Sumfrequency 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 ω1 and
ω2 generate light at their sum frequency (ω3 = ω1 + ω2). 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.1−17

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
SFG signal not only consists of the signal originating from the
interfacial vibrational resonances but also contains a nonresonant contribution. This nonresonant contribution originates from the nonlinear susceptibility associated with nonresonant 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.18−20
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

has been shown that the correct interpretation of SFG spectra
requires the evaluation of Fresnel factors.21−30 In the present
work, we show that this is especially true for SFG measurements 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.

■

THEORY
The basic theory of SFG has been described elsewhere.29,31
Brieﬂy, the SFG intensity, ISFG, is proportional to the intensities
of the incident visible and infrared beams, IVIS and IIR, and to
the square of the second-order nonlinear susceptibilities,
χ(2)
ijk (ωSFG = ωVIS + ωIR), of the interface
ISFG(ωSFG)

∑ LiiI(ωSFG)χijk(2),I LjjI (ω VIS)LkkI (ωIR )

ISFG(ωSFG) ∝

i,j,k
2

+

∑

LiiII(ωSFG)χijk(2),II LjjII(ω VIS)LkkII (ωIR )

i,j,k

sec 2 θSFGIVISIIR

(2)

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 χ(2)
ijk are nonzero, of which 4 can have a diﬀerent
value.29,31 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 as29,31
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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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frame deﬁned in Figure 1; Lii, Ljj, and Lkk 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.
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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 θSFG 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 χ(2)
ijk (ωSFG =
ωVIS + ωIR) 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(ω). For readability we omit in the remainder of
this manuscript the explicit frequency dependence of χ(2)
ijk .
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where n denotes either one of the two interfaces (I and II) and
θIR and θVIS are the incident angles of the infrared and visible
beams in medium 1 (with respect to the surface normal; see
Figures 1 and 2).

θ1 and θ2 (see Figure 1) are the beam incident angles in
medium 1 (sapphire) and medium 2 (metal(-oxide)), measured
with respect to the surface normal. β, in eq 4 is a phase
diﬀerence factor, given by
β=

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.21,23−26,30,32 The expressions
for the Fresnel coeﬃcients involve the complex refractive
indexes of the diﬀerent components of the system.28,33 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.34 The precise form of the Fresnel factor depends on the
(2)
. We choose to follow the general
deﬁnition of χ ijk
32,35
where the polarization sheet and thus the
convention
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 ω is the beam frequency and ninterfaceI is equal to n1 or n2
(as will be explained below); n1 and n2 are the complex
refractive indices of medium 1 (sapphire) and medium 2
(metal(-oxide)). rpij, rsij, tpij, and tsij 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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where ninterfaceII is equal to n2 or n3. The factor eiΔ 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 Δ. The deﬁnitions for Δ read23,26,30
ΔSFG =

2πn2,SFGd
λSFG cos θ2,SFG
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where λ is the beam wavelength and d is the thickness of
medium 2 (thin metal(-oxide) ﬁlm). As n2 is complex, β 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.21 However, the Lzz
component will be diﬀerent for an incoming or outgoing beam,
because χ(2)
ijk 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
ninterfaceI. In general the χ(2)
ijk 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 LIzz, for the
incoming IR and VIS beams ninterfaceI = n2. 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 ninterfaceI = n1 for the outgoing SFG ﬁeld.
The diﬀerence between LIzz,SFG and LIzz,VIS/IR is just a factor (n1/
n2)2 originating from the displacement rather than the ﬁeld
being continuous in the z direction, which follows from the
Maxwell equations.36 If χ(2)
ijk for medium 1 would be larger than
for medium 2, then for the incoming ﬁelds ninterfaceI = n1 and for
the resulting SFG ninterfaceI = n2.
For interface II (metal(-oxide)−water) the Fresnel factors
read37
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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 ninterfaceII. In case the χ(2)
ijk of medium 2 is much
larger than that of medium 3, then for the incoming IR/VIS
ﬁeld ninterfaceII = n2 and for the resulting SFG ninterfaceII = n3. The
opposite deﬁnition is valid in case χ(2)
ijk of medium 3 is much
larger than that of medium 2: for the IR/VIS ﬁeld ninterfaceII = n3
and for the resulting SFG ninterfaceII = n2. Also here, the
diﬀerence between the Fresnel factor for the incoming and
outgoing beam is a factor (n2/n3)2 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 (θ1 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, 5, 6, 7a and 838
cos θj =

nj 2 − n12 sin 2 θ1
nj

(9)

Equation 9 and Snell’s law are used to convert the tan θ2
terms of eq 8 into terms containing only sin θ1.

■

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 H2O (Millipore, 18.2 MΩ cm) or
D2O (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 × 10−6 mbar.
The ﬁnal thickness of the layer was monitored with a quartz
microbalance. The ITO layer (In2O3/SnO2, 90/10 wt %) was
prepared by magnetron sputtering.39
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.40 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 5, 5, and 100 nm, respectively.

The incident angles of the visible and infrared beams, γVIS
and γIR, were varied by rotating the prism around its primary
axis. The values of γVIS and γIR 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, θ1,VIS and θ1,IR, 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 μJ/pulse, and a bandwidth of 17 cm−1.
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
∼5 μJ/pulse and a bandwidth of 150 cm−1. 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 N2.
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
KMnO4. The residual KMnO4 was removed with a diluted
solution of H2O2 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 H2O or D2O as the water layer. The
SFG signal obtained with D2O constitutes the nonresonant
reference measurement that is used to normalize the SFG
signals obtained with H2O. This approach is accurate, because
all the experimental conditions (thin ﬁlm, optical alignment,
etc) are identical in the measurements with H2O and D2O. We
checked that the spectra measured in H2O and in D2O are
highly reproducible, even after several exchanges.

■

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 H2O and D2O at diﬀerent incident angles of the visible
and infrared beams (γ = 22°, 43°, 60°, and 75°), using PPP
polarization. Measurements performed with the bare sapphire

Figure 3. (a) Ratio of the SFG intensity measured in H2O and in D2O
with gold as medium 2, for γ = 22, 43, 60, and 75° under PPP
polarization. (b) Ratio of the square of the calculated IR Fresnel factors
for H 2 O and for D 2 O |L xx,H 2 O (ω IR )| 2 /|L xx,D 2 O (ω IR )| 2 (red),
|L yy,H 2 O (ω IR )| 2 /|L yy,D 2 O (ω IR )| 2 (green), and |L zz,H 2 O (ω IR )| 2 /
|Lzz,D2O(ωIR)|2 (blue) for the sapphire-gold interface. (c) Like b but
for the gold-water interface. The blue solid and dotted line represent
(2)
(2)
(2)
the case for χ(2)
gold > χwater and χwater > χgold, 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 H2O and D2O
are clearly diﬀerent, resulting in a ratio diﬀerent from 1.
Previously, the diﬀerences in SFG response measured for H2O
and D2O were ascribed to the vibrational resonances of
interfacial H2O molecules.41,42 However, one would expect the
resonant SFG signal for an H2O interface to appear at
frequencies near 3300 cm−1. Figure 3a shows that the main
diﬀerences in SFG intensity between H2O and D2O are found
at signiﬁcantly lower and higher frequencies than the expected
3300 cm−1 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 5 nm titanium in contact with H2O and D2O 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−1), which do not correspond with the vibrational
resonances of H2O or D2O. 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 H2O/D2O, see
Figure 5a, we again observe spectral features at frequencies that
do not correspond to the vibrational resonances of H2O and
D2O. 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 combination 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 H2O. 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 SFG
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
H2O and D2O. We assume the layers to be perfectly ﬂat; we do
not take account for the corrugated structure of the metal ﬁlms.

Figure 4. (a) Ratio of the SFG intensity measured in H2O and in D2O
with titanium (Ti) as medium 2 under SSP and PSS polarization for γ
= 45°. (b) Ratio of the square of the calculated IR Fresnel factors
for H 2 O and for D 2 O |L xx,H 2 O (ω IR )| 2 /|L xx,D 2 O (ω IR )| 2 (red),
|L yy,H 2 O (ω IR )| 2 /|L yy,D 2 O (ω IR )| 2 (green), and |L zz,H 2 O (ω IR )| 2 /
|Lzz,D2O(ωIR)|2 (blue) for the sapphire-Ti interface. (c) Like b but for
the Ti-water interface. The blue solid and dotted line represent the
(2)
(2)
(2)
case for χ(2)
Ti > χwater and χwater > χTi , 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 H2O and D2O from ref 45. 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

Figure 5. (a) Ratio of the SFG intensity measured in H2O and in D2O
with ITO as medium 2 under SSP and PPP polarization for γ = 45°.
(b) Ratio of the square of the calculated IR Fresnel factors for
H2O and for D2O |Lxx,H2O(ωIR)|2/|Lxx,D2O(ωIR)|2 (red), |Lyy,H2O(ωIR)|2/
|Lyy,D2O(ωIR)|2 (green), and |Lzz,H2O(ωIR)|2/|Lzz,D2O(ωIR)|2 (blue) for the
sapphire-ITO interface. (c) Like b but for the ITO-water interface.
(2)
The blue solid and dotted line represent the case for χ(2)
ITO > χwater and
(2)
(2)
χwater > χITO, respectively. The thick line in panel c 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
22°
SSP

Ti 5 nm

43°

60°

0

0

0

0

75°

small

large

large

small

SPS
PSS
PPP

45°
small
1*PPP
small
2*PPP
large
60*PPP
small

ITO 100 nm
45°
very large
6*PPP

large

case that the signal would originate from the metal(-oxide)
layer, and for the case that the signal would originate from the
(2)
sapphire and/or water layer, i.e., χ(2)
metal(‑oxide) > χwater/sapphire and
(2)
(2)
χwater/sapphire > χmetal(‑oxide). The only diﬀerence between the two
cases is the value for ninterface which is only present in Lnzz.

Hence, Lnxx and Lnyy will be equal for the two cases and thus the
n
n
n
ratios Lxx,H
(ωIR)/Lxx,D
(ωIR) and Lnyy,H2O(ωIR)/Lyy,D
(ωIR)
2O
2O
2O
I
remain the same. For Lzz, ninterface is either nmetal(‑oxide) or nsapphire.
For the ratio LIzz,H2O(ωIR)/LIzz,D2O(ωIR), the two cases are
identical, as ninterfaceI in eq 4c will cancel out in the ratio; both
H2O and D2O have the same ninterfaceI. However, for interface II
this is not the case. If the metal(-oxide) ﬁlm is the predominant
source of the nonresonant nonlinear response, ninterfaceII will still
cancel in the ratio as the metal(-oxide) is the nonlinear medium
both for the system with H2O and for the system with D2O.
However, if water is the (resonant or nonresonant) nonlinear
medium ninterfaceII will not cancel as ninterfaceII = nH2O for the
system with H2O and ninterfaceII = nD2O for the system with D2O.
Hence, the ratio LIIzz,H2O(ωIR)/LIIzz,D2O(ωIR) is determined by the
nature of the nonlinear medium. The value of ninterface has a
strong eﬀect on the amplitude of the Fresnel factors, especially
in the case of gold, i.e., a material with a very high refractive
index. This eﬀect is divided out when we consider the ratio of
the Fresnel factors of the H2O and D2O 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 χ(2)
ijk 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

Fresnel factor shows strong frequency dependence below 3000
cm−1, while for H2O the Fresnel factor depends on frequency
above 3000 cm−1. By comparing all calculated ratios of
the squared Fresnel factors, we ﬁnd that for all systems the
I
I
II
ratios |L yy,H
(ω IR )| 2 /|L yy,D
(ω IR )| 2 and |L yy,H
(ω IR )| 2 /
2O
2O
2O
2
II
|Lyy,D2O(ωIR)| have approximately the same shape and have a
ratio around 1 at all frequencies. The ratios for the Lnxx(ωIR) and
Lnzz(ωIR) depend more strongly on the frequency and on the
particular system, because the linear transmission and reﬂection
coeﬃcients (eq 5) for p-polarized light, especially rp23, are more
strongly frequency modulated compared to the transmission
and reﬂection coeﬃcients for s-polarized light which are present
in the Lnyy(ωIR) Fresnel factors. We notice that for the titanium
I
ﬁlm |Lnn,H
(ωIR)|2/|LInn,D2O(ωIR)|2 is equal to |LIInn,H2O(ωIR)|2/
2O
II
|Lnn,D2O(ωIR)|2 (nn = xx, yy, zz). This result has its origin in the
almost zero value for β and Δ making the expression for
LInn(ωIR) and LIInn(ωIR) equal (see eqs 4 and 7). In contrast, for
ITO β 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 β and Δ become large for very thick layers, due to
absorption in the ﬁlm. Hence, the terms e2iβ and eiΔ become
zero, making LInn only dependent on medium 1 and 2 (see eq
I
I
4). As a result, the ratio |Lnn,H
(ωIR)|2/|Lnn,D
(ωIR)|2 ≈ 1. The
2O
2O
I
Fresnel factor itself (Lnn,H
(ωIR)) will still have a modest
2O
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
SFG 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−1. 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).

Figure 6. Square of the calculated IR Fresnel factors |Lxx|2 for H2O
(red) and for D2O (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 H2O.

factor |Lxx|2 for both H2O and D2O (and not the ratio) for the
system with gold as medium 2. Figure 6 shows that for D2O the

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
sapphire44
IR 3300 cm−1
VIS 12500 cm−1
SFG 15800 cm−1

gold44

Ti44

ITO47

water45,46

n

k

n

k

n

k

n

k

n

k

1.709
1.76
1.77

0
0
0

1.67
0.188
0.166

18.79
5.39
3.15

2.55
2.87
2.16

4.35
3.33
2.93

0.55
1.52
1.66

3.60
0.025
0.025

1.409
1.329
1.332

0.243
1.25 × 10−7
1.39 × 10−8

Table 3. Calculated Magnitudes of the Fresnel Factors for the Case That Medium 2 (Thin Metal(-Oxide) Film) Is the Nonlinear
(2)
Medium (χ(2)
medium2 > χwater/sapphire)
gold 5 nm

Ti 5 nm

ITO 100 nm

45°

45°

22°

43°

60°

75°

SSP: |Lyy(ωSFG)Lyy(ω VIS)Lzz(ωIR )sin θIR |2

1 × 10−4

2 × 10−4

5 × 10−5

8 × 10−6

0.01

0.44

SPS: |Lyy(ωSFG)Lzz(ω VIS)Lyy(ωIR )sin θVIS|2

3 × 10−3

0.01

7 × 10−4

4 × 10−5

0.07

4.24

PSS: |Lzz(ωSFG)Lyy(ω VIS)Lyy(ωIR )sin θSFG|2

0.16

0.63

0.07

7 × 10−3

2.46

sapphire−metal(-oxide) interface

−5

−6

−5

−6

1 × 10−4

PPP: |Lxx(ωSFG)Lxx(ω VIS)Lzz(ωIR )cos θSFGcos θVISsin θIR |2

2 × 10

2 × 10

3 × 10

9 × 10

PPP: |Lxx(ωSFG)Lzz(ω VIS)Lxx(ωIR )cos θSFG sin θVIScos θIR |2

1 × 10−3

1 × 10−3

9 × 10−4

1 × 10−4

5 × 10−3

0.25

PPP: |Lzz(ωSFG)Lxx(ω VIS)Lxx(ωIR )sin θSFGcos θVIScos θIR |2

0.08

0.13

0.19

0.03

0.19

0.02

−7

PPP: |Lzz(ωSFG)Lzz(ω VIS)Lzz(ωIR )sin θSFG sin θVISsin θIR |2

−6

−7

−8

1 × 10

3 × 10

2 × 10

1 × 10

2 × 10−5

7 × 10−5

2 × 10−5

3 × 10−6

−3

−4

5 × 10

2.74
−4

6 × 10

−4

0.32

metal(-oxide)-water interface

SSP: |Lyy(ωSFG)Lyy(ω VIS)Lzz(ωIR )sin θIR |2

−3

0.01

0.12

0.07

1.47

SPS: |Lyy(ωSFG)Lzz(ω VIS)Lyy(ωIR )sin θVIS|2

2 × 10

0.01

2 × 10

2 × 10

PSS: |Lzz(ωSFG)Lyy(ω VIS)Lyy(ωIR )sin θSFG|2

0.40

1.99

0.29

0.03

7.64

2.39

PPP: |Lxx(ωSFG)Lxx(ω VIS)Lzz(ωIR )cos θSFGcos θVISsin θIR |2

3 × 10−6

3 × 10−6

3 × 10−5

6 × 10−6

1 × 10−3

2 × 10−3

PPP: |Lxx(ωSFG)Lzz(ω VIS)Lxx(ωIR )cos θSFG sin θVIScos θIR |2

7 × 10−4

3 × 10−3

4 × 10−3

8 × 10−4

8 × 10−3

0.22

0.20

0.79

1.06

0.21

0.93

0.36

2

PPP: |Lzz(ωSFG)Lxx(ω VIS)Lxx(ωIR )sin θSFGcos θVIScos θIR |

−8

6 × 10

2

PPP: |Lzz(ωSFG)Lzz(ω VIS)Lzz(ωIR )sin θSFG sin θVISsin θIR |

−6

6 × 10

−6

2 × 10

2 × 10

−7

2 × 10

−3

0.17

Table 4. Calculated Magnitudes of the Fresnel Factors for the Case That Sapphire and/or Water Are the Nonlinear Medium
(2)
(χ(2)
water/sapphire > χmedium2)
gold 5 nm
22°

43°

60°

75°

Ti 5 nm

ITO 100 nm

45°

45°

sapphire−metal(-oxide) interface

SSP: |Lyy(ωSFG)Lyy(ω VIS)Lzz(ωIR )sin θIR |2

1.62

3.46

0.70

0.13

1.12

9.12

SPS: |Lyy(ωSFG)Lzz(ω VIS)Lyy(ωIR )sin θVIS|2

0.23

1.02

0.06

4 × 10−3

2.68

2.36

PSS: |Lzz(ωSFG)Lyy(ω VIS)Lyy(ωIR )sin θSFG|2

0.02

0.06

7 × 10−3

7 × 10−4

0.14

3.51

PPP: |Lxx(ωSFG)Lxx(ω VIS)Lzz(ωIR )cos θSFGcos θVISsin θIR |2

0.26

0.03

0.50

0.13

0.04

3 × 10−3

PPP: |Lxx(ωSFG)Lzz(ω VIS)Lxx(ωIR )cos θSFG sin θVIScos θIR |2

0.09

0.08

0.08

9 × 10−3

0.18

0.14

0.01

0.02

PPP: |Lzz(ωSFG)Lxx(ω VIS)Lxx(ωIR )sin θSFGcos θVIScos θIR |2

8 × 10

−3

0.01

0.02

−3

3 × 10

−3

0.02

0.44

0.03

2 × 10

0.10

4.77

SSP: |Lyy(ωSFG)Lyy(ω VIS)Lzz(ωIR )sin θIR |2

0.61

2.07

0.58

0.10

1.80

5.22

SPS: |Lyy(ωSFG)Lzz(ω VIS)Lyy(ωIR )sin θVIS|2

0.48

3.96

0.54

0.06

7.91

2.52

PSS: |Lzz(ωSFG)Lyy(ω VIS)Lyy(ωIR )sin θSFG|2

0.02

0.06

7 × 10−3

7 × 10−4

0.14

0.99

PPP: |Lxx(ωSFG)Lxx(ω VIS)Lzz(ωIR )cos θSFGcos θVISsin θIR |2

0.09

0.08

0.77

0.19

0.18

0.07

2

0.20

0.85

1.07

0.21

0.98

0.38

PPP: |Lzz(ωSFG)Lzz(ω VIS)Lzz(ωIR )sin θSFG sin θVISsin θIR |2
metal(-oxide)-water interface

PPP: |Lxx(ωSFG)Lzz(ω VIS)Lxx(ωIR )cos θSFG sin θVIScos θIR |

2

PPP: |Lzz(ωSFG)Lxx(ω VIS)Lxx(ωIR )sin θSFGcos θVIScos θIR |
2

PPP: |Lzz(ωSFG)Lzz(ω VIS)Lzz(ωIR )sin θSFG sin θVISsin θIR |

6 × 10

−3

0.01

In case the metal(-oxide) ﬁlm constitutes the nonlinear
medium (Table 3) all polarization combinations that involve
Lzz(ωIR) yield 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

−3

0.03

0.03

7 × 10

0.02

0.15

1.44

0.41

0.06

0.58

5.15

present in the denominator of the expression for Lzz(ωIR) thus
making Lzz(ωIR) small. For PSS polarization combination the
SFG signal is relatively large due to the large value of Lzz(ωSFG)
that results from the small value of the refractive index of

sapphire and water in the visible (for Lzz(ωSFG), ninterface 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 Lzz(ωIR) and
Lzz(ωVIS), 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 3−5, 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 H2O and D2O
(Figure 3a) matches very well with the calculated ratio of
I
I
the Fresnel factors |L xx,H
(ω IR )| 2 /|L xx,D
(ω IR )| 2 and
2O
2O
II
2
II
2
|Lxx,H2O(ωIR)| /|Lxx,D2O (ωIR)| (red) for all four measured
incident angles. Although the PPP signal is a combination of
four terms of which two scale with Lnxx(ωIR) and two with
Lnzz(ωIR), we do not observe a signiﬁcant contribution from
Lnzz(ωIR). 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, i.e., the case
(2)
that χ(2)
gold > χwater/sapphire. 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 |LIIzz(ωSFG)LIIxx(ωVIS)LIIxx(ωIR)|2 term (see Table 3), but a
I
I
I
contribution from |Lzz
(ωSFG)Lxx
(ωVIS)Lxx
(ωIR)|2 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
(2)
calculations. Of course the tensor elements of χijk
also
determine which contribution will be dominant in the signal.
However, for PPP the term |LIIzz(ωSFG)LIIxx(ωVIS)LIIxx(ωIR)|2 is in
general over 1000 times larger than the other factors, whereas
35
the χ(2)
ijk 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
I
ratios of the calculated IR Fresnel factors |Lzz,H
(ωIR)|2/
2O
I
II
|Lzz,D
(ωIR)|2 and |LIIzz,H2O(ωIR)|2/|Lzz,D
(ωIR)|2, whereas for
2O
2O
the PSS polarization a good comparison of the data with
I
(ωIR)|2/
the ratios of the calculated IR Fresnel factors |Lyy,H
2O
I
II
(ωIR)|2 and |Lyy,H
(ωIR)|2/|LIIyy,D2O(ωIR)|2 is found, as
|Lyy,D
2O
2O
48
predicted by eq 3. The measured PSS signal was much larger
than the other signals. The calculation predict a strong signal
(2)
for PSS when χ(2)
Ti > χwater/sapphire (Table 3), hence the SFG
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 5) 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
II
II
calculated IR Fresnel factors |Lzz,H
(ωIR)|2/|Lzz,D
(ωIR)|2. By
2O
2O
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
Lnzz(ωIR)) 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 LIIzz(ωIR). However, as we did not observe
any sign of a resonance in χ(2)
ijk (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
SFG 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 χ(2)
ijk 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
SFG 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
SFG Fresnel factors. For gold in PPP polarization we ﬁnd a
I
good match of the signal with |Lxx,H
(ωIR)|2/|LIxx,D2O(ωIR)|2 and
2O
II
2
II
2
|Lxx,H2O(ωIR)| /|Lxx,D2O(ωIR)| , indicated by the thick lines in
Figure 3, panels b and c. For Ti the SSP measured data
match well with |L z zI ,H 2 O (ω I R )| 2 /|L z zI ,D 2 O (ω I R )| 2 and
II
II
I
|Lzz,H
(ωIR)|2/|Lzz,D
(ωIR)|2, while for PSS |Lyy,H
(ωIR)|2/
2O
2O
2O
2
2
2
I
II
II
|Lyy,D2O(ωIR)| and |Lyy,H2O(ωIR)| /|Lyy,D2O(ωIR)| 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
|LIIzz,H2O(ωIR)|2/|LIIzz,D2O(ωIR)|2 (thick line Figure 5c). 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.

■

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-dependence 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.49 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 χ(2)) 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 χ(2)
ijk
that reﬂects the vibrational modes of the interfacial species.
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