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Nonlinear optical spectroscopy of solid interfaces
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Abstract

Nonlinear optical spectroscopies for the investigation of solid surfaces and interfaces are reviewed. Emphasis is on the surface-

specific second-order nonlinear optical response. Following a brief introduction on the fundamental, a broad variety of applications

of second-harmonic (SHG) and sum-frequency (SFG) spectroscopic techniques are discussed. An outlook on exciting new oppor-

tunities provided by these techniques is presented.
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1. Introduction

Among the various techniques employed for the char-

acterization 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 effec-

tive interaction depth of optical radiation in matter is in
general at least of the order of a reduced wavelength (k/
2p, as in reflection) which makes isolation of the surface

or interface contribution to the optical response from

the bulk difficult. The nonlinear optical responses, how-

ever, have higher symmetry selectivity compared to lin-

ear optics. Since the bulk and surfaces of a material

generally have different structural symmetries, they

may be selectively probed by nonlinear optics. Specifi-
cally, for media with inversion symmetry, the second-

order nonlinearity could be dominated by the interface

where the inversion symmetry is broken [1–3]. This

intrinsic surface-specificity allows for investigations of
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surface properties not readily accessible by other spec-

troscopies. The techniques derived from second-

harmonic (SHG) and sum-frequency generation (SFG)

have thus become powerful and versatile methods for

the investigation of surfaces and interfaces [4–6].

Through electronic or vibrational SHG or SFG spec-

troscopy, information on surface structure, chemical

composition and bond or molecular orientation at solid
and liquid interfaces can be deduced. This has led to a

broad range of surface studies from metals and semicon-

ductors to insulators and magnetic materials, and from

liquids to soft condensed matter such as polymers or

biological membranes. These investigations are moti-

vated not only by fundamental interests but also for

applications such as heterogeneous catalysis, epitaxial

growth, electrochemistry, device fabrication, material
and environmental problems.
2. Theory

Here, we focus on bulk media with inversion sym-

metry. Under the electric-dipole approximation, the sec-

ond-order nonlinear polarization induced in a medium
is generally given by

P ð2ÞðxÞ ¼ vð2Þðx ¼ x1 þ x2ÞEðx1ÞEðx2Þ: ð1Þ
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Fig. 1. Schematic of SHG/SFG geometry in reflection from a surface

or interface. Pulsed pump radiation overlaps spatially and temporally

on the surface and the generated second-harmonic (2x1 and 2x2) or

sum-frequency (xs = x1 + x2) radiation in reflection is detected.
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Here, v(2) denotes the surface nonlinear susceptibility

tensor and E(x1) and E(x2) are the pump optical fields

with frequencies x1 and x2, respectively [1,2,7]. From

the above equation, it is immediately seen that P(2)(x)
must vanish in bulk media with inversion symmetry,

but becomes nonzero at a surface or interface, where
the inversion symmetry is broken [1,2,8,9,11]. Since

P(2)(x) is the source of the generated output radiation,

this makes SHG (with x1 = x2) and SFG highly sur-

face-sensitive and specific. However, in some cases, elec-

tric-quadrupole and magnetic-dipole contributions to

SHG/SFG from the bulk may not be totally negligible.

Fortunately, in many cases, it has been shown that the

surface contribution to SHG and SFG from a centro-
symmetric medium does clearly dominate [12,13].

The sum-frequency output intensity, obtained from

the solution of the wave equation with proper boundary

conditions, is then given by

IðxÞ ¼ 8p3x2
s sec

2hx
�hc3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�1ðxÞ�1ðx1Þ�1ðx2Þ

p
� eyðxÞ � vð2Þs : eðx1Þeðx2Þ
�� ��2I1ðx1ÞI2ðx2Þ: ð2Þ

Here vð2Þs is the surface nonlinear susceptibility defined

by P ð2Þ
s ¼ �0vð2Þs : Eðx1ÞEðx2Þ, eðxiÞ � F ðxiÞêðxiÞ, with

F(xi) being the transmission Fresnel factor and êðxiÞ
the unit polarization vector of E(xi), hx denotes the

SF output angle with respect to the surface normal,
�(xi) is the dielectric constant at frequency xi, and Ii is

the input pump intensity at xi.

The surface nonlinear susceptibility vð2Þs is a third-

rank tensor with 27 tensor elements ðvð2Þijk Þ, many

of which vanish or depend on others due to the surface

structural symmetry. As an example, vð2Þijk ðx ¼ x1 þ x2Þ
for an isotropic surface, with the z-direction defined by

the surface normal, has only four independent nonvan-
ishing elements: vð2Þxxz ¼ vð2Þyyz , vð2Þxzx ¼ vð2Þyzy , vð2Þzxx ¼ vð2Þzyy , and

vð2Þzzz . Different combinations of input and output beam

polarizations in SFG measurements can be used to de-

duce values for the nonvanishing tensor elements. Such

measurements then allow the determination of surface

symmetry or/and surface molecular orientation. Being

a third-rank tensor, vð2Þs can reflect up to three-fold rota-

tional symmetry. The macroscopic quantity vð2Þs;ijk is re-
lated to the molecular nonlinear polarizability or

hyperpolarizability að2Þngf, where n̂, ĝ, and f̂ define the

molecular coordinates, through the coordinate

transformation

vð2Þs;ijk ¼ N s ð̂i � f̂Þð̂j � ĝÞðk̂ � n̂Þ
D E

að2Þngf: ð3Þ

The angular brackets here denote an average over the

molecular orientational distribution, and Ns is the sur-

face molecular density. For simplicity, the microscopic

local-field correction is neglected in Eq. (3). Knowing

vð2Þs;ijk and að2Þngf thus permits deduction of information on

the molecular orientation.
An explicit expression for the nonlinear optical polar-

izability is obtained from a second-order quantum

mechanical perturbation calculation:

að2Þs;ijkðxsÞ ¼ � e3

�h2
X
g;n;n0

hgjrijni
xs � xng þ iCng

hnjrjjn0ihn0jrkjgi
x2 � xn0g þ iCn0g

��

þ hnjrkjn0ihn0jrjjgi
x1 � xn0g þ iCn0g

�
þ � � �

�
qð0Þ
g : ð4Þ

This expression, containing a total of 8 terms, shows

how the nonlinear polarizability or susceptibility de-
pends on material parameters such as the dipole transi-

tion moments hnjrijgi and energy levels. The quantities

xng and Cng are the frequencies and half widths for the

transitions between quantum states jni and jgi, and

qð0Þ
g denotes the population in jgi. It can be seen

that a(2), and hence the SF output, are resonantly en-

hanced when the pump frequency x1 or x2 and/or the

sum frequency x1 + x2 approach resonance. The reso-
nant enhancement provides spectral information on

electronic or vibrational transitions, or more generally,

any surface characteristic transitions.
3. Experimental

For SHG and SFG experiments, in general, pulsed
pump radiation is directed onto the surface as shown

schematically in Fig. 1. Tunable laser pulses can be ob-

tained from optical parametric generation and amplifi-

cation (OPG/OPA), together with harmonic, sum- or

difference-frequency generation, pumped by ps or fs la-

sers. Tuning range can be extended from near UV at

�200 nm to mid IR at �18 lm (see [14–16] and refer-

ences therein). For SFG, the two input pulses at x1

and x2 are directed to overlap spatially and temporally

on the sample. In detection, the signal must be discrim-

inated against reflected and scattered pump light. This is

achieved by spatial and spectral filtering with apertures
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and spectral filters. A monochromator is sometimes

needed for additional stray-light suppression. The signal

is detected by a photomultiplier and gated electronics or

a CCD array.

From Eq. (2) the expected signal strength for SHG/

SFG can be estimated. With a typical value of vð2Þs of
10�21 m2 V�1, a pump pulse of 1 lm in wavelength,

incident at h = 45� and having pulse energy E = IAs =
100 lJ, beam cross-section A = 1 mm2, and pulse dura-

tion s = 10 ps, can generate about 103 SH photons. With

a photon counting detection system, a minimal count

rate of 10�3 photons/pulse can be achieved that would

allow detection of vð2Þs as small as 10�24 m2 V�1. In prac-

tice, the limit is often set by the time one can devote to
the measurement. In order to obtain accurate spectra or

absolute values for vð2Þs;ijk of the material investigated, the

results must be normalized against those of a reference

material with known dispersion and known values of

vð2Þ, such as z-cut quartz.

The simplest kind of experiments are SHG at a fixed

pump frequency. From its response to surface modi-

fication, one can probe kinetics and dynamics of adsorp-
tion, desorption, diffusion, melting and phase transitions

of a surface. Tuning the pump wavelength gives, in addi-

tion, information about surface electronic transitions.

For surface vibrational spectroscopy, however, SHG

output is in the infrared where the photodetector is

much less sensitive, and IR–vis SFG is more advanta-

geous. In the latter case, tunable IR input is mixed with

visible input to yield a SF signal in the visible region that
can be more readily detected.
4. Surface specificity

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 sheet between two adjacent bulk media
that has a different structure from the bulk. For bulk

media with inversion symmetry, if the surface layer is

polar-ordered, then its contribution to SHG and SFG

often dominates over the bulk reponse. The bulk contri-

bution from electric-quadrupole and magnetic-dipole

terms may not be negligible, and separation of surface

and bulk contributions in SHG and SFG is a subtle

problem in general [3,8,9]. Experimentally, however,
the effect of surface modification on SHG/SFG can be

used to test the importance of bulk contribution and

separate surface and bulk contributions. More gener-

ally, because surface and bulk symmetries of a medium

are usually different, polarization selection rules for dif-

ferent symmetries can sometimes be used to separate the

two contributions. This is the case even for a medium

without inversion symmetry, for example, III–V and
II–VI semiconductors such as GaAs and ZnSe, where

SHG/SFG is electric-dipole allowed and very strong in
the bulk [17]. With an appropriate choice of polarization

combinations and surface orientation, the bulk contri-

bution can nevertheless be well suppressed, allowing

for the distinct observation of the surface or interfacial

SFG or SHG from these systems.
5. Applications

Both SFG and SHG have been applied to a wide vari-

ety of surface and interfacial systems. They have made

possible the investigation of surfaces and interfaces

under ambient, high pressure, and nearly arbitrary tem-

perature conditions. Moreover, they have provided
access to buried interfaces between solids or liquids.

Progress in the field has been discussed in a number of

review articles [3–6,16,18–35]. Here, we focus on some

unique applications of the techniques to illustrate the

capabilities and versatility of SHG and SFG as surface

spectroscopic tools for solids.

SHG and SFG were first developed to study molecu-

lar adsorbates on solid surfaces [36–41]. In particular, it
was shown that SHG could be used to probe adsorption

and desorption of atoms and molecules on metals and

semiconductors in ultrahigh vacuum (UHV) [40]. The

adsorbate alters the electronic properties of the interface

and a corresponding variation of the SHG signal can be

related to the surface density of the adsorbate. The tech-

nique can also be extended to studies of surface associ-

ation and dissociation of molecules. There already
exist quite a few review articles on this subject [3,6,18–

20,22,23,32]. The capability of SHG for in situ probing

during gas exposure together with its sub-monolayer

sensitivity even allows for investigation of competing

reaction channels on a surface [42].

One can also use SHG to probe lateral surface reac-

tions, e.g., surface diffusions [43]. One example is the

study of thermally induced hydrogen diffusion between
steps and terraces on Si(001) [42,44]. Because of the re-

duced symmetry of stepped surfaces, SHG can be selec-

tively sensitive to step or terrace sites, respectively, and

therefore used to monitor adsorbates at step and terrace

sites. As shown in Fig. 2 the thermally activated diffu-

sion process associated with depletion of the hydrogen

population at the steps can be followed by SHG. The

result then permits deduction of the diffusion activa-
tion energy—a key parameter for the understanding of

important surface processes involving hydrogen as reac-

tant or reaction intermediate.

The intrinsic surface specificity of SHG/SFG permits

studies of molecular adsorption on substrates even

under high-pressure gas atmosphere and at liquid–solid

interfaces. This makes the techniques truly distinct from

most other surface probes that are limited to the UHV
environment. Thus they provide opportunities for re-

search in several neglected areas of surface science. As
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Fig. 2. Sensitivity of SHG with respect to different adsorption sites

allows probing of the kinetics of hydrogen diffusion from initially

hydrogen saturated step sites onto terraces of Si(001) 5.5�! [110].

From the temperature dependence an Arrhenius activation energy of

1.7 eV is derived. The continuing signal increase observed at T = 665 K

is due to the onset of recombinative hydrogen desorption (after [44]).
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an example, SHG can be employed to probe adsorbates

on a surface in true thermal equilibrium with gas atmo-

sphere at any realistic temperature. Being capable of
deducing surface coverage of adsorbates, it allows for

direct isosteric heat measurements. This has successfully

been applied to the determination of the chemisorption

energy of H2 on Si(111)7 · 7 and Si(001)2 · 1 [45].

Sum-frequency vibrational spectroscopy (SFVS) is

more selective in identifying adsorbate species through

their vibrational modes and often also more sensitive be-

cause of the vibrational resonance enhancement. It can
be used for selective probing of adsorbed species and

competitive adsorption of species. The adsorption sites

and bond orientations of adsorbates can also be deter-

mined. Adsorption of water on metal surfaces [46,47]

is an example. The formation of a hydrogen-bonding

network that approaches an ice-like structure with

increasing coverage has been observed. Among investi-

gations of adsorption under ambient conditions, the
SFG study of water adsorption on mica, in equilibrium

with water vapor in atmosphere with different humidi-

ties, is representative. In this experiment, evolution of

the interfacial water structure with increasing humidity

from an initially disordered structure at submonolayer

coverage into an ordered hydrogen-bonded network at

full monolayer coverage has been observed for the first

time [48].
Since the early days of surface science, the question of

how the adsorbed species and their geometries that ap-

pear on a substrate under high vapor pressure compare

with those under UHV has been outstanding. This ques-
tion is now possible to be addressed by SFVS [49,50].

New adsorbate arrangement and more weakly bound

adsorbate species, for example, showed up with higher

surface density on Pt(111) or Pd nanoparticles under

high-pressure CO gas [30,51,52].

Practically useful heterogeneous catalysis generally
occurs under real atmosphere, but research is often con-

ducted in UHV environment. The use of SFVS as a

probe is able to bridge this pressure gap [30,53,54].

The important case of CO oxidation on Pt, first studied

by Langmuir, is a good example. In UHV, CO adsorbes

mainly at the top and bridge sites of Pt(111) and there-

fore one would suspect that these species were responsi-

ble for the catalytical reaction of CO oxidation. Under
high pressure of CO and O2, however, it was found that

the CO oxidation rate is directly related to the surface

density of CO adsorbed at incommensurate sites [55].

Catalytic combustion of CO on both crystalline and

rough polycrystalline Pt as well as on supported nano-

particles of Pd has also been investigated [52,55,56].

Other examples are methane dissociation on diamond

[57] and ethylene hydrogenation on Pt(111) and
Rh(111) with the poisoning effect of CO [58–60]. More

recently, high-pressure ammonia adsorption and disso-

ciation on clean Fe(111) as well as oxygen-precovered

Fe(111) have been investigated—a key study which shed

light on the intriguing role of iron as catalyst in this

important catalytic process [61].

With the help of ultrashort laser pulses, SHG and

SFG allow for probing surface processes on ultrafast
time scales [62–65]. Hydrogen on silicon and CO on

metal served as model systems to demonstrate the capa-

bilities of SFVS to probe surface vibrational dynamics

[66]. In IR-pump/SFG-probe experiments, population

relaxation (T1) of vibrational excitation and energy

transfer can be accessed. The SF photon echo scheme

permits measurement of the dephasing time, T2, of the

vibrational excitation [25,65,67,68]. Time-resolved SFVS
also provides the opportunity to take snapshots of reac-

tion intermediates. In a representative experiment, the

dynamics of desorption and reaction of CO on Ru(001)

was probed on a picosecond time scale [69,70]. Fig. 3

shows how the spectrum of the C–O stretch vibrations

varies after the excitation of Ru(001) by a 800-nm,

110-fs pump pulse. Transient heating of the surface from

an initial temperature of 340 K to 1000 K led to desorp-
tion of about 50% of CO. Correspondingly, the C–O

stretch frequency exhibits a strong transient redshift.

These experiments demonstrate the potential of time-

resolved SFVS to probe surface dynamics. The technique

could also be used to probe reaction intermediates and

product formation in a surface reaction in real time, pro-

viding direct access to the underlying microscopic reac-

tion mechanisms.
Both SHG and SFG are not limited to the solid–gas

or –vapor interface. They can be used to study, for



Fig. 4. Sum-frequency vibrational spectra of a DOAC monolayer with

a C16 chain length on quartz exposed to air (a) and immersed in

deuterated alkane (b). The conformational order is reflected by the

CH2 symmetric stretch mode at �2850 cm�1. It is related to the density

of gauche defects in the surfactant alkyl chain (after [48]).

Fig. 3. Transient SFG spectra of the C–O stretch vibration after

excitation with a 800 nm/110 fs pump pulse. Starting at a temperature

of 340 K and a CO coverage of 0.33 ML the transient heating of the

surface up to 1000 K leads to desorption of about 50% of the molecules

(after [71]).
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example, electrochemistry at solid–liquid interfaces. In

combination with voltammetry, they provide in situ

information on oxidation and reduction of adsorbates

at the electrochemical interfaces [26,37,72–75]. SFVS,

in particular, can identify the adsorbed species and their

bond orientation—information virtually inaccessible by

other experimental techniques. Recent examples in this
area are the observation of significant perturbation of

CO bonding to Pt(111) by the oxidation potential

[76,77], and potential-induced reorientation of acetoni-

trile adsorbed on Pt(111) [74,78].

SFVS has been widely adopted to study self-assem-

bled surfactant monolayers on insulator, metal and

semiconductor surfaces in air or liquids [16,21,31,

48,79–84]. It provides a wealth of structural information
on the surfactant monolayers, including chain confor-

mation as a function of molecular surface density,

molecular chain length, temperature and environment

such as the polarity of the adjacent liquid. As an exam-

ple, Fig. 4 shows the SF vibrational spectra of a diocta-

decyldimethylammonium chloride (DOAC) monolayer

self-assembled and covalently bound to a quartz surface

in air and in deuterated alkane [48]. The two peaks at
�2875 cm�1 and �2940 cm�1 are due to the CH3 sym-

metric stretch and its Fermi resonance with the bending

mode. The presence of the CH2 symmetric stretch at

�2850 cm�1 is an indication that the alkyl chains are

not in the all-trans conformation in air (Fig. 4a). In con-

trast, bringing the sample in contact with long-chain
alkane (Fig. 4b) suppresses the CH2 peak, suggesting

that the gauche defects in the DOAC chains have been

eliminated. Insertion of the alkane molecules into the
surfactant monolayer must have provided enough

chain-chain interaction for the surfactant chains to

straighten up. This example serves to illustrates the

strength of SFVS over linear IR spectroscopy. The IR

spectra of the monolayer would be dominated by CH2

because of their relatively large number present in the

chain, but the SF spectra dictated by symmetry, strongly

suppress the contribution of CH2 if the chains are
ordered.

The above studies have paved the way to applications

of SFVS to investigation of bio-mimetic interfaces and

biological functions of complex molecular systems. Both

SHG and SFG have been applied to selected systems,

ranging from protein adsorption at interfaces [85] to

isomerization of retinal molecules [86]. Recently, the

phase diagram of self-organizing phosopholipid model
membranes, the key constituents of cell membranes,

was probed by SFVS [87]. The effect of molecular

density and temperature on the spectrum provides

information on intermolecular interactions and phase

transitions.

SHG and SFG have proven to be particularly valu-

able for investigation of surfaces of homogeneous bulk
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liquids and solids. For example, they have found wide-

spread applications in the instigation of polymer sur-

faces [88–91]. Because of the sensitivity of different

parts of polymer units to the surrounding, a polymer

surface may have very different composition and struc-

ture than the bulk. SFVS is a powerful tool to probe
polymer surfaces at the molecular level. Its use to inves-

tigate whether the glass transition of the polymer surface

is different from that of the bulk is an example [92]. In

many applications, one would like to have a polymer

surface design-made while keeping the bulk property

unchanged. This can be achieved by, e.g., doping the

polymer or modifying terminals of polymer units. SFVS

is a helping tool for such design work [91,93]. The sur-
face structure of a polymer could also respond to

changes of the environment; for example, the hydro-

philic or hydrophobic parts of the polymer units at the

surface would emerge depending on whether the sur-

face is exposed to water or air, as revealed by SFVS

[91,94,95].

External perturbation can also modify a polymer sur-

face. Mechanical rubbing, for example, can effectively
align the surface polymer chains along the rubbing

direction. Using SFVS with different input/output polar-

ization combinations with respect to the sample geome-

try, one can deduce from the measurement quantitative

information on how the surface chains are aligned and

their constitutive molecular groups are oriented on the

rubbed surface [89]. The rubbed polymer surface is com-

monly used in the industry to align liquid crystal films
for display devices. To understand how this happens,

SHG has been effectively used to probe alignment of

the first liquid crystal monolayer at the polymer surface

and the subsequent alignment of the liquid film through

molecular correlation [96,97]. Structural changes of

polymer surfaces upon mechanical pressure have also

been observed [98]. They reveal complex behavior due

to the interplay of viscoelastic properties and surface
free energy. SHG and SFVS can be extended to studies

of amphiphilic macromolecules at solid/liquid inter-

faces [95]. Adsorption, desorption, and conformational

changes of polypeptides and proteins on substrates of

different surface hydrophobicity as well as different

physiological conditions (pH, ionic concentration) have

been studied. They provide insight into the mechanism

of denaturation of proteins and reveal pathways for con-
serving protein function.

SHG/SFG can also be used for in situ probing of sur-

faces of bulk crystals. Study of surface melting of ice in

equilibrium with its vapor is an example [99]. This al-

lowed to directly probe the surface disorder transition

and surface melting. As depicted in Fig. 5, the spectrum

of the (0001)-ice/vapor interface in the OH stretch re-

gion exhibits a strong temperature dependence. In par-
ticular, the narrow peak at (�3700 cm�1) from the

dangling OH bonds at the surface decreases in strength
with increase of temperature after 200 K and becomes

not detectable after �255 K, indicating that the onset

of surface melting of ice is as low as �200 K.
In earlier experiments, SHG was used to probe

crystalline silicon surfaces. Different surface symme-

tries associated with different surface phases allow

SHG to monitor surface structural transitions, e.g.,

Si(111)(2 · 1)! (7 · 7) [100] and Si(111)(7 · 7) !
(1 · 1) [101]. It was also used in pump/probe measure-

ments to probe laser-induced melting of surface layers

of metals and semiconductors [102–104].
With tunable lasers, SHG can also probe surface elec-

tronic states of metals and semiconductor surfaces and

interfaces (see [33,105–107] and references therein).

For example, from the surface SHG spectrum, surface

electronic states of Si can be identified and characterized

[33,108,109].
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Unique for SHG and SFG is also its capability to

interrogate solid/solid interfaces. An early example con-

cerns the CaF2/Si(111) interface where the hybridized

interface electronic states of occupied and unoccupied

Si(3p)–Ca(4s) were identified by SHG [110]. Similar

studies on Si/SiO2 [111,112], and ZnSe/GaAs(001) inter-
faces [113] were reported. In the latter case, although

both ZnSe and GaAs bulks are SHG-active for lack of

inversion symmetry, it is still possible to make SHG

interface-specific. This is because the different symme-

tries between bulk and interface allows suppression of

bulk contribution to SHG by using specific input/output

polarization combination. Interfacial transition between

the valence state of ZnSe and the quantum well state of
GaAs was detected (with similar investigation address-

ing the metal/GaAs interface) [114].

The second-order magneto-optical response with

selective input/output polarization combinations can

also be surface- and interface-specific [115,116]. Magne-

tization-induced SHG has been used to probe surface

and interface magnetizations of ultrathin ferromagnetic

films, bimetallic systems and multilayers and superlat-
tices [106,117–121]. Such nonlinear magneto-optical

Kerr effect has also been employed in magnetic imaging

for visualization of magnetic domains and domain walls

[122]. SHG probing of the magnetization dynamics fol-

lowing electronic excitations of magnetic metals or

alloys by ultra-short laser pulses can yield information

about coupling of spins with electronic degrees of free-

dom as SHG can distinguish spins from the electronic
subsystem [123].
6. Outlook

Although, as described in the previous section, SHG

and SFG have already become established analytical

tools for surface investigations with widespread applica-
tions in diverse areas, improvement of the techniques

allows still more novel and specific applications. For

example, ongoing progress in laser technology and sig-

nal detection provides ever increasing sensitivity that

has enabled SFG/SHG microscopy [124–126] and sur-

face studies on the nanoscale [87,127–132].

It has only recently been demonstrated that doubly-

resonant infrared-visible SFG, as a two-dimensional
spectroscopy, can be highly selective to probe coupling

between surface vibrational and electronic transitions

[133,134]. With both xIR and xvis tuned over surface

vibrational and electronic resonance, respectively, SFG

is doubly resonantly enhanced if vibronic coupling ex-

ists. In much the same way as resonant Raman spectros-

copy for studies of intra- and inter-molecular vibronic

coupling, doubly-resonant SFG provides similar oppor-
tunities for investigation of molecules at interfaces. An

example is shown in Fig. 6 describing the enhancement
of the SF vibrational spectrum of a monolayer of rhoda-
mine 6G adsorbed on fused silica when xs = xvis + xIR

is tuned over the S0–S1 resonance [134]. From the result,

the relative vibronic coupling strength between different

vibrational modes and the S0–S1 electronic transition

could be deduced. The double resonance also led to an

unprecedented surface sensitivity of SFVS. Recently,

the technique has been applied to detect the elusive

charge transfer state of CO on Pt(111) [135].
In most SHG and SFG measurements, only the signal

intensity is measured, and hence only the magnitude of

the corresponding nonlinear susceptibility element, vð2Þs ,

is deduced. Knowledge of the phase of vð2Þs is neverthe-

less important as it can provide, for example, informa-

tion on absolute bond or molecular orientation

[136–138]. Yet to date, few studies have explored this

potential of SHG and SFG spectroscopy.
So far, SHG and SFG have been primarily employed

for investigation of planar surfaces, but recently, their

applications to surfaces of nanostructures have been

demonstrated [127–130,139,140]. Unlike the case of

planar surfaces, the output from nanostructures is

not directional, but resembles that of Mie scattering

[127,129,140]. The selection rules are also different

[10,128,130]. One distinctive feature is that bulk contri-
butions from higher-order multipoles of the polarization

can be separated from the local interfacial contributions

in some cases. This enables separation of local surface

and nonlocal bulk contributions and allows for simul-

taneous surface and bulk investigations for partially
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asymmetric nanostructures [130]. This may provide new

opportunities for investigation of surface structure and

molecular adsorption on nanoparticles or nanostruc-

tured surfaces.

Currently, the spectral range of SFVS is limited to

kIR < 16 lm by the availability of tunable coherent
source in the infrared. It prevents us from studying

low-frequency vibrational modes of molecular adsor-

bates, surface phonons of most solids, and other low-

frequency surface excitations. Tera-Hertz generation

by femtosecond laser pulses, however, may change the

situation in the near future. Probing of deep UV elec-

tronic resonances of surfaces and interfaces is another

problem neglected due to lack of suitable coherent
sources.

Many areas of solid surface science are yet to be

further explored by SHG and SFG. For example,

important electrochemical reactions such as photo-dis-

sociation of water molecules and metal corrosion have

not yet been studied. The remote sensing ability of the

techniques to probe surfaces in hostile environment

has hardly been utilized. Important surface problems
like tribology, plasma deposition or treatment of sur-

faces, and environmental surface reactions have not

yet been carefully investigated. The study of burried

interfaces have also been limited to a few selected model

systems. In situ monitoring of surface modification is

important for many applications, and SHG/SFG are

yet to be adopted as analytical tools for such purpose.

In summary, we have illustrated the potential of SHG
and SFG as unique powerful surface probes for a vast

variety of interfacial systems hardly accessible by most

other spectroscopies. The techniques are already well

established in many areas of surface science, but expan-

sion into broader areas are anticipated upon further

exploration.
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