
Sum Frequency Generation Vibrational Spectra: The Influence of Experimental Geometry
for an Absorptive Medium or Media

Roger L. York,†,‡ Yimin Li,† George J. Holinga,† and Gabor A. Somorjai*
Department of Chemistry, UniVersity of California, Berkeley, California 94720, and Materials Science DiVision,
Lawrence Berkeley National Laboratories, Berkeley, California 94720

ReceiVed: September 29, 2008; ReVised Manuscript ReceiVed: January 9, 2009

The influence of experimental geometry on infrared total internal reflection surface sum frequency generation
(SFG) vibrational spectra at the water/solid interface has been examined. A detailed analysis of the experimental
geometry revealed that the enhancement of SFG signal for the “critical angle” can be much weaker than
previously thought if the index of refraction of the transmitted or reflected medium is treated as a complex
value (i.e., the imaginary part of the index of refraction is not zero and not neglected). The theoretical analysis
outlined here agreed well with the experimental results of the SFG spectra of the silica/water interface in two
different geometries. This paper deals with the SSP polarization combination.

1. Introduction

SFG vibrational spectroscopy was first developed in 1987.1-3

It has expanded over the last 20 years to become a common
and well-established technique in surface characterization and
study, showing exceptional potential for the study of buried
interfaces.4-36 It has long been understood that the angles of
incidence of the visible and infrared (IR) beams influence the
intensity of the SFG signal. If the IR or visible light is at the
critical angle, then the resultant SFG signal can be enhanced.
This total internal reflection SFG (TIR-SFG) has been shown
to be a promising technique for obtaining SFG spectra when
the SFG signal is weak. First demonstrated by Hatch et al. in
1992,37 this technique is now used by several groups.38-57

Although the benefits of using TIR-SFG are clear, the inter-
pretation of infrared TIR-SFG spectra can be complicated,
especially at the water/solid interface.6,10 This is due to the fact
that the index of refraction of water undergoes a significant
change (∼25%) as the infrared is tuned over the spectral region
of interest spanning 2800-3600 cm-1.58

In this report, we examine the influence of the angles of
incidence of the visible and infrared (IR) beam on the intensity
of surface-specific IR-visible sum frequency generation (SFG)
vibrational spectroscopy signal at the interface between absorp-
tive media. We show that if the index of refraction of the
transmitted and/or reflected medium is complex (i.e., not a real
value), then the nonlinear Fresnel coefficients (which describe
the ratio of the intensity of incident to reflected light) can be
markedly different than the case in which the index of refraction
is purely real. This is true even if the imaginary part of the
index of refraction is a small fraction of the real part of the
index of refraction. We explore the implications of this
observation by comparing the experimental and theoretical SFG
spectra of the silica/water interface at two different geometries.

In one of the possible geometries for TIR-SFG at the water/
solid interface, the incident angle of the IR light is very close

to the critical angle of total internal reflection, while the incident
angle of the visible light is far away from the critical angle
(hereby, we refer to this geometry as the IR TIR-SFG). The
common belief is that this geometry may significantly enhance
the IR Fresnel coefficient and increase the intensity of the SFG
signal. In this report, we show that this common belief is not
valid when the IR is scanned over a frequency region where
water is absorptive. From our theoretical analysis, we further
show that the enhancement of the IR Fresnel coefficient for this
geometry is frequency dependent, which may change the
intensity ratio of measured SFG peaks in different frequency
region. Our findings explain why visible TIR-SFG (namely,
keeping the visible light at the critical angle and IR light far
from the critical angle) is the better geometry for the SFG studies
at the water/solid interface.59

2. Theoretical Analysis

In vibrational SFG, a visible beam at 532 nm (ωVIS) is mixed
with a tunable (here 2800-3600 cm-1) IR beam (ωIR) to produce
a coherent beam at the sum frequency of the two incoming
beams (ωSFG). The intensity of this the light at the sum frequency
(ISFG) is measured as a function of ωIR. ISFG is proportional to
the square of the macroscopic second-order hyperpolarizability,
�(2), which contains the relevant chemical information about the
interfacial adsorbates.1-3

The purpose of this paper is to understand the origin of
enhancement of SFG intensity by changing geometries and the
possible complexity associated with this due to the frequency-
dependent complex index of refraction of water in the IR
frequency region of interest. To the best of our knowledge, there
are no publications that have explicitly treated an absorptive
medium or media in the SFG intensity calculation. The SFG
intensity formula for a thin film model (or three-layer model
shown in Figure 1) in which the refraction indices of three layers
can be complex gives this final result for the SSFGSVISPIR

polarization combination60,61
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where

The various angles and dielectric constants in eq 1 are shown
in Figure 1. LS, LT

Vis and LT
IR are Fresnel’s coefficients of the

transmitted sum frequency, visible, and IR light in medium 2,
respectively.

In an SFG experiment, one measures the SFG intensity,
ISFG(ωIR), as a function of the IR frequency and then extracts
the frequency dependency of |�(2)(ωIR)|2. This gives the molec-
ular-level information about the interface. However, in order
to directly correlate |�(2)(ωIR)|2 with ISFG(ωIR), we must assume
that all the factors other than |�(2)(ωIR)|2 in eq 1 do not
significantly vary with the IR frequency. This assumption can
fail in several different circumstances. For example, in the case
where medium 1 is absorptive to IR, the IR beam may be
partially absorbed by the bulk of medium 1. Hence, the intensity
of IR light, IIR, reaching the interface may vary with the IR
frequency. Even if this intensity variation can be suppressed
by using a sufficiently thin layer of medium 1, the effect of the
frequency dependence of ε1(ωIR) and LT

IR(ωIR) still needs to be
carefully considered.

Here we mainly focus on the water/silica interface where
medium 2, water, has an absorption band over the frequency
region of interest and show how the absorptive nature of water
can affect the IR TIR-SFG intensity in the s-polarized sum
frequency, s-polarized visible, and p-polarized infrared (ssp)
polarization combination. In order to experimentally confirm
the results of our theoretical analysis, we performed SFG
experiments in two different geometries. In order to minimize
uncertainty in the angles of incidence, the angles of incidence
with respect to the sample surface normal were not changed by
moving optics. Rather, two different silica substrates were used
to change how light refracts into the substrate, as shown in
Figure 2. These two substrates were a fused silica slab (hereby
called “slab”) and a fused silica prism (hereby called “prism”).
The resultant angles of incidence are given in Table 1.

To see the influence of geometry on the SFG intensity, we
define a dimensionless geometric factor G(�Vis,�IR) as

This factor includes all terms in the SFG intensity expression
that depend on incident angles, �Vis and �IR. From eq 1, we can
see that the ratio between two geometric factors for two
geometries is equal to the ratio of the SFG intensity for the
two geometries, Iprism

SFG /Islab
SFG ) Gprism/Gslab. This ratio is independent

of the nonlinear susceptibility, �yyz
(2), so it is a good quantity for

studying the effects induced by geometry change.
To understand the origin of the SFG intensity changes due

to the different geometries, we performed simulations of the
ratio of the ssp SFG intensities for two geometries. In the
simulations, the refractive index of silica, ε1

1/2, is equal to 1.46
for the visible light and the SFG light and 1.41 for the IR light.
For the visible light and SFG light, the refractive index of water,
ε1

1/2, is equal to 1.34, while for IR light in the region from 2800
to 3600 cm-1, the refractive index of water is a function of the
IR frequency obtained from a fitting of experimental data58 (see
Figure A.1). Since we do not know the refractive index of the
thin film, we set εM

1/2 to be 1.40 for visible light and 1.38 for IR
light. However, from eq 1, we can see that the ratio of SFG
intensities, Iprism

SFG /Islab
SFG, does not depend on εM

1/2
.

Figure 3a shows the G factors at three IR frequencies as a
function of the average of two incident angles, (�IR + �Vis)/2,
with the difference, �IR - �Vis, fixed to 6°. Figure 3a shows the
trends of the SFG intensity enhancement (or the increase of G)
when the incident angles become close to the TIR limits, and
the extent of enhancement at different IR frequencies can be
quite different.

The geometric factor depends on the IR frequency because
LT

IR in eq 5 is a function of the frequency-dependent refractive
index of water. Figure 3b shows the IR-frequency dependence
of Gprism/Gslab. For the prism geometry, the frequency depen-
dence is quite prominent. Thus, caution must be taken when
making quantitative analysis of the SFG signal from a IR-TIR-
SFG experiment, since the frequency dependence of the SFG
signal is coming from not only the second-order susceptibility
but also the geometric factor.

To further investigate the origin of the enhancement by the
TIR geometry, we first look at the ratios of the Fresnel
coefficients (|LS|2, |LT

Vis|2, and |LT
IR|2) between two geometries in

Figure 4a. All these ratios are less than 1.3, so these Fresnel
coefficients do not contribute much to the enhancement of the
SFG intensity. In our prism geometry, the incident angle of the
visible light (∼57°) is still far away from the critical angle for

Figure 1. SFG diagram showing the various angles and dielectric
constants in eq 1.
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the visible light (∼67°), and the SFG light has the reflective
angle and frequency very close to the visible light. Thus, the
small contribution from the transmitted electrical field of the
visible and SFG light is reasonable. However, the incident angle
of the IR light in the prism geometry is expected to be very
close to the TIR critical angle; thus, it is quite a surprise that
the calculated Fresnel coefficient for the prism geometry is less
than that for the slab geometry in a large part of the IR frequency
region. A detailed analysis in Appendix A shows that this is
caused by the frequency-dependent complex refractive index
of water and the fact that the real part of the water refractive
index is quite close to the refractive index of silica.

Figure 4b shows that by changing the geometry from slab to
prism, |sin �IR|2 and |sec �SFG|2 are more than doubled. Thus,
one reason for the enhancement in our prism geometry is the
increase of the projection of the transmitted IR electric field in
the z direction, since this projection is proportional to sin �IR.

The main source for this frequency dependence comes from
the Fresnel coefficient of the IR light which is a function of the
frequency-dependent complex refractive index of water. This
conclusion is supported by the clear correlation between the
frequency dependence of |LT,prism

IR (ωIR)/LT,slab
IR (ωIR)|2 in Figure 4a

and that of Gprism(ωIR)/Gslab(ωIR) in Figure 3b. This frequency
dependence can be eliminated by using the visible TIR-SFG
geometry. In this geometry, the enhancement of SFG intensity
comes from the Fresnel coefficient of the visible light, and the
IR Fresnel coefficient is not sensitive to the frequency change

since the incident IR light is far away from the critical angle
(see Figure 3a).

3. Experimental Comparisons of Different Geometries

In order to confirm the results of the theoretical analysis
provided above, we performed a number of experiments in the
two geometries described above (slab and prism). Figure 5
compares the SFG spectra of the polystyrene/air interface62 in
the two geometries. As can be seen, the overall signal is much
greater in the prism geometry. Indeed, modes not seen above
the noise level in the slab are clearly apparent in the prism
geometry.

In order to quantitatively compare experiment with theory,
we measured the SFG spectra of the fused silica/pure water (no
buffer) interface10,63 in two geometries as seen in Figure 6. For
a quantitative comparison, we subtracted all residual visible
intensity from the spectra. The error bars shown are from the
average of 5 scans of 200 shots per data point (for the prism)
and 8 scans of 200 shots per data point (for the slab). Figure 7
shows a ratio of the intensities of the two geometries (prism/
slab) as a function of infrared energy. This quantity should be
independent of �(2) and only contain geometric variables. This
is compared to the ratio of Gs from Figure 3b (prism/slab). The
theory agrees reasonably well with the experiment (within the
experimental error), showing approximately an order of mag-
nitude increase in signal from slab to prism. Below 2900 cm-1,
the theory slightly overestimates the ratio, and above 2900 cm-1,
the theory slightly underestimates the ratio. Interestingly, most
of the SFG signal below 2900 cm-1 is from nonresonant signal,
and most of the signal above 2900 cm-1 is from resonant
enhancement from interfacial water molecules. This may imply

Figure 2. Scheme of the (a) “slab” geometry and (b) “prism” geometry used in this work. See Table 1 for the respective angles of incidence.

TABLE 1: Incident Angles for Different Geometries

geometry slab prism

�Vis 36° 57°
�IR 39° 64°
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that an improved model would need to incorporate local field
effects such as dipolar coupling.

4. Conclusions

The influence of an adsorptive medium on the SFG intensity
has been studied as a function of angle of incidence of the IR
and visible beams. It was observed that if the index of refraction
of the transmitted or reflected medium is complex (even if the
imaginary part of the index of refraction is small relative to the
real part) the Fresnel coefficient can change significantly relative
to the situation in which this index of refraction is completely
real. This has important consequences for extraction of �(2) from
the intensity of SFG signal. Therefore, it is concluded that
neglecting the imaginary part of the index of refraction (which
is unknown for many systems) can introduce error in quantitative
analysis of SFG experimental data and should be avoided,
especially if the IR beam is near the critical angle.

Appendix A: TIR Geometry of IR Light at the Silica/
Water (Adsorptive Medium) Interface

The model in this appendix is of an interface between two
dielectric media, medium 1 and medium 2. If the refractive
indices are called n1 and n2, are all real, and n1 > n2, there is a
critical angle �c. For incident angles in the close vicinity of �c

the transmitted electric field can be significantly enhanced. The
maximum enhancement is given by the Fresnel coefficient of
the transmitted field at the critical angle, LT(�c) ) ET/Ei ) 2n1/
n2, where ET and Ei are the electric fields of the transmitted

and incident light. The critical angle �c (also called the total
internal reflection (TIR) angle) satisfies sin �c ) n2/n1. This
effect has been used by several research groups to enhance the
SFG intensity in their studies of molecular vibrational spec-
troscopy at interfaces, as mentioned above.

For the silica-water interface, if we take n1 ) 1.46 and n2

) 1.34, then the critical angle is about 67°. The IR incident

Figure 3. Optical effect of changing geometry on the SFG intensity:
(a) the geometric factor G(�Vis,�IR) as a function of the average of two
incident angles �′ ) (�Vis + �IR)/2 with the difference �IR - �Vis fixed
at 6°. The enhancement of the SFG intensities by the TIR geometries
is shown for three IR frequencies. The geometric factor has been
normalized by the geometric factor with �′ ) 35°. (b) IR frequency
dependence of the geometric factor for the prism geometry (see Table
1). The geometric factor has been normalized by the geometric factor
for the slab geometry.

Figure 4. (a) Various ratios of the Fresnel’s coefficients between two
geometries. All ratios are less than 1.3. The ratio of the Fresnel’s
coefficient for the IR light has a apparent frequency dependence, while
the others for the visible and SFG light do not. (b) Ratios of two angle-
related factors |sin �IR|2 and |sec �|2. These ratios are greater than 2
and the main contributors to the enhancement of the SFG intensity
when the incident angles are close to the TIR geometry.

Figure 5. SFG spectra of the polystyrene/air interface in the slab (red
circle) and prism (black squares) geometries. Note the increase in the
SFG signal in the prism geometry. Additionally, vibrational modes not
clearly seen in the slab geometry (due to the low signal-to-noise ratio)
are clearly present in the prism geometry (e.g., the mode around 2915
cm-1).
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angle in our near TIR geometry is about 63°, which is quite
close to the critical angle. It was expected that the transmitted
IR electric field should have a quite significant enhancement.
However, Figure 4a shows that, in most of the IR frequency
range 2800-3600 cm-1, the ratio |LT,prism

IR /LT,slab
IR |2 is less than 1.

To explain this observation, we note that water is adsorptive
in the IR frequency range of concern. The frequency-dependent
complex refractive index of water is shown in Figure A.1. At
an IR wavenumber of about 3350 cm-1, the imaginary part of
the refractive index can be up to 25% of the real part. Figure
A.2 shows that, with the imaginary part of the refractive index
increasing, the maximum value of |LT

IR|2 decreases. When the
imaginary part of the refractive index is about 9% of the real
part, there is almost no enhancement of |LT

IR|2 at the critical angle
�c. In order to answer why a small increase of the imaginary
part of the index can have a large influence on |LT

IR|2, we made

the following analysis based on a small value of the imaginary
part of refractive index (relative to the real part). Suppose n1 is
real and n2 ) n2′(1 + iκ), where n2′ is the real part of n2 and κ

) n2′′ /n2′ is the ratio between the imaginary and the real part
of n2. In the case of κ ) 0, the critical angle �c

0 satisfies

From Figure A.2, we can see that, with the small increases of
κ, the angle � at which |LT(�)|2 reaches its maximum is still

Figure 6. SFG spectra of the pure water/silica interface for both the
prism (red circles) and the slab (black squares). Error bars come from
the average of 5 scans of 200 shots per data point (for the prism) and
8 scans of 200 shots per data point (for the slab).

Figure 7. Ratio of the prism geometry to the slab geometry (from
Figure 6) is plotted in black squares with associated error bars. The
red circles are the ratio of G(prism) to G(slab) (see Figure 3b). The
theory shows weak infrared wavelength dependence and approximately
an order of magnitude increase in signal from slab to prism. Note that
the theory slightly underestimates the magnitude of the increase but is
within the experimental error of our measurement.

Figure A.1. Refractive index of water in the IR frequency range
2800-3600 cm-1. The imaginary part n2′′ has a maximum at about
3350 cm-1, which is about 25% of the real part n2′.

Figure A.2. Effect of the imaginary part of the index of refraction of
water on |LT(�)|2 as described in eq 4. The refractive index n1 is 1.46,
and the real part n2′ is 1.34. The imaginary part n2′′ is varying from 0
to 9% of n2′. The significant decrease of the maximum of |LT(�)|2 is
clear even when n2′′ is a small fraction of n2′.

Figure A.3. Effect of the imaginary parts of the index of refraction n1

) n1′(1 + iκ1) and n2 ) n2′(1 + iκ2) on |LT(�c
0)|2, the Fresnel coefficient

at the critical angle described in eq 4. Here n1′ is 1.46, and n2′ is 1.34.
|LT(�c

0)|2 is plotted against κ2 - κ1 and (κ1 + κ2)/2.

sin �c
0 )

n2′
n1

(A.1)
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very close to �c
0. Thus, it seems reasonable to estimate the

maximum of |LT(�)|2 by its value at �c
0.

From Snell’s law, we have

sin(γ) )
n1sin(�c

0)

n2′(1 + iκ)
) 1

1 + iκ

For a small κ , 1, it follows that

Using eq A.2, the Fresnel’s coefficient can be approximated as

It follows that

where n ) sin (�c
0) ) n2′/n1. In the derivation of eq A.4, we

neglected the term (n2′κ cos(�c
0) + n1κ

1/2)2 in the denominator
since this term is small due to the assumption κ , 1.
Furthermore, this term is greater than zero, so we obtain the
inequality after neglecting this term in the denominator. In eq
A.4, (2/n)2 is the maximum of |LT(�)|2 in the case of κ ) 0, and
(1/1 + n-1(1 - n2)-1/2κ1/2)2 is a factor that shows how the
increase of κ can lower the value of |LT(�)|2. For example, let
the imaginary part of n2 be 9% of the real part, that is, κ )
0.09, and let n ) n2

′ /n1 ) 1.34/1.46 ) 0.92, then

Equation A.5 shows that, even with κ ) 0.09, the maximum of
|LT(�)|2 drops to less than one-third of its maximum at k ) 0.
The fact that |LT(�)|2 decreases so quickly is because the square
root taken on κ amplifies the effect of a small κ, the real part
n2′ of n2 is close to n1, and n-1(1 - n2)-1/2 becomes large as n
becomes close to l.

From the above analysis, we can conclude that, in our near
TIR geometry, the transmitted IR electric field can be depressed
by the imaginary part of the water refractive index. Because of

the frequency dependence of the index of refraction of water,
the transmitted IR electric field is frequency dependent. The
fact that the real part of the water refractive index is close to
the silica refractive index further amplifies the effect caused by
the imaginary part of the refractive index on the transmitted IR
electric field. The aboVe analysis can be repeated if n1 is a
complex Value and n2 is real. The general observation is the
same: if the imaginary part of n1 is nonzero, the enhancement
at the critical angle is much less (Figure A.2).

It is of interest to explore the more general case where n1 )
n1′(1 + iκ1) and n2 ) n2′(1 + iκ2) are both complex. Figure
A.3 shows the Fresnel coefficient at the critical angle, |LT(�c

0)|2,
as a function of κ2 - κ1 and (κ1 + κ2)/2. This result indicates
that the enhancement purely depends on the difference |κ2 -
κ1|. If κ1 ) κ2, the enhancement is maximized. The enhancement
decreases very fast as |κ2 - κ1| increases. When |κ2 - κ1| )
0.1, the enhancement is less than 25% of its maximal value.
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