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Introduction

Under sufficiently intense illumination the optical
properties of a material system depend nonlinearly on
the strength of the electromagnetic field. Related to
this nonlinear optical response is a large number of
phenomena and fundamental processes which are
discussed in various articles of this encyclopedia. This
article will focus on second-harmonic generation
(SHG) and sum-frequency generation (SFG) for the
investigation of surfaces and interfaces. The intrinsic
surface sensitivity of these techniques allows for
investigations of surface properties not readily
accessible by other spectroscopies. Here, the basic
principles of these optical processes as well as their
experimental implementation are discussed, and a
summary of the applications to different material
systems is given.

Among the various techniques employed for the
characterization of surfaces and interfaces, those
using light are particularly attractive. They are

applicable in situ to all interfaces accessible by
light, are nondestructive, and offer unprecedented
time resolution. However, the penetration depth of
optical radiation in matter is generally of the order
of a wavelength, which makes isolation of the
surface or interface contribution to the optical
response from the bulk contribution difficult. In
contrast, for reasons of symmetry, SHG and SFG
are intrinsically surface sensitive in media with
inversion symmetry, and hence the signal generated
mainly originates from the topmost surface layer
where the inversion symmetry is broken. By means
of electronic or vibrational SHG or SFG spec-
troscopy, information on surface structure, chemi-
cal composition and bond or molecular orientation
at solid and liquid interfaces can be deduced. To
date, SFG and SHG have been well established as
important tools for the investigation of surfaces
and interfaces of solids ranging from metals and
semiconductors to insulators and magnetic
materials, liquids, polymers, biological membranes,
and other systems. The studies are motivated by
fundamental interests as well as applications in
many areas such as heterogeneous catalysis,
electrochemistry, device fabrication, epitaxial
growth, and environmental science.
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Theory

The nonlinear optical response of a material, in the
electric-dipole approximation, can often be described
by an induced polarization in the form of a power
series,

P(w)=€o[x"(w)E(w)
+xP (0= w; + w))E(0))E(w;)
+ XV (0= + w; + 03)E(0)E(w) E(w3) +...]
(1]

where E(w;) is the optical field with frequency o;
and ' is the nth-order linear (n=1) or nonlinear
(n>1) susceptibility tensor. The second term, being
the lowest-order nonlinear optical response, is
responsible for sum-frequency generation and
second-harmonic generation (with w; =w,). In the
electric-dipole approximation, all even-order terms
(x2,x™, etc.) are forbidden in media with inversion
symmetry. At the surface or interface, however,
the inversion symmetry is necessarily broken and
hence x® #0. This makes SHG and SFG surface-
sensitive and specific. While electric-quadrupole and
magnetic-dipole contributions from the bulk may
not be totally negligible, in many cases it has
been shown that the surface contribution clearly
dominates.

Surface SFG and SHG is best described by radiation
from a surface polarization P (w) induced in a thin
sheet with dielectric constant & sandwiched between
two linear media (1) and (2) as shown schematically
in Figure 1. This surface polarization has an in-plane
wavevector component equal to the sum of the in-
plane wavevector components of the incident fields:

Figure 1 Schematic of SHG and SFG geometry in reflection
and transmission from an interface.

k”(w) = k||(w1) +k||(w2). The ratio of k”(w) to k(w)
then determines the direction of the sum-frequency
output that appears in both transmission and reflec-
tion. The reflection geometry is often used in order to
minimize the bulk contribution.

With P as the source term, the sum-frequency
output can be obtained from the solution of the wave
equation. With the proper boundary conditions the
sum frequency (SF) intensity is given by:
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I(w) =

In this expression, x» is the surface nonlinear
susceptibility defined by P® = gox? : E(w;)E(w,);
the quantities e(w;) correspond to the unit polariz-
ation vectors after the appropriate Fresnel correction,
e(w;) = F(w;)é(w;), with F(w;) being the transmission
Fresnel factor and &(w;) the unit polarization
vector of E(w;); 6, denotes the SF output angle with
respect to the surface normal, &(w;) is the dielectric
constant at frequency w;, and I; is the input pump
intensity at w;.

The surface nonlinear susceptibility x(¥ is a third-
rank tensor. In Cartesian coordinates it has 27 tensor
elements (ng'zk))’ many of which could vanish or
depend on others due to the surface structural
symmetry. As an example, Xﬁ,l.zlz(wzw1+w2) for
an isotropic surface, with the z-direction defined
by the surface normal, has only four indepen-
dent nonvanishing elements: y2) :X(yzy)z’chzz)x =
X x %% = x$). and x3). Different combinations
of input and output beam polarizations in SFG
measurements are often used to deduce values for the
non-vanishing elements. Such measurements then
allow the determination of surface symmetry or
surface molecular orientation. Being a third-rank
tensor, ¥ can reflect up to three-fold rotational
symmetry. ngi;le is related to the molecular nonlinear
polarAizability’ or hyperpolarizability a(gzn)g, where £, %,
and ¢ define the molecular coordinates, through the
coordinate transformation

X2 = NGOG e £))al; o

The angular brackets denote an average over the
molecular orientational distribution, and N is the
surface molecular density. For simplicity, micro-
scopic local-field correction is neglected in eqn [3].
Knowing Xg,z,';/k and a?n)g thus permits deduction of
information on the orientational distribution.
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An explicit expression for the nonlinear optical
polarizability is obtained from a second-order
quantum mechanical perturbation calculation:

3
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This expression shows how the nonlinear polariz-
ability or susceptibility depends on material para-
meters such as the dipole transition moments (nlr;|g)
and energy levels. It contains a sum over eight
resonant terms. The quantities w,, and I',, are the
frequencies and half-widths for the transitions
between quantum states |n) and Ig), and p*’ denotes
the population in Ig). It can be seen that o®, and
hence the SF output, should be resonantly enhanced
when the pump frequency w; or w, and/or the sum
frequency w; + w, approach resonance. The resonant
enhancement provides spectral information and
makes SHG and SFG effective spectroscopic tools.
The resonances could be electronic or vibrational,
or more generally, any surface characteristic
transition.

Experimental

Here we deal with basic considerations concerning
the optical setup for SHG or SFG experiments in
reflection from a surface as is shown schematically in

Figure 2. In general, the pump radiation from
pulsed laser sources is directed onto the surface.
High-power tunable light pulses can be obtained
from optical parametric generation and amplifica-
tion (OPG/OPA) together with harmonic, sum- or
difference-frequency generation, preferably pumped
by picosecond or femtosecond lasers with high
repetition rates. By this means radiation tunable
from near UV at ~200 nm to mid IR at ~18 pwm can
be generated. For SFG the input pulses with
frequencies w; and w, are directed to overlap
spatially and temporally on the sample. The sample
could be the surface of a liquid or solid in air, a
single crystalline surface in ultrahigh vacuum, buried
interfaces, etc. Polarizers and half-wave plates allow
for tuning of incident power and polarizations at the
sample. Together with the polarizer in the output
path, different input/output polarization combi-
nations can be chosen. In the detection system the
signal has to be discriminated against reflected and
scattered pump light. This is achieved by spatial and
spectral filtering with apertures, dielectric mirrors,
and interference and color glass filters. An optional
monochromator can also be used for additional
stray-light suppression. The signal is then detected
by a photomultiplier tube and gated electronics are
used for signal integration or photon counting.
From eqn [2] the expected signal strength for
SHG/SFG can be estimated. With a typical value of
x? of 107! m* V™!, a single 1-pm pump pulse,
incident at 6=45° having pulse energy E=1
A7r=100 nJ, beam cross-section A =1 mm?, and
pulse duration 7= 10 ps, can generate about 10°
photons per pulse of SHG. By means of photon
counting a minimal count rate of 10~3 photons/pulse
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Figure 2 Schematic of experimental setup for second-harmonic and sum-frequency generation.
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can be achieved which allows the detection of y? as
small as 1072* m? V™', The spectral resolution is
limited by the spectral width of the pump pulses.
In order to obtain accurate spectral data over a wide
tuning range or to obtain absolute values for Xi,zi/)'k of
the material investigated, a reference material such
as z-cut quartz with known values of y is to be
measured for comparison.

The simplest kind of experiments are SHG at a
fixed pump frequency. From the signal variation in
response to surface modification one can probe
kinetics and dynamics of adsorption, desorption,
diffusion, surface melting, phase transitions, etc.
By tuning the pump wavelength, second-harmonic
spectroscopy can give information on surface elec-
tronic states. For surface vibrational spectroscopy,
however, IR-vis SFG must be employed. In the latter
case, tunable IR input is mixed with visible input to
yield a SF signal in the visible region.

Surface Specificity

In many cases, the surface contribution to SFG
or SHG from a centrosymmetric medium clearly
dominates over the bulk contribution. This generally
occurs when the surface or interface is composed of a
polar oriented molecular layer. An example is shown
in Figure 3, where the vibrational spectra in the C-H
stretch region of three buried solid-liquid interfaces
are presented. The spectrum for hexadecane
(C16H34)/fused silica shows no C—H peaks. This is

SFG signal (arbitrary units)

2900
Wavenumber (cm=1)

2850

Figure 3 SFG spectra of different interfaces obtained
with ssp polarization combination: hexadecane/silica (dashed),
CCly/ OTS/silica (solid circles), and hexadecane/OTS/silica (open
squares). OTS refers to a monolayer of octadecyltrichlorosilane.

in spite of the fact that liquid hexadecane has strong
infrared and Raman activity in this spectral range.
The result indicates that the bulk signal contribution
is negligible. In contrast, strong resonances are
observed from the hexadecane/OTS/silica system,
where OTS is a monolayer of octadecyltrichlorosilane
(CH3(CH,;)15SiCl3) chemisorbed on the fused silica
plate. A similar spectrum is obtained for the CCly/
OTS/silica interface. This clearly indicates that it is
the contribution from the OTS monolayer that
dominates the spectra.

Another example is described in Figure 4 where
the SFG spectrum in reflection from a free liquid
water surface is shown. The resonant features
between 3000 and 3600 cm ™' are due to the O-H
stretches of hydrogen-bonded OH groups. The sharp
peak at 3700 cm ™! can be identified with the free OH
bonds. Since no dangling OH bonds can exist below
the surface its presence indicates that the spectrum
must originate from the topmost layer of water
molecules. Furthermore it can be shown that the
surface water molecules are oriented with one of the
OH bonds directed out of the liquid. In addition to
the above examples, the surface sensitivity and
specificity has been demonstrated and successfully
applied to a large number of systems as will be
shown below.

A note on the definition of surface or interface is in
order. In SHG and SFG, the surface or interface layer
refers to a thin layer between two adjacent bulk
media that has a different structure from the bulk
media and lacks inversion symmetry. If molecules in
the surface layer are polar-ordered, then SHG and

|%(2) | 2 (10—43 m4v—2)
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3200 3400 3600 3800
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Figure 4 SFG spectrum of the liquid—vapor interface of pure

water (ssp polarization combination). The mode at 3700 cm™ ' is

due to the dangling OH bonds at the surface.
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SFG are often dominated by contributions from the
surface layer. However, the bulk contribution is not
strictly zero even if the media have inversion
symmetry, as x® can arise from electric-quadrupole
and magnetic-dipole contributions. Separation of
surface and bulk contributions in SHG and SFG is a
subtle problem in general. Experimentally, how
surface modification affects the signal can be used
to evaluate whether or not the surface contribution
dominates.

A special case concerns materials that lack bulk
inversion symmetry, for example, III-V and II-VI
semiconductors such as GaAs and ZnSe. In this case,
the bulk contribution to SHG and SFG is electric-
dipole allowed and may be very significant. With an
appropriate choice of polarization combinations and
surface orientation, it can nevertheless be well

suppressed, leaving the surface contribution
dominant.
Applications

Both SFG and SHG have been applied to a wide
variety of surface and interfacial systems. To illustrate
their capabilities and versatility as surface spectro-
scopic tools, the focus of this summary will be on
examples where the information deduced cannot
readily be obtained by other techniques. (For details,
readers are referred to the review articles cited in
Further Reading and the original papers cited
therein.)

SFG and SHG have been used for the study of
adsorbates at surfaces even under ambient con-
ditions. The adsorbate alters electronic or structural
properties of the substrate and the signal is thus
related to the surface density of the adsorbate and its
orientation.

Elementary surface reactions, in particular adsorp-
tion, dissociation, or desorption of simple molecules
such as CO, hydrogen, oxygen, or water on metal and
semiconductor single-crystal surfaces under ultra-
high-vacuum conditions, have been investigated.
Sensitivity into the sub-percent monolayer regime is
achieved and allows the identifictation of competing
reaction channels and adsorbate dynamics on sur-
faces. Such studies can help to understand epitaxial
growth or heterogeneous catalysis because the
techniques are applicable at any gas pressure and
surface temperature. Related to this is the study of
surface diffusion, which can be probed following
the temporal decay of a diffracted SHG signal
off a submonolayer adsorbate grating formed by
laser-induced desorption.

Making use of the spectroscopic capabilities of
SHG, the surface electronic structure of selected
metals and semiconductors, in particular silicon,
were studied with an emphasis on the effects of
temperature, crystallographic orientation and differ-
ent adsorbates. Among buried interfaces, the Si/SiO,
interface has been the subject of intense investigations
and the sensitivity of SHG to static electric fields at
the interface and to inhomogeneous strain was also
demonstrated.

Different in-plane surface symmetries associated
with different crystallographic orientations or surface
reconstructions yield different SHG and SFG
responses. This allowed for the investigation of
surface reconstructions (e.g., Si(111)2X1—7X7),
order—disorder transitions (e.g., Si(111)7 X 7 — 1 x 1,
Au/Si(111)) and surface melting (e.g., single-crystal
ice, Si(111), Ge(111)), providing information on
latent heat, superheating, and its dynamics using
pump-probe techniques. Magnetization-induced
SHG was also used for probing surface and interface
magnetism of ferromagnetic metals and bimetallic
systems.

Many unique applications of spectroscopic SFG
have been developed based on its capability to study
large molecules, in particular under ambient con-
ditions. Surface vibrational spectra with different
input/output polarization combinations and sample
geometries provide information on orientation,
conformation and alignment of surface molecules
and the composition and structure of the surface
layer. The study of self-assembled monolayers (e.g.,
OTS on quartz) to deduce the orientation and
conformation of the alkyl chains in the monolayer
is an example. The effect of molecular density and
temperature on the spectrum gives information on
intermolecular interactions and phase transitions.
Another example concerns the adsorption of liquid
crystal molecules on nanostructured polymer sub-
strates. Both the chain orientation at the polymer
surface and its effect on the alignment of adsorbed
liquid crystal molecules can be addressed.

Surface structures of liquids, especially those of
pure liquids, are of great interest in science and
technology, and SFG is a unique spectroscopic tool
for probing liquid surfaces and interfaces. For
example, the SFG vibrational spectrum for the
water—vapor interface in Figure 4 gives information
on the density and orientation of the surface water
molecules at the water—vapor interface. The surface
layer was found to be more ordered compared to the
bulk as was also observed for various other organic
liquids studied with SFG. In other cases soluble and
insoluble organic molecules at a liquid-vapor,
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liquid-liquid, or liquid-solid interface have also
been studied. They appear as adsorbed monolayer
films and their structure and phase behavior are
relevant to many applications. Identification of the
adsorbed molecular species at solid-liquid interfaces
is also important for understanding electrochemical
processes. Various studies with SFG have addressed
bonding of, e.g., CO, CN™, and SCN™ at electrodes
and its variation with electrode potential.

SFG spectroscopy also finds unique applications
in studies of polymer surfaces and interfaces
most relevant to modern science and technology.
The observed surface vibrational spectra of poly-
mers provide information on surface composition,
molecular orientation, and conformation of neat and
blended polymers. The effect of environment and
surface treatment on the surface structure can also be
studied. Investigation of the biological functions of
complex molecular systems has attracted increasing
interest, and SHG and SFG have been applied
successfully to selected systems ranging from the
isomerization of retinal — a molecule involved in the
vision process — to functional aspects of model
membranes.

Both SHG and SFG can be combined with
microscopy techniques for surface microscopic
studies. Microscopic imaging can be achieved by
rastering the probe beam or, preferably, the sample
position. Near-field SFG/SHG spectroscopy has
recently been developed.

Performing surface SHG and SFG experiments in
the time domain can provide information on surface
dynamics. Pump-probe experiments allow for mea-
surements of energy relaxation and phase coherence
of excitations such as surface electronic states and
surface phonons and vibrations.

Outlook

Although SHG and SFG were established as surface
analytical tools more than 15 years ago, it is still an
active field of research with much potential that has
not yet been explored. As an example, it has only
recently been demonstrated that doubly resonant
infrared—visible SFG, as a two-dimensional spec-
troscopy, can give access to couplings between
vibrational modes and surface electronic transitions.
With the commercial availability of suitable laser
sources, the techniques can be extended to a much
wider range of applications. This includes possible
investigations of ultrafast surface dynamics,
nanostructures, and biological systems.
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