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An experiment was designed to measure sum-frequency generation (SFG) spectra in both reflection and
transmission. The result from an octadecyltrichlorosilane monolayer on a substrate reveals that while the
resonant spectra in the two geometries both originate from the surface monolayer, the bulk substrate has a
significant contribution to the nonresonant background in the transmitted spectra. Study of a polyethylene
film also shows that the bulk contribution to the SFG spectra is only significant for the transmission geometry,
exhibiting a resonant mode not observable in the reflected spectra.

I. Introduction

In recent years, surface vibrational spectroscopy via infrared-
visible sum-frequency generation (SFG) has been developed into
a powerful tool to study the structures of surfaces and interfaces.1

As a second-order nonlinear optical process, SFG is forbidden
under the electric-dipole approximation in a medium with
inversion symmetry but is necessarily allowed at a surface or
interface where the inversion symmetry is broken. This unique
feature makes SFG extremely sensitive to the surface or
interfacial structure. Among many useful applications of SFG
surface spectroscopy, studies of the interfacial structure of neat
materials are of particular interest since few other techniques
can yield the same information. Polymer surface structure is
one such example. With Gabor Somorjai, we have initiated the
study of polymer surfaces by SFG. We have been able to deduce
from measurements surface composition, surface orientation of
molecular groups, surface structure, and their response to the
environment for a number of polymers.2-7

In interpreting the observed SFG spectra in reflection, one
usually assumes that the spectra originate from the top surface
monolayer. From a general physical argument, however, we can
only conclude that the bulk electric-quadrupole contribution
from a centrosymmetric medium is smaller than, or of the same
order of magnitude as, the surface contribution to SFG in
reflection.1,8 Without any prior knowledge about the surface
structure, it is not clear whether the bulk contribution can always
be neglected. To be certain, we need to know the surface and
bulk contributions separately. This, in general, cannot be
done.8-10 However, from SFG measurements in both reflection
and transmission directions,11 we can obtain a good estimate
of the bulk nonlinearity that allows us to judge whether it is
negligible or not.

Section II discusses the theoretical background and assump-
tions behind our measurements. Section III presents the
experimental scheme for measurements and comparison of
reflected and transmitted SFG spectra. The technique has been
applied to two different samples. The first one is a silane
monolayer adsorbed on fused quartz (section IV) from which

the reflected and transmitted SFG spectra appear to be well
correlated as they should be. The other one is a polyethylene
film (section V). There, the reflected and transmitted SFG
spectra are significantly different, indicating that the bulk
contribution is important for the transmitted SFG. We can then
deduce the value of the bulk nonlinearity and show that its
contribution to the reflected SFG is indeed negligible. In fact,
the measured bulk nonlinearity also gives us an estimate of how
weak the reflected SFG would have to be for the bulk
contribution to be nonnegligible.

II. Theory

In a typical surface SFG experiment, two input laser beams
at frequenciesω1 and ω2 overlap at a surface or interface to
induce a surface nonlinear polarization

and generate a coherent SFG output atωs in two well-defined
directions (reflection and transmission, see Figure 1). Both
directions are determined by the requirement that the parallel
(x) components of the input and output wave vectors are
matched:

Scanningω2 over the frequency range of the surface molecular
vibrational modes yields an SFG spectrum.

For a centrosymmetric bulk medium, although its nonlinear
susceptibility øB

D vanishes under the electric-dipole approxi-
mation, it still has a bulk nonlinear polarization resulting from
electric-quadrupole contributions1,8,10

This general form has also included the magnetic dipole
contribution.12 If E(ω1) andE(ω2) can be treated as plane waves
with wave vectorsk′1 andk′2, then eq 3 becomes
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This bulk contribution to SFG can be described in terms of an
effective surface nonlinear susceptibility13

The absolute value of the denominator in eq 5 yields the factor
lc ) 1/|k′sz - k′1z - k′2z|, which is usually defined as the
coherence length. Sincek′sz is positive and negative for the
reflected and transmitted SFG, respectively,lc is very different
for the two geometries. By measuring SFG in both reflection
and transmission directions, we can deduce some components
of øijk

SB and therefore obtain an estimate oføQ, øQ1, andøQ2 if
we assume their nonvanishing elements are of the same order
of magnitude.

It is well-known that some part of the bulk contribution cannot
be separated from the surface contribution in SFG and SHG
(second-harmonic generation) measurements.9 There are also
extra bulk contributions arising from rapid variations of the
fields and the structure at an interface.10 They behave like a
surface nonlinear susceptibility and also cannot be separated
from øS

D experimentally. However, these are all electric-
quadrupole in nature, and their contributions to the effective
surface nonlinearity are of the same order asøQ. Thus deduction
of an order-of-magnitude value oføQ from the measurement of
øijk

SB allows us to have an order-of-magnitude estimate of the
importance of all the bulk contributions to SFG. In the following,
we combineøS

D and the inseparable bulk contributions into one
quantity øS

(2) and express the total effective surface nonlinear
susceptibility for SFG in the form

III. Experiment

The experimental arrangement is depicted in Figure 1. The
input beams, one at 1.064µm, and the other tunable between
2.5 and 8µm, were generated from a Nd:YAG laser and a laser-
pumped optical parametric system. Both beams have a pulse
width of ∼15 ps, a repetition rate of 20 Hz, and a typical beam
diameter of∼1 mm at the sample surface. Since alignment is
crucial for this experiment, we give below a detailed account
of our alignment procedure.

First, to align for the reflected SFG measurements (Figure
1a), we used a z-cut quartz reference sample to optimize the
signal. The SFG reflection angleâs varied with the input infrared
wavelength (Table 1) but could be compensated by lens L1,
which imaged the beam spot on the sample surface to pinhole
P2 in front of the detector. A He-Ne laser beam was then
directed to trace the SFG beam path into detector D with the
help of pinholes P1 and P2. With the real sample replacing the
reference sample, the alignment was done by adjusting the
sample position such that the reflected 1.064µm input beam
and the He-Ne laser beam retraced their previous beam paths.

If the dispersion between the He-Ne and SFG wavelengths
(633 and∼810 nm in our experiment, respectively) is negligible,
the He-Ne laser beam used to trace the reflected SFG beam
should also trace the transmitted SFG beam. Therefore, for
alignment of the transmitted SFG measurements (Figure 1b),
we used mirrors M2 and M3 underneath the sample to reflect
the transmitted He-Ne guide beam into the same path defined
by P1 and P2 for the reflected beam. To compensate for the
variation of the SFG exit angle due to dispersion, we used
another lens (L2) between M2 and M3 to image the beam spot
on the sample surface 1:1 back onto itself. The transmitted and
reflected He-Ne, and hence SFG, beams were then along the
same path through P1 and P2 into the detector.

In the actual SFG measurements, we had to separate reflected
and transmitted SFG signals. This was accomplished by a small
parallel shift of M3 to the right that displaced the transmitted
SFG beam slightly from the reflected SFG beam on their way
to the detector. Then only the reflected SFG output could go
through the pinholes to reach the detector. To measure the
transmitted SFG, we inserted flat window W in front of L1 to
compensate for the shift of the transmitted SFG beam caused
by the shift of M3 and, at the same time, shift the reflected
SFG beam away. Only the transmitted SFG output could then
reach the detector.

The above alignment procedure was found to be reliable and
easy to implement. Since the reflected and transmitted SFG
signals were recorded by the same detection system, the results
were amenable to quantitative comparison.

Figure 1. Experimental setup for measuring SFG in (a) reflection and
(b) transmission. M1, M2, and M3, metal mirrors to reflect the SFG
signal; P1 and P2, iris diaphragms to direct the SFG and the guide
He-Ne beams; D, photodetector; L1, lens to image the beam spot on
the sample surface to diaphragm P2; L2, lens to image the beam spot
on the sample surface back to itself with a slight parallel shift; W, flat
window to shift the SFG beam.

PBi
(2) ) iε0∑
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TABLE 1: Calculated SFG Exit Angle âs for Different
Infrared Beam Frequenciesa

infrared wave number
ω2/(2πc), cm-1

SFG exit angle
âs, deg

2800 20.6
2900 20.0
3000 19.5

a The “visible” beamω1 is at 1064 nm, and the incidence angles of
ω1 andω2 are 45° and 57° from the sample surface normal, respectively,
as shown in Figure 1a.

øtot
(2) ) øS

(2) +
øB

(2)(k′1, k′2)
k′sz - k′1z - k′2z

(6)
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IV. Study of Octadecyltrichlorosilane Monolayer

We have measured SFG spectra in both reflection and
transmission from an octadecyltrichlorosilane (OTS) monolayer
on a fused quartz substrate. The sample was prepared by the
usual self-assembly technique.15 The thickness of the fused
quartz substrate is about 3 mm, sufficient to eliminate the SFG
contribution from the bottom surface. OTS has a long alkyl chain
and is known to form a well-ordered self-assembled monolayer
on glass. SFG spectra of the C-H stretch modes in reflection
from such a monolayer were reported earlier.16 In this case,
because the resonant SFG signal originated from a surface
monolayer, the reflected and transmitted spectra were expected
to be correlated.

The surface nonlinear susceptibilityøS
(2) of an OTS mono-

layer with C∞V symmetry has only three independent nonvan-
ishing elements:

In the last row, we have used the approximationøS,ijk
(2) ) øS,jik

(2)

becauseω1 andωs are far away from electronic resonances.
Near vibrational resonances,øS

(2) takes the form

whereøS
NR describes the nonresonant background andAq, ωq,

and Γq are the amplitude, resonant frequency, and damping
constant, respectively, of theqth molecular vibrational mode.

In MKS units the SFG output intensity is given by17

where I(ωi) is the beam intensity atωi and øtot,eff
(2) is the total

effective surface nonlinear susceptibility defined as

with ei being the unit polarization vector of the optical field at
ωi andL (ωi) being the tensorial Fresnel factor. In the present
case,øB,eff

(2) comes from the fused quartz substrate.
The Fresnel factors at the center of our tuning range have

been calculated and listed in Table 2. Because the tuning range
is relatively small (200 cm-1) in this experiment, the dispersion
of Fresnel factors due to the variation ofω2 can be neglected.
Using these values, we can express all the surface effective
nonlinear susceptibilities in terms of the three independent
nonvanishingøS,ijk

(2) elements:

These equations show strict correlation between the reflected
and transmitted SFG spectra from the surface contribution, in
contrast to the effective bulk nonlinear susceptibilityøB,eff

(2) ,
which can be strongly enhanced by the longer coherence length
in the transmission direction.

Figure 2 shows the reflected and transmitted SFG spectra
obtained from the OTS monolayer. To take into account the
different losses of signal in reflection and transmission, all
spectra were normalized against the SFG intensity from a z-cut
crystalline quartz reference sample (see Appendix A for details),
which makes it possible to plot all spectra in MKS units. The
reflected and transmitted spectra in Figure 2 seem to be

øS,zzz
(2)

øS,xxz
(2) ) øS,yyz

(2)

øS,xzx
(2) ) øS,zxx

(2) ) øS,yzy
(2) ) øS,zyy

(2)

øS
(2)(ω2) ) øS

NR + ∑
q

Aq

ω2 - ωq + iΓq

(7)

I(ωs) )
ωs

2

8ε0c
3 cos2 âs

|øtot,eff
(2) |2I(ω1) I(ω2) (8)

øtot,eff
(2) ) øS,eff

(2) + øB,eff
(2)

) [L (ωs) ‚ es] ‚ øtot
(2) : [L (ω1) ‚ e1][L (ω2) ‚ e2] (9)

øS,eff
(2) (ssp,R)) 0.47øS,xxz

(2)

øS,eff
(2) (ssp,T)) 0.56øS,xxz

(2)

øS,eff
(2) (ppp,R)) 0.25øS,zzz

(2) - 0.42øS,xxz
(2) + 0.19øS,xxx

(2)

TABLE 2: Parameters of the Three Beams and the
Calculated Fresnel Factors for the Air/Fused Quartz
Interfacea

ωs(R) ωs(T) ω1 ω2

λ 810 nm 810 nm 1064 nm 3.4µm
n 1.453 1.453 1.450 1.410
â 20.0° 20.0° 45° 57°
Lxx 0.83 0.97 0.92 1.02
Lyy 0.80 0.96 0.72 0.65
Lzz 1.17 0.97 1.08 0.98
Lxxex(p) -0.78 0.91 0.65 -0.56
Lyyey(s) 0.80 0.96 0.72 0.65
Lzzez(p) 0.40 0.33 0.77 0.82

a (R) and (T) represent reflection and transmission, respectively.
L (ωs, T) includes the transmission coefficient of the bottom surface of
the fused quartz substrate. The dielectric constant of the surface
monolayerε′ ) 1 was used for the calculation ofLzz.

Figure 2. SFG spectra of an OTS monolayer on fused quartz. Points
are experiment data, and the curves are theoretical fits.

øS,eff
(2) (ppp,T)) 0.21øS,zzz

(2) + 0.49øS,xxz
(2) - 0.51øS,xzx

(2)

øS,eff
(2) (sps,R)) 0.40øS,szs

(2)

øS,eff
(2) (sps,T)) 0.48øS,xzx

(2) (10)
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somewhat different, especially for the sps polarization combina-
tion (i.e., s-, p-, and s-polarized SFG output atωs, 1064 nm
input atω1, and tunable infrared input atω2, respectively), but
this can be explained by the different nonresonant bulk
contributionsøB,eff

(2) for the two different geometries. In fact, we
were able to fit all the spectra (shown by the solid lines in Figure
2) using eqs 7 and 10 with the same set ofAq, ωq, andΓq values
and different nonresonant contributionsøtot,eff

NR , as listed in
Tables 3 and 4. The typical relative error of deducedAq or ø(2)

in SFG is about 10%. The close fit in Figure 2 indicates that
SFG spectra in reflection and transmission from the OTS
monolayer are indeed very well correlated.

With the values oføtot,eff
NR in both reflection and transmission,

we could further deduceøS,eff
NR andøB,eff

NR . Here we take the sps
polarization combination as an example. From eqs 6 and 9, we
have

Here, we have two nonvanishing componentsøB,yzy
(2) and øB,yxy

(2)

contributing to the bulk term because, as shown by eq 5,øB
(2)

depends linearly on the wave vectorsk′1 and k′2, which break
the inversion symmetry along thex- andz-axes. Equations 11
and 12 are valid for both resonant and nonresonant contributions.
Only two parameters are different for the reflection and
transmission geometries. One isLyy(ωs)esy, which can be found
in Table 2, and the other is 1/|k′sz -k′1z-k′2z| which is equal to
49 and 720 nm for reflection and transmission, respectively.
Inserting these values in eqs 11 and 12, we find

which are again valid for both resonant and nonresonant
contributions. Thus knowing the values oføtot,eff

NR (sps,R) and
øtot,eff

NR (sps,T) listed in Table 4, we could solve eqs 13 and 14
and obtain the surface and bulk contributionsøS,eff

NR (sps) and
øB,eff

NR (sps) separately. Their values are also listed in Table 4.

V. Study of Polyethylene Film

We have also measured the reflected and transmitted SFG in
the C-H stretch region from a thin film of polyethylene on a
fused quartz plate. The molecular structure of polyethylene is
shown in the inset of Figure 3. The reflected SFG spectra were
reported in an earlier study, and they were found to be
dominated by the surface contribution.2 With transmitted SFG,
we can determine the bulk contribution more quantitatively.

The polyethylene sample used in this experiment was
prepared on fused silica substrate using the following technique.
A grain of low-density polyethylene was sandwiched between
fused silica and sodium chloride windows. It was heated until
it completely melted. Then it was squeezed between the two
windows to form a film of 100-200µm thick. The “sandwich”
was then cooled to room temperature and immersed in distilled
water. Owing to dissolution, the NaCl window was separated
from the film, and a smooth polyethylene surface appeared,
suitable for optical measurements. The film thickness was
sufficient to absorb most of the infrared energy to prevent the
polymer/silica interface from contributing to SFG. Therefore
the SFG signal we measured must come from the air/polymer
interface and the neighboring polymer bulk within the infrared
absorption length.

Figure 3 displays the SFG spectra of polyethylene for the
ssp and sps polarization combinations. While the reflection SFG
spectra are essentially the same as those published in ref 2, the
transmission SFG spectra are very different and can be explained

TABLE 3: Molecular Vibrational Modes on an OTS
Monolayer and Their Corresponding Nonlinear Amplitudes
Obtained from Fitting of the SFG Spectra

q
ωq/(2πc),

cm-1
Γq/(2πc),

cm-1 Axxz
a Azzz Axzx

s-CH3 2882 7.5 7.9 1.2 0
Fermi-res. 2943 10.5 10.2 0.1 -1.5
a-CH3 2970 9.5 -3.4 6.3 6.4

a The unit ofA is 10-9 m2 V-1 s-1.

TABLE 4: Nonresonant Background Obtained from Fitting
of the SFG Spectra of OTS in the Unit of 10-22 m2 V-1

reflection transmission

øtot,eff
NR (ssp) -3.4 2.8

øtot,eff
NR (ppp) -2.6 -0.7

øtot,eff
NR (sps) -3.2 10

øS,eff
NR (sps) -2.4 -3

øB,eff
NR (sps) -0.8 13

øS,eff
(2) (sps)) Lyy(ωs)esyøS,yzy

(2) Lzz(ω1) e1zLyy(ω2)e2y (11)

øB,eff
(2) (sps))

Lyy(ωs) esyLyy(ω2)e2y

k′sz- k′1z - k′2z
[øB,yzy

(2) Lzz(ω1)e1z + øB,yxy
(2) Lxx(ω1)e1x]

(12)

øtot,eff
(2) (sps,R))

øS,eff
(2) (sps,R)+ øB,eff

(2) (sps,R)) 0.52{øS,yzy
(2) Lzz(ω1)e1z +

49 nm[øB,yzy
(2) Lzz(ω1)e1z + øB,yxy

(2) Lxx(ω1)e1x]} (13)

øtot,eff
(2) (sps,T))

øS,eff
(2) (sps,T)+ øB,eff

(2) (sps, T)) 0.62{øS,yzy
(2) Lzz(ω1)e1z -

720 nm[øB,yzy
(2) Lzz(ω1)e1z + øB,yxy

(2) Lxx(ω1)e1x]} (14)

Figure 3. SFG spectra of a polyethylene film on fused quartz. The
solid curves are theoretical fits.
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only by the existence of the bulk contribution. The spectra show
mainly three vibrational modes at 2850, 2884, and 2926 cm-1.
They can be assigned to the symmetric CH2, Raman-active
antisymmetric CH2, and IR-active antisymmetric CH2 stretch
vibrations, respectively.2,18,19One remarkable feature is that the
Raman-active antisymmetric CH2 stretch mode appears in the
transmitted SFG spectra but not in the reflected SFG spectra.
Being Raman-active and infrared-forbidden, this vibrational
mode can only be excited by the infrared field via electric-
quadrupole excitation and therefore shows up only in the bulk
contribution to SFG.

The significantly stronger SFG signal in the transmitted
direction is due to a longer coherence lengthlc that enhances
the bulk contribution through theøB

(2) term in eq 6. From the
measured spectra, we can obtain a rough estimate oføB

(2). Here
we consider the CH2 symmetric stretch mode in the sps
polarization combination, which appears to be the strongest peak
in the transmitted SFG spectrum. Since polyethylene has a
refractive index (∼1.5) very close to that of fused quartz, we
can still use eqs 13 and 14 as a good approximation because
the Fresnel factors and the coherence length in eqs 11 and 12
are not very sensitive to the refractive index. For example,
varyingn from 1.45 to 1.60 only changesLyy(ωs,R) in Table 2
from 0.80 to 0.75.

From Figure 3 we find that at the peak of the CH2 symmetric
stretch mode

By solving eqs 13 and 14, we obtain the effective bulk
contribution in the reflection direction

which is 1 order of magnitude smaller than the typical surface
dipole contribution|øS,eff

(2) (R)| ≈ 10-21 m2 V-1 on a vibrational
resonance. This indicates that in the reflected SFG from
polyethylene, the bulk contribution is indeed negligible.

The above value of|øB,eff
(2) (R)| suggests that with the reflec-

tion geometry the bulk contribution is usually negligible as long
as the SFG signal is reasonably strong (i.e.,|øtot,eff

(2) (R)| . 3 ×
10-22 m2 V-1). This justifies the assumption in many cases that
the reflected SFG spectra are dominated by surface contribution
and can be used to probe surface structure.

VI. Conclusion

We have developed a scheme to measure both reflected and
transmitted SFG spectra from the same sample and used them
to estimate the relative contributions of surface and bulk to SFG.
Measurements on an OTS monolayer adsorbed on fused quartz
showed that the reflected and transmitted spectra originating
from the monolayer are well correlated, while the nonresonant
background resulting from the bulk contribution of the substrate
is significant only in the transmitted spectra. That the bulk
contribution is important only for transmitted SFG is also true
in the case of polyethylene. A resonant mode that is only
allowed in the bulk was found to appear only in the transmitted
SFG spectra. Even though the bulk contribution is significant
and easily detected in the transmitted SFG, our results suggest

that the bulk contribution to the reflected SFG spectra is usually
negligible.
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Appendix A. Effective Surface Nonlinear Susceptibility of
Crystalline Quartz

Equation 8 shows that we can measure|øeff
(2)|2 of a sample by

comparing its SFG intensity with that from a standard reference
sample with a knownøeff

(2). In this experiment, we used a z-cut
R-SiO2 (quartz) crystal as our reference sample. The SFG signal
from crystalline quartz is mainly from the bulk because it does
not have inversion symmetry. Quartz crystal hasD3 symmetry
with the following nonvanishingøijk

(2) elements

among whichøxxx
(2) (defined asøq

(2) below) and those equal to
øxxx

(2) are much larger than the others.20 In the following
calculation we neglect the weaker ones. For the z-cut quartz
crystal, the SFG intensity is maximized when thex-axis of the
crystal is in the laser incidence plane. With this geometry, the
absolute values of the effective surface nonlinear susceptibilities
defined by eq 9 are

Here,â andLii are the incidence angle and Fresnel factors, both
listed in Table 5.g ) 2 is a degeneracy constant that arises
from the number of distinguishable permutations of the input
frequencies.20 lc is the SFG coherence length, which, in our case,
is approximately 46 and 755 nm for the reflection and
transmission geometries, respectively.

Since in our experiment the SFG from crystalline quartz is
nonresonant, we may neglect the dispersion and assume that

|øtot,eff
(2) (sps,T)| ≈ 4 × 10-21 m2 V-1

|øtot,eff
(2) (sps,R)| ≈ 0

|øB,eff
(2) (sps,R)| ≈ 3 × 10-22 m2 V-1

TABLE 5: Parameters Used to Calculateøeff
(2) of a z-Cut

Quartz Crystala

ωs(R) ωs(T) ω1 ω2

λ 810 nm 810 nm 1064 nm 3.4µm
n ) n0 1.539 1.539 1.534 1.49
â 20.0° 20.0° 45° 57°
Lxx 0.80 0.96 0.90 1.01
Lyy 0.77 0.95 0.68 0.61

a For convenience the birefringence (and also the optical activity)
of the crystal is neglected and the refractive index of the ordinary wave
n0 is used for all polarizations.

øxxx
(2) ) -øxyy

(2) ) -øyyx
(2) ) -øyxy

(2)

øxyz
(2) ) -øyxz

(2)

øxzy
(2) ) -øyzx

(2)

øzxy
(2) ) -øzyx

(2)

|øeff
(2)(ssp)| ) g cosâ2 Lyy(ωs) Lyy(ω1) Lxx(ω2)øq

(2)lc

|øeff
(2)(sps)| ) g cosâ1 Lyy(ωs) Lxx(ω1) Lyy(ω2)øq

(2)lc

|øeff
(2)(ppp)| )

g cosâs cosâ1 cosâ2 Lxx(ωs) Lxx(ω1) Lxx(ω2)øq
(2)lc (A1)

Sum-Frequency Vibrational Spectroscopy J. Phys. Chem. B, Vol. 104, No. 14, 20003353



whered11 refers to the nonlinear coefficient for second harmonic
generation and its value forλ ) 1.064µm found in ref 20 was
used.

We then find from eqs A1
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