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This critical review highlights recent advances in using electronic structure methods to study

surface-enhanced Raman scattering. Examples showing how electronic structure methods, in

particular time-dependent density functional theory, can be used to gain microscopic insights into

the enhancement mechanism are presented (150 references).

I. Introduction

The interactions between light and metallic nanostructures have

long been of great technological and fundamental interest. A key

property of metallic nanostructures is the possibility of collective

excitation of the conduction electrons by UV-visible light. This

excitation, known as surface plasmon excitation, is responsible

for the remarkable size/shape/environment-dependent optical

properties of metallic nanostructures.1,2 These optical properties

were a hindrance to the characterization of colloidal materials in

the past as the broad range of shapes and sizes of particles that

are typically made resulted in significant heterogeneous broad-

ening in extinction spectra. However advances in colloidal

synthesis methods and nanofabrication techniques such as

e-beam and nanosphere lithography now allow for the fabrica-

tion of well-defined nanoparticles and therefore more homoge-

neous optical properties.3–8 In addition, the characterization of

the nanoparticles in combination with detailed quantitative

electromagnetic simulations has enabled the synthesis of particles

with predetermined spectral attributes.3,4,6,7 This control of the

optical properties of nanomaterials has resulted in a wide range

of applications in ultra-sensitive chemical and biological

sensing.9–15

In addition to the intense absorption and scattering of the

nanoparticles, plasmon excitation leads to strongly enhanced

electromagnetic fields near the nanoparticle surfaces, and this

is responsible for the electromagnetic contribution to the

Raman signals observed in surface-enhanced Raman scatter-

ing (SERS).9,16–18 Although SERS was discovered several

decades ago19–21 a complete picture of the enhancement

mechanism is not available, due to its highly complicated

experimental conditions (roughened surfaces, nanoparticle

aggregates, molecules that are chemically interacting with

the surface, etc.). This problem has become even more appar-

ent in the past decade due to the discovery of single molecule

SERS which gives rise to the possibility of 1010 enhancement

factors or more.22–25 However it is still well accepted that in

most cases the strongest enhancement stems from enhanced

electromagnetic fields at the surfaces of the partices due to

plasmon resonance excitation.16,17,26,27 Despite this qualitative

understanding, developing a theory which describes SERS,

including the poorly understood chemical contributions,
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remains an important goal, as the combination of a rich

vibrational spectrum characteristic of Raman scattering with

a strong enhancement makes SERS an attractive method for

studying the properties of molecules absorbed on surfaces, and

for sensing applications.

A great deal of progress has been made recently in the

accurate and efficient calculation of nanostructure optical

properties.28,29 Numerical methods such as the discrete dipole

approximation28 and finite-difference time-domain methods29

have been used to calculate the plasmonic properties of

complex shapes and arrangements. These methods have pro-

vided detailed insights into the electromagnetic mechanism in

SERS.27 However, they do not provide any information about

the chemical enhancement mechanism since the molecule is

either treated as a point dipole or ignored completely. Recent

theoretical30 and experimental31–33 findings indicate that un-

der certain conditions the chemical enhancement mechanism

can be much larger than is usually thought. Electronic struc-

ture modeling of the molecule–metal cluster interfacial struc-

ture and its optical properties on the atomic scale can provide

key insight into the type and strength of the bonds between the

molecule and the nanoparticles/nanoclusters, the effects of the

surface roughness on the atomic scale, the effects of laser

excitation wavelength, and overall, the nature of the observed

Raman enhancement itself.

This critical review highlights recent advances in using

electronic structure methods to study SERS, with emphasis

on the different contributions to the overall SERS enhance-

ment (i.e., chemical, charge transfer, electromagnetic). In

particular, we will discuss recent developments using time-

dependent density functional theory to describe the different

SERS enhancement mechanisms using small silver and gold

clusters as model systems. We will also discuss briefly the use

of similar theories to describe surface-enhanced vibrational

Raman optical activity and nonlinear scattering processes

which are new areas where electronic structure methods are

likely to have an important impact.

II. Enhancement mechanisms

Although the exact nature of the enhancement mechanism

involved in SERS is not known, it is well accepted that there

are two contributions resulting, respectively, from electromag-

netic and chemical interactions between the adsorbate and the

metal nanoparticle. Both will contribute to the total SERS

enhancement, and it is not possible experimentally to make a

clear separation of their individual contributions. However,

from a theoretical point of view one can identify at least four

different situations where the SERS signal is enhanced due to a

different mechanism (see Fig. 1 for a cartoon illustrating the

different enhancement mechanisms):

(a) Enhancement due to ground state chemical interactions

between molecule and nanoparticle that are not associated

with any excitations of the nanoparticle–molecule system.

(b) Resonance Raman enhancement with the excitation

wavelength being resonant with a molecular transition.

(c) Charge-transfer (CT) resonance Raman enhancement

with the excitation wavelength being resonant with nanopar-

ticle–molecule CT transitions.

(d) Enhancement due to a very strong local field when the

excitation wavelength is resonant with the plasmon excitations

in the metal nanoparticle.

We will label these different enhancement mechanisms as

CHEM, resonance, CT, and EM, respectively. The first three

contributions are often grouped together as the ‘‘chemical

mechanism’’ and the last is the ‘‘electromagnetic mechan-

ism’’.17,26,34 However, we prefer to discuss them separately.

It is important to realize that all these enhancement mechan-

isms are strongly dependent on the Raman excitation wave-

length and will therefore only be important for specific

wavelengths. The relative importance of these mechanisms is

very difficult to establish experimentally since only in certain

specific limits can they be separated and studied.

Since the local field enhancement arising from the plasmon

excitation can be very large, the electromagnetic mechanism is

believed to be the dominant contribution to the observed

SERS signal. The strong fields lead to the electrodynamic

enhancement mechanism, and it is generally assumed that the

SERS signal is enhanced by a factor proportional to the

fourth-power of the electric field enhancement, |Eloc|4.35,36 A

straightforward rationale for the field enhancement in SERS

can be illustrated by considering the following simple model

(here simplified and modified from the original discussion by

Gersten and Nitzan).35

The Raman scattering of a molecule of interest is affected by

the electromagnetic interaction with a polarizable body

located close to the molecule. If we consider the molecule

and the metal nanoparticle as polarizable objects characterized

by polarizabilities aM and aNP, the total polarizability of the

system is then given by Silberstein’s equations.37,38

ak ¼
aM þ aNP þ 4aMaNP=R3

1� 4aMaNP=R6

a? ¼ aM þ aNP � 2aMaNP=R3

1� aMaNP=R6
ð1Þ

where R is the center-to-center distance between the molecule

and the nanoparticle. Note in this equation that we have

considered both the case where the field is parallel to the axis

between the molecule and particle and where it is perpendi-

cular. The Raman scattering intensity for this system is

given by

IR / @a
@QM

����
����
2

ð2Þ

Fig. 1 Illustration of the different types of enhancement mechanism

in SERS.
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where QM is a normal mode of the molecule. We will assume

that the polarizability of the nanoparticle is independent of the

normal modes of the molecule, which is reasonable consider-

ing that aNP c aM. Straightforward differentiation of the

polarizability with respect to the normal mode gives

@ak
@QM

¼ a0M þ 4aNPa0M=R3

1� 4aNPaM=R6

� aM þ aNP þ 4aNPaM=R3

ð1� 4aNPaM=R6Þ2
ð�4aNPa0M=R6Þ

@a?
@QM

¼ a0M � 2aNPa0M=R3

1� aNPaM=R6

� aM þ aNP � 2aNPaM=R3

ð1� aNPaM=R6Þ2
ð�aNPa0M=R6Þ ð3Þ

where a0M ¼ @aM
@QM

. After some manipulation the equations can

be written as

@ajj
@QM

¼ a0Mð1þ 2aNP=R3Þ2

ð1� 4aNPaM=R6Þ2

@a?
@QM

¼ a0Mð1� aNP=R3Þ2

ð1� aNPaM=R6Þ2
ð4Þ

The Raman intensities are then

IRjj /
@ajj
@QM

����
����
2

¼ @aM
@QM

� �2

� ð1þ 2aNP=R3Þ4

ð1� 4aNPaM=R6Þ4

IR? / @a?
@QM

����
����
2

¼ @aM
@QM

� �2

� ð1� aNP=R3Þ4

ð1� aNPaM=R6Þ4
ð5Þ

The denominator in eqn (5) is essentially unity, since the

polarizability of the molecule is much less than the polariz-

ability of the nanoparticle and the polarizability of the nano-

particle is proportional to d3, where d is a measure of the size

of the particle (linear dimension). The field enhancement at the

molecule due to the metal nanoparticle is Eloc
jj ¼ 1þ 2

r3
aNP and

Eloc
? ¼ 1� 1

r3
aNP. Using this, the Raman intensity can be

expressed as

IR8 = IMolecule
R |Eloc

8 |4

IR>=IMolecule
R |Eloc

> |4 (6)

where IMolecule
R ¼ @aM

@QM

� �2
is the Raman intensity of the isolated

molecule. Thus, the Raman enhancement due to the electro-

magnetic mechanism depends on the fourth power of the field

enhancement factor arising from the polarizable nanoparticle.

This applies for both the parallel and perpendicular fields,

although the ‘‘+2’’ factor in the parallel case leads to larger

field enhancements than the ‘‘�1’’ factor in the perpendicular

case (by a factor of 16 in the limit where 1
r3
aNP

�� ��� 1).

The simple dipole coupling model is useful for qualitative

insight, but must be replaced by computational electrody-

namics methods such as the DDA and the FDTD methods

for a more realistic evaluation of the enhanced local electric

field around metal particles. However, even these methods

treat the adsorbed molecules as point dipoles or ignore them

completely, and thus are incapable of determining the varia-

tion in Raman intensity with molecular normal mode. There-

fore, we will not discuss these methods in this review. The

reader is referred to e.g. ref. 27 for a recent overview of these

methods.

III. Electronic structure methods for SERS

Despite the success and widespread adoption of the classical

electrodynamics models, these models are unable to provide a

complete picture of SERS due to the complete neglect of the

molecule and the specific interactions between the molecule

and the metal surface. To address the chemical interactions

between the molecule and the nanoparticle, it is necessary to

consider the electronic structure of the molecules. In addition,

it is highly desirable to use the same level of electronic

structure theory for both the molecule and the metal, and to

use an electronic structure model with the capability of

determining the optimized geometry of the molecule/metal

system in addition to optical properties. Although electronic

structure methods are ideal tools for this application, they are

restricted by high computational demands and therefore cal-

culations often only consider a few metal atoms, thus limiting

their accuracy. In addition, the methods used are often only

capable of treating certain aspects of SERS such as their

spectra in the static limit, or with frequency dependence

included only with two electronic states.

In the following sections, we will discuss various aspects of

calculating SERS-relevant information using quantum chemi-

cal methods. Our discussion will begin with methods which are

limited to the description of a specific enhancement mechan-

ism, but most of our focus will be on newer time-dependent

approaches which seek to treat the different enhancement

mechanisms in an uniform way, with all the atoms in the

molecule and metal described with the same electronic struc-

ture model, and including for the full frequency dependence of

the electrodynamic response.

A Static Raman calculations

Quantum chemical calculations of static Raman intensities can

provide a measure of the CHEM enhancements that arise

during analyte adsorption on a metal cluster or surface. Such

calculations are particularly useful in describing shifts in the

vibrational frequencies of a molecule due to adsorption onto

the metal surface. Since this is a property that depends on the

local environment rather than the whole metal particle, small

cluster models are often sufficient to achieve good agreement

with respect to experimental results. The relative Raman

intensities depend sensitively on the size, charge, binding site,

and orientation of the cluster with respect to the molecule.

Therefore, numerous researchers have examined CHEM

effects in SERS by employing small metal clusters and semi-

empirical, density functional theory, or second order perturba-

tion theory methods. Issues that have been considered include

the binding geometry of the adsorbate,39 the effects of adsorp-

tion on various noble and transition metal surfaces,40 the

influence of positively charged atoms at the metal surface,41,42

the effect of co-adsorbed chloride anions,43 the consequences

of non-zero static electric fields,44 and the impact of incor-

porating a continuum solvent in the calculations.45

This journal is 
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A comprehensive review of these investigations is outside the

scope of this review, however we note that static Raman

calculations are useful for treating a variety of CHEM

enhancement effects, although they are incapable of treating

resonant Raman processes and are unable to address the EM

enhancement mechanism.

B CT-resonance Raman calculations

The CT mechanism, which arises when incident radiation

induces excitation to new metal–adsorbate charge-transfer

states, may be considered a chemical effect that is analogous

to resonant Raman processes. The theory for this mechanism

has been treated in several ways. Adrian used a semi-empirical

Wolfsberg–Helmholtz method to investigate metal-to-mole-

cule charge transfer.46 Lombardi et al. included both molecule-

to-metal and metal-to-molecule charge transfer in their theory

based on a Herzberg–Teller coupling mechanism.47,48 Using

the Peticolas formula,49 a two-state model connecting the

ground state and the CT excited state has been employed to

estimate the effect of CT on the relative Raman intensity for

pyrazine,50,51 pyridine,40,45,52 and pyrimidine.53 These theories

account solely for the CT mechanism and often only consider

the relative changes in the Raman intensities, thereby not

addressing the magnitude of CT enhancement. An important

uncertainty with this type of model is the width of the CT

excited state, as this plays a major role in determining the size

of the SERS enhancement factor. We will discuss this issue in

more detail later as it also arises with the time dependent

methods for describing SERS.

C A combined electromagnetic–quantum chemical method

In the hybrid approach of Corni and Tomasi, a system

composed of a molecule adsorbed on a cluster of metal

particles is divided into three layers that are described at

different levels of accuracy.54 At the first level, the cluster of

metal particles is treated as a collection of spherical metal

particles described as polarizable dipoles. At the second level,

the complex-shaped metal particles in a particular region are

treated by applying the theory of integral equations to the

Poisson equation using a boundary elements method,55 which

accounts for effects on the electric field due to the complex

shape of the particle but neglects the detailed atomic and

electronic structure of the metal. At the third level, a time

dependent Hartree–Fock (TDHF) approach is used to de-

scribe the molecule and the effects of the electric field acting on

the molecule due to the electrostatic interaction with the metal

particles. This type of approach assumes that the quasistatic

approximation is reasonable for investigating the interaction

of the incident electric field with the molecule–metal particle

system. While the method accounts for the electromagnetic

interactions between the metal and the molecule it neglects the

specific CHEM interactions. The approach is therefore unable

to address the CHEM and CT enhancement mechanism.

Although, the model could in principle be extended to

a supermolecule (molecule + a small metal cluster) which

could account for the specific interactions, thus far it has not

been done.

D Resonance Raman calculations

In order to treat both CHEM and EM effects using electronic

structure methods, it is crucial to consider derivatives of

frequency-dependent polarizabilities near electronic reso-

nances in the system. One of the earliest efforts in this direction

involved the investigation of frequency-dependent polarizabil-

ity derivatives via TDHF calculations for an H2 molecule

adsorbed on small Lin (n = 2, 4, 6) clusters.56,57 The authors

predicted that the Raman intensities of the adsorbate would be

enhanced by 103–104 when the clusters are irradiated at

frequencies corresponding to metal cluster excitation energies.

More recent work with a similar TDHF approach has ex-

tended these calculations to the consideration of more realistic

molecule–metal combinations, including CO on Ag2, Ag10,

K2, Pd2, and MgO clusters;58 however the TDHF approach is

not capable of describing electronic spectra very accurately

(1 eV errors are common) and limitations on system size have

generally made it difficult to assess the significance of the

results obtained.

In TDDFT, the frequency-dependent polarizability is cal-

culated from the first-order change in the electron density due

to a frequency-dependent electric field by solving a set of linear

(response) equations.59,60 While this procedure works well for

frequencies well below any electronic excitations, it becomes

divergent for frequencies close to a resonance. This can be

avoided by including the finite lifetime (T = 1/G) of the

electronic states in the normal response formalism.61–63 The

inclusion of the finite lifetime (or damping) allows for the

calculation of the real and imaginary polarizabilities over the

whole frequency range. In the following section, we will

discuss the combination of TDDFT with a short-time approx-

imation to the Kramers, Heisenberg, and Dirac formalism for

Raman scattering. Using this method, it is possible to calculate

both normal Raman scattering (NRS) and resonance

Raman scattering (RRS) intensities from the geometrical

derivatives of the frequency-dependent polarizability (real or

complex).64–66

1 TDDFT short time approximation. In a back scattering

or forward scattering geometry, the Raman intensities are

given by67

Ið180�Þ ¼ ds
dO

ð180�Þ ¼ Kp

90a2p þ 14bðaÞ2p
90

" #
ð7Þ

where a2p and b(a)
2
p are the isotropic and anisotropic invariants

of the dipole–dipole polarizability transition tensor. The para-

meter Kp, which is independent of the experimental setup but

depends on both the incident and scattered frequencies, is

given by

Kp ¼
p2

e20
ð~uin � ~upÞ4

h

8p2c~up

1

1� exp½�hc~up=kBT �
ð8Þ

where ~uin and ~up are the frequencies of the incident light and of
the p’th vibrational mode, respectively.

The different invariants contributing to the Raman inten-

sities consist of tensor contractions of the dipole–dipole

1064 | Chem. Soc. Rev., 2008, 37, 1061–1073 This journal is 
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polarizability transition tensor, apaa, and are given by

a2p ¼
1

9
apaaa

p�
bb ð9Þ

bðaÞ2p ¼
1

2
ð3apaba

p�
ab � apaaa

p�
bbÞ ð10Þ

The Einstein summation convention is adopted for repeated

Greek subscripts, i.e., a Greek subscript denotes x, y or z in a

Cartesian coordinate system.

In order to calculate the polarizability transition

tensors, one typically adopts the Placzek approximation

which is in general valid in the off-resonance case. However,

by adopting a short-time approximation one can formulate

a Placzek-like polarizability theory which is valid both on-

and off-resonance.64–66,68–70 Within the Born–Oppenheimer

approximation the polarizability transition tensor from

an initial vibrational state |I, 0i to a final state |F, 0i
of the electronic ground state is given using atomic

units by71,72

apab ¼
X

ka0

X

J

hF ; 0jh0jmajkijJ; kihJ; kjhkjmbj0ijI ; 0i
EJ
k � EI

0 � o� iG

þ
0jmajkh ijJ; kihJ; kjhkjmbj0i

EJ
k � EI

0 þ oS þ iG
ð11Þ

where EJ
k is the energy for the |J, ki state, o is the energy of the

incident light and oS of the scattered light. The sum over k and

J is over all the Born–Oppenheimer electronic surfaces |ki and
all the vibrational levels within each surface |J, ki. In the

short-time approximation, it can then be shown that the

vibrational energy contribution in the denominator can be

ignored64–66,68–70

apab ¼ hF ; 0jaabjI ; 0i

¼ F ; 0j
X

ka0

h0jmajkihkjmbj0i
Ek � E0 � o� iG

þ
h0jmajkihkjmbj0i
Ek � E0 þ oþ iG

 !
jI ; 0

* +

ð12Þ

where we have removed the sum over vibrational states for

each electronic state since
P

J jJ; kihJ; kj ¼ 1. Lastly, we have

replaced oS with o in the second term since at resonance the

first term is dominant. In order for the short-time approxima-

tion to be valid, G should be large, i.e. excited state dephasing

that is rapid compared to the vibrational time scale. Therefore,

molecules which show significant vibrational structure in their

absorption spectrum will also exhibit vibrational structure in

their Raman spectrum which cannot be described within the

short-time approximation.

The transition tensors are then expanded in a Taylor series

around the equilibrium geometry. In the harmonic approx-

imation, the first term in the expansion accounts for Rayleigh

scattering and the second term for the fundamental Raman

scattering. The transition tensors can then be expressed as

geometric derivatives of molecule properties as

apaba
p
ab ¼ h1pjaabj0ih0jaabj1pi

¼ @aab
@Qp

� �

0

@aab
@Qp

� �

0

jh1pjQj0ij2 ð13Þ

where Qp is the normal mode of the p’th vibration. If we

assume a two-state model, i.e. one electronic excited state, the

electric dipole–dipole polarizability is given by66

@aTSzz
@Qp

¼ � Fzz

ðoeg � o� iGÞ2
@oeg

@Qp

� �
ð14Þ

where Fzz is the dipole oscillator strength and oeg is the

excitation energy. At resonance, the Raman intensities in the

two-state approximation are then simply given by

Ið180�Þ ¼ Kp
24

90
Reðapzzap�zz Þ /

FzzFzz

G4

@oeg

@Qp

� �2

ð15Þ

which is identical to the excited-state gradients approximation

for calculating RRS.73 However, in general the method is used

without assuming a two-state approximation. The two-state

approximation shows that the resonance Raman intensities

depend on the damping parameter as 1/G4, so it should be

clear that the excited state width plays a crucial role in

determining SERS intensities. It is also important to realize

that this expression also holds for the CT enhancement

mechanism, so the choice of the width for this mechanism,

and whether it should be the same or different than for the

resonance Raman mechanism is important.48 Values of G are

related to the absorption line shape and the resonance Raman

excitation profile, and can be estimated from experimental

absorption spectra (if available). However, one should realize

that there is also a contribution arising from solvent dephasing

if the data correspond to a molecule in the condensed

phase.74,75 However, if the excitation is weak or overlapping

with other transitions, it is difficult to accurately extract

information about G from the absorption spectrum.

IV. Enhanced Raman properties of small metal
clusters

Although metallic nanoparticles are well described using

classical electrodynamics, deviations occur when the particle

sizes become smaller than B10 nm.18,76–79 For these small

particles, quantum size effects become important and an

increase in surface scattering of the conduction electrons

causes the plasmon band to be strongly damped and broa-

dened. As the particle size decreases further (o2 nm), the

classical description is no longer valid since the particle shows

molecular-like electronic structure due to its low density of

states. In this regime the plasmon band is replaced with

discrete electronic transitions.80–82 Therefore, first-principles

modeling combined with available experimental spectroscopic

data is necessary to understand the electronic structure and

optical properties of small clusters of different sizes.18,78,79,83,84

While it is mainly the absorption and emission properties

that have been studied, the Raman scattering properties of

small clusters have been studied using a combination of

resonance Raman spectroscopy and first-principles calcula-

tions.85–87 This has been shown to provide more detailed

information about cluster structure than what is available

from absorption spectra. Recently Dickson et al.88 have

performed measurements which suggest that small (2–8 atom)

silver clusters encapsulated in a dendrimer or peptide scaffold

This journal is 
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can produce single-molecule Raman scattering characteristic

of the scaffold. This result is quite surprising since single

molecule Raman has only been observed for molecules ad-

sorbed onto large nanoparticles (430 nm) in past work, where

the strongly enhanced local field near the nanoparticle surface

due to plasmon excitation is expected to be operative.22–25

Using near-infrared light, Price and Whetten89 obtained

Raman spectra of benzenethiole monolayer protected gold

nanoclusters with core diameters ofB1.7 andB1.5 nm. They

found selective enhancement of several vibrational modes

although the enhancement factors were not quantified.

In the following sections, we will highlight recent studies

using TDDFT to calculate the Raman properties of molecules

interacting with sub-nm silver and gold clusters. Studying

these small metal clusters as model systems for larger particles

can provide detailed insights into the nature of molecule-

cluster binding and their optical properties. In addition, the

small size of these clusters allows for first-principles methods

to be used, thereby enabling a consistent treatment of the

different enhancement mechanisms which can provide micro-

scopic insights into SERS.

A Silver clusters

Many experimental and theoretical studies have been per-

formed to address the structural, electronic, and optical

properties of small silver clusters.18,78,79,83,84,90–94 Theoretical

studies of the structure and absorption spectra of small Agn
clusters (n r 9) show that the most stable structures have

topologies which are similar to the corresponding sodium

clusters, and that the structures of Agn are planar up to

n = 6.90,91,93 For larger clusters, this direct comparison

becomes cumbersome since there exist many local minima

close in energy and the global minimum might not be the

spectroscopically relevant configuration due to matrix or

temperature effects.

1 Absorption properties. Photoabsorption studies95 of

small silver clusters (2–21 atoms) embedded in rare-gas ma-

trices have shown that the spectra of the smaller clusters have

several discrete peaks whereas the larger clusters are domi-

nated by a single broad peak. As an example of the latter, the

Ag20 cluster in an argon matrix is dominated by a broad peak

with a maximum at 3.70 eV.95 Although this broad absorption

feature cannot be considered as a true collective excitation due

to the small size of the cluster, it can be considered as a

microscopic analog to the plasmon excitation observed in

nanoparticles, with strong dipolar excitation that will produce

a field close to the nanoparticle which is capable of enhancing

Raman scattering.

Recently, TDDFT has been used to calculate the absorption

and Raman scattering of the Agn–pyridine (n = 2, 4, 6, 8,

20)96,97 and Ag20–pyridazine–Ag20 model systems.
30 The cal-

culations were done using the BP86 xc-potential and a TZP

basis set. In Fig. 2 we show the orbital interaction diagram and

the simulated absorption spectrum of the Ag20–pyridine com-

plex. The absorption spectrum is dominated by very strong

silver–silver transitions centered around 3.3 eV. This is similar

to the 3.7 eV maximum noted above in the experimental

spectrum, with the difference likely a reflection of errors in

TDDFT. The interactions between pyridine and the Ag20
cluster also lead to new states which correspond to excitations

from the HOMO of the Ag20 cluster to the LUMO/LUMO+1

of the pyridine molecule. These new CT states lie rather low in

energy and have very small oscillator strengths. However, it is

well known that standard TDDFT calculations underestimate

CT excitations in weakly interacting systems and predict the

wrong distance dependence.98 This is related to a deficiency in

the adopted exchange–correlation kernel (usually the adia-

batic LDA or GGA). Experimentally, the CT excitations of

pyridine absorbed on a Ag(111) surface have been observed to

be B1.4–2.4 eV using electron energy loss (EELS),99 whereas

inverse photoemission (IPE) indicates the LUMO and

LUMO+1 to be B2.9 eV above the Fermi level.100 On a

Cu(111) surface, two photon photoemission (2PPE) finds the

unoccupied states of pyridine to be at 3.15 and 3.75 eV above

the Fermi level.101

2 CHEM enhancement. The use of the short-time approx-

imation in combination with TDDFT enables the calculation

of the Raman spectra at wavelengths resonant with the CT

transition and the strong silver–silver transitions since the

method is not restricted to a two-state approximation. The

Raman spectra calculated at different wavelengths allow for a

separation of the different contribution to the total SERS

enhancement factors. This is illustrated in Fig. 3 where we

display the simulated normal Raman spectrum of pyridine, the

simulated Raman spectra of the Ag20–pyridine complex at

three different wavelengths and the experimental SERS spec-

trum of pyridine on roughened silver electrodes. The simulated

Raman spectra were obtained using the BP86 xc-potential and

a TZP basis set. The simulated normal Raman spectrum of

pyridine was found to be in good agreement with the experi-

mental spectrum (not shown here) although the two dominant

ring breathing modes at 1022 and 979 cm�1 were found to be

sensitive to both the xc-potential and solvent effects.96,97 As

can be seen from Fig. 3, both the absolute and the relative

intensities depend strongly on excitation wavelength. We will

discuss the different spectra below in terms of the different

enhancements described in section II. The comparison be-

tween the off-resonant Raman spectrum of pyridine (Fig. 3A)

Fig. 2 (A) Orbital interaction diagram for the interaction between the

pyridine molecule and the Ag20 cluster. (B) The simulated absorption

spectrum of the pyridine–Ag20 complex. The two transitions labeled a

and b correspond to the CT transition from the HOMO of the silver to

the LUMO and LUMO+1 of pyridine, respectively.

1066 | Chem. Soc. Rev., 2008, 37, 1061–1073 This journal is 
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with the corresponding spectrum of pyridine–silver complexes

(Fig. 3C, bottom spectrum) provides a direct measure of the

CHEM enhancements. Moreover, the spectra of the different

Agn–pyridine complexes appear quite similar to the spectrum

of pyridine, with average enhancements that increase slowly

with cluster size but are always below a factor of 12. The

enhancement was found to correlate with the induced polariz-

ability (i.e. the difference in the polarizability of the complex

and the sum of the isolated silver cluster and the molecule).97

This result is not surprising since the polarizability is very

sensitive to the electronic structure of the system, and there-

fore, the induced polarizability reflects to what degree the

electronic states of the two systems interact.

3 CT enhancement. The CT enhancement mechanism was

probed by calculating the Raman spectrum of the Ag20–pyr-

idine complex using a wavelength resonant with the HOMO to

LUMO+1 CT transition at 471 nm (Fig. 3D).96 A TZP basis

set and the BP86 xc-potential was used in the TDDFT

calculations. As expected from the resonance Raman mechan-

ism, significant enhancement of 103 on top of the chemical

enhancement was found. However, as seen from Fig. 3D the

CT enhanced spectra are dominated by the ring stretch mode

at 1581 cm�1 and the ring twist mode at 365 cm�1, in contrast

to the experimental SERS spectrum which is dominated by the

two ring breathing modes around 1000 cm�1. Arenas et al.52

analyzed theoretically the CT mechanism for pyridine by

considering the displacements between the ground state of

pyridine and its anion. Their relative intensities are in good

agreement with the findings here, particularly the very strong

enhancement of the mode at 1573 cm�1. Although significant

CT enhancement is possible, the result in Fig. 3D is most likely

an upper-bound since it was obtained with a damping factor

taken from the width of the absorption spectra. The real width

of the CT excitation could be significantly larger due to the

ultra-fast nature of relaxation from the excited state, thereby

reducing the enhancement by orders of magnitude.

4 EM enhancement. The electromagnetic enhancement

mechanism was probed by calculating the Raman spectrum

of the Agn–pyridine complex using a wavelength resonant with

the strong silver–silver transition (Fig. 3C, top spectra).96,97

TDDFT calculations were done using a TZP basis set and the

BP86 xc-potential. The enhancement and the appearance of

the Raman spectrum were shown to have a very strong

dependence on cluster size. The total enhancements for the

complexes are between 103–104. The best overall agreement

with the experimental SERS spectrum was found for pyridine

adsorbed on the faces of the tetrahedral Ag20 cluster (see Fig. 3

for the comparison). Assuming a point dipole model similar to

that described earlier in section II to calculate the local field at

the molecule, it was shown that the enhancement roughly

scales as jElocj4 � a4reso
R9 , where areso is the polarizability at

resonance and R is the distance from the center of the cluster

to the nitrogen atom in pyridine. The fact the electric field falls

off less rapidly than R�3 is expected due to deviation from the

point dipole model for geometries corresponding to molecular

adsorption directly on the particle surface. Fig. 4 illustrates the

off- and on-resonant electric field distributions, |E|2, around a

Ag20 cluster calculated from the induced density due to an

incident electric field using TDDFT. It is clear that there is a

significant field enhancement for wavelengths resonant with

the strong silver–silver transitions, which is similar to results

obtained for larger nanoparticles.32 Field enhancement on the

order of 100 is found in the region where pyridine binds to the

surface in good agreement with the 103–104 enhancement of

the Raman cross section.

These results indicate that the absorption properties of a 20

atom silver tetrahedral cluster behave quite similarly to plas-

mon excitation observed in nanoparticles, and the Raman

enhancement due to this cluster is comparable to findings on

larger isolated nanoparticles (410 nm), at least as far as the

traditional SERS enhancement is concerned. Although we find

significant ‘‘surface’’ enhanced Raman scattering for pyridine

interacting with the small silver clusters, the enhancements are

far from what is needed for single molecule SERS measure-

ments. In contrast to the work by Dickson et al.88 which

suggested single-molecule Raman scattering for nm size or

smaller silver particles, we find enhancements that are similar

Fig. 4 (A) Off-resonant electric field distribution around an Ag20
cluster. (B) Resonant electric field distribution about an Ag20 cluster.

The electric field distributions are calculating using TDDFT, BP86

and a TZP basis set.

Fig. 3 (A) Simulated normal Raman spectrum of pyridine at 514 nm.

Reproduced with permission from ref. 97. Copyright 2007 American

Chemical Society. (B) Experimental SERS spectrum of pyridine on

roughened silver electrodes. Reused with permission from ref. 102.

Copyright 1988, American Institute of Physics. (C) Top: simulated

Raman spectrum of the pyridine–Ag20 complex at 382 nm; bottom:

simulated Raman spectrum of the Ag20–pyridine complex at 514 nm.

Reproduced with permission from ref. 97. Copyright 2007 American

Chemical Society. (D) Simulated Raman spectrum of the Ag20–

pyridine complex at 471 nm. Reproduced with permission from ref.

96. Copyright 2006 American Chemical Society.
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to those for non-single molecule measurements or for mole-

cular resonance Raman scattering. The detailed decomposi-

tion in enhancement mechanisms that was used would be

further complicated if the molecule had electronic transitions

which overlap the metal excitations, but this does not happen

in the present case. A good example where such overlap occurs

is rhodamine 6G (R6G), which is a typical chromophore used

in single-molecule SERS. A recent study shows a strong

molecular resonance enhancement of 105 for R6G.103

5 Molecular junction. Recent theoretical results have in-

dicated the possibility of a large chemical enhancement factor

for a molecule at the junction between two nanoparticles.30

This is particularly interesting since single-molecule SERS is

often associated with molecules in junctions. It is generally

thought that the very strong enhanced field in junctions

between nanoparticles, the so-called hot spots, are the reason

for the extraordinary enhancements in single-molecule SERS.

Using TDDFT, the absorption and Raman spectra for a

pyrazine molecule located at the junction between two tetra-

hedral Ag20 clusters was calculated. The calculations were

done using the BP86 xc-potential and a TZP basis set.

Pyrazine differs from pyridine by having a second N atom in

the para position instead of a C–H group. However, the

perturbations to the aromatic ring causes pyrazine to bind

differently to the silver clusters than pyridine. This directly

affects the overall appearance of the Raman spectra making a

direct comparison difficult.30 Fig. 5 shows the absorption and

Raman spectra at three different wavelengths. The simulations

indicate that the total enhancement factor is of the order of 106

with the ground state chemical enhancement factor accounting

for as much as 105. Tuning of the laser wavelength from off-

resonance (514.5 nm, Fig. 5B) to resonance (378 nm, Fig. 5C)

changes the Raman intensity by a factor of 5, an enhancement

attributed to the EM enhancement mechanism. An incident

wavelength of 378 nm leads to excitation parallel to the

intercluster axis, while an incident wavelength of 361 nm

(Fig. 5D) induces excitation perpendicular to the intercluster

axis. According to EM theory, parallel excitation usually

experiences constructive interference and the EM enhance-

ment is significant. Perpendicular excitation usually experi-

ences destructive interference and thus little EM enhancement

(see eqn (6) in section II). The EM enhancement is only a

factor of 5 for this choice of nanoparticle, suggesting that,

unlike larger nanoparticles, the junction between these small

Ag20 tetrahedral clusters does not provide an electromagnetic

‘‘hot spot’’. The reason for this result is apparent from Fig. 4,

as this shows that the field around the silver tetrahedron

decays to a small value just a few tenths of a nm away from

the particle surface. In the case of the junction structure, the

two silver particles are separated by a distance that is compar-

able to the particle size, which means that the field around one

particle will have decayed to a small value at the location of

the second particle. For larger particles and gaps that are

comparable to the one being considered here, decay of the field

will be smaller, so much stronger interactions between the

particles can occur. Therefore, the enhancements needed for

single-molecule SERS can only be obtained for junctions

between larger particles and the particle sizes considered here

are not large enough to achieve such large enhancements.

B Gold clusters

Both silver and gold provide useful SERS substrates, so the

differences between these two metals are of interest. The

structural, electronic, and optical properties of small gold

clusters vary substantially from the properties of small silver

clusters. Many of the differences are due to the strong relati-

vistic effects that gold exhibits, which lowers the energy

difference between the filled d and partially filled sp orbitals

and increases the mixing of these orbitals.104

The global minimum energy structures for small Aun clus-

ters are planar for larger n values than for silver clusters,

although the exact planar–nonplanar crossover point for gold

is still a subject of debate. [See ref. 105 for a recent discussion

of this issue.] The topologies of gold clusters up to n= 80 have

been studied theoretically using a variety of methods including

empirical potentials and density functional theory methods.

[See ref. 106 for a recent set of structural references.] The

photoelectron spectra (PES) of Aun (n = 1–70 and some

selected larger n values) have been measured,107 and compar-

ison between the experimentally measured and theoretically

predicted PES has enabled the determination of structures for

some of these clusters,106,108–111 including the assignment of a

tetrahedral structure for Au20.
112

1 Absorption and PES properties. In addition to structural

properties, the optical properties of gold also differ from the

optical properties of silver. Thus the measured absorption

Fig. 5 (A) Simulated absorption spectrum (solid line) of the

Ag20–pyrazine–Ag20 junction. Reproduced with permission from ref.

30. Copyright 2006 American Chemical Society. For comparison,

simulated absorption spectra for the isolated Ag20 tetrahedron (dashed

line) and junction without molecule (solid line with squares) are also

plotted. (B) Simulated normal Raman spectrum of the Ag20–pyrazine–

Ag20 junction at 514 nm. Reproduced with permission from ref. 30.

Copyright 2006 American Chemical Society. (C) Simulated resonance

Raman spectrum of the Ag20–pyrazine–Ag20 junction at 378 nm.

Reproduced with permission from ref. 30. Copyright 2006 American

Chemical Society. (D) Simulated resonance Raman spectrum of the

Ag20–pyrazine–Ag20 junction at 361 nm. Reproduced with permission

from ref. 30. Copyright 2006 American Chemical Society.
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spectra for AunXem and AunXem
+ (n = 7, 9, 11, 13, and

m= 1, 2) consist of a series of small peaks in the 2–6 eV range

of excitation energies,114 and so does the PES spectrum of

Au20.
107 The calculated spectrum for Au20 (Fig. 6) displays

peaks which reasonably match the PES results113 with inten-

sities that are reduced by over a factor of 10 from the single

strong peak that is seen for Ag20. This behavior can be

understood as arising from relativistic effects, which cause

the intraband (sp’ sp) and interband (sp’ d) transitions to

overlap for Au. Thus the single strong intraband absorption

feature that we described earlier for Ag is mixed with many

interband states in Au clusters, resulting in multiple absorp-

tion features that are spread out over a wide range of the vis/

UV spectrum, and with a reduction in oscillator strength.

2 CHEM enhancement. Because the optical properties of

gold and silver differ, SERS of adsorbates on these metals also

differ. One recent TDDFT study113 compared the SERS

mechanisms and enhancement factors for pyridine on the

tetrahedral Au20 cluster to the previously studied96,97 pyridi-

ne–Ag20 system. Pyridine, like many other molecules, binds

more strongly to gold than to silver. Binding to low-coordi-

nated sites such as a vertex site tends to increase the binding

energy for both gold and silver relative to higher-coordinated

sites such as a surface (face) site. These binding properties are

important to the usefulness of the SERS technique, as the

adsorbate must be located close (generally o1 nm) to the

metal cluster in order to experience enhancement.

For gold, the optical absorption spectrum (Fig. 6) consists

of many peaks that are weak relative to silver. The first

significant peak is red-shifted relative to the silver peak

(appearing at 2.9 eV in Au20 compared to 3.6 eV for Ag20),

which is known experimentally for larger particles as well.

Because of the broad absorption spectrum, the imaginary

polarizability curve for gold is also broader than that for

silver. For the tetrahedral Au20 structure, CHEM effects lead

to a factor of 20 enhancement for adsorption on the vertex site

and a factor of 3 enhancement for adsorption on the surface

site, which are to be compared with CHEM enhancement

factors of 8 and 4 for the respective sites on silver. The

increased CHEM enhancement for the vertex site in gold

can be correlated with stronger binding interactions.

3 EM enhancement. Experimentally, SERS on silver sub-

strates tends to have an overall enhancement factor that is one

or more orders of magnitude larger than SERS on gold

substrates (except at wavelengths longer than 750 nm). Similar

results have been observed for the Ag20 and Au20 clusters

using TDDFT to examine RRS for the metal–pyridine com-

plex. For pyridine on Ag20, the enhancement factor at the

vertex site is 103–104, while the enhancement factor at the

surface site is 104.97 For pyridine on Au20, the enhancement

factor at the vertex site is also 103–104, but the enhancement

factor at the surface site is only 102–103.113 The vertex site

comparison is somewhat anomalous due to the larger CHEM

contribution for Au, but the surface site comparison (likely the

more significant comparison as surface sites will dominate

over vertex sites for larger particles) clearly shows that elec-

tromagnetic enhancement effects are larger for silver particles.

4 Field-gradient contributions. As mentioned earlier the

EM mechanism of SERS arises because the local electric field

in the vicinity of metal nanoparticles and roughened surfaces is

greatly enhanced relative to the incident electric field. Near a

metal surface, the effects of the local electric field gradient may

also be substantial because the normal component of the

electric field varies rapidly. However the role of the field

gradient on SERS is not completely understood. In the early

1980s, Moskovits and DiLella observed that benzene-d6 ad-

sorbed on a silver film exhibits seven vibrational modes that

are normally inactive in the spectrum of the free molecule.115

Symmetry-lowering to C3v due to a molecule–surface interac-

tion in which each of the three double bonds in benzene binds

to a metal atom could explain the observed modes; however,

this usually implies a strong interaction with the surface. Since

the frequency shifts in the Raman spectrum are very small,

Moskovits et al. proposed that the transformation properties

of the dipole–quadrupole term could be responsible for the

observed modes due to large field gradients at the surface of

the metal.116,117 Polubotko also interpreted the phenomenon

in terms of the dipole–quadrupole SERS mechanism.118 How-

ever, Perry, Hatch, and Campion showed that the ratio of the

forbidden and allowed modes is independent of excitation

wavelength, which suggests that the field gradient mechanism

is not important, at least for large molecules physisorbed on a

flat surface.119

In the multipole polarizability expansion of the dipole

moment, the k’th component may be written as

mk ¼ akmEk þ
1

3
Ak;mn

@En

@m
þ � � � ð16Þ

where k, m, and n may be x, y, and z, Ek is a component of the

incident electric field, qEn/qm is the derivative of the electric

field with respect to m, akm is the molecular dipole–dipole

polarizability, Ak,mn is the dipole–quadrupole polarizability,

and Einstein summation is employed. The ratio Ak,mn/akm has

the units of length, and its magnitude is approximately a

molecular dimension.120 The field gradient mechanism, also

called the dipole–quadrupole SERS mechanism, would play a

role if the second term in eqn (16) is similar in magnitude to

the first.

Fig. 6 Optical absorption spectrum of the tetrahedral Au20 cluster.

Reproduced with permission from ref. 113. Copyright 2006 American

Chemical Society. Calculated using TDDFT, BP86 and TZP basis set.
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In a recent study, TDDFT calculations were employed to

evaluate the dipole–dipole and dipole–quadrupole polarizabil-

ities of carbon monoxide and pyridine interacting with a Au20
cluster.121 The calculations were done using the BP86

xc-potential and a TZP basis set. Calculations of the dipole–

dipole polarizability derivatives described in the previous

sections include all possible interactions between the molecule

and metal cluster, and thus they include dipole–quadrupole

interaction effects between the molecule and metal cluster. The

dipole–quadrupole effects over the length scale of the super-

molecular (molecule + metal) system are less than 0.005% of

the total for systems consisting of a small, chemisorbed

molecule interacting with the tetrahedral Au20 cluster under

both resonant and non-resonant conditions.121 Thus, the

important field gradient effects are already included in a

dipole–dipole polarizability derivative calculation for the

supermolecular system.

V Higher-order properties and their relevance to
SERS

Most studies of surface-enhanced vibrational spectroscopy

rely on linear Raman properties. However, recently surface-

enhanced vibrational Raman optical activity and surface-

enhanced hyper-Raman scattering have gained renewed inter-

est. Both methods depend nonlinearly on the interactions

between the molecule with the surface and it is expected that

electronic structure methods will play an essential role in

providing a detailed understanding.

A Surface-enhanced vibrational Raman optical activity

Vibrational Raman optical activity (VROA) measures the

small differences in the Raman intensities of chiral molecules

in right- and left-circularly polarized incident light.122–124

Since VROA is sensitive to chirality it can provide information

about the secondary and tertiary structure of proteins. There-

fore, VROA has great potential for studying large bio-mole-

cules in aqueous solution.125–127 While VROA has proved to

be a valuable tool in biomolecular research, the method is

hampered by the low signal intensity (around a thousand times

weaker than the already weak Raman intensities). Surface

enhanced Raman optical activity (SEROA) scattering is pro-

posed to give large VROA signals due to both a SERS-like

enhancement of the overall scattering and enhancements from

a large electric field gradient at the metal surface.128–130

SEROA is a very new technique and only a few experimental

studies have been reported.131–133 So far, no experiments have

reported enhancement factors for SEROA.

Theoretically, Janesko and Scuseria devised a method to

determine SEROA by combining the electromagnetic response

of orientationally-averaged model substrates with Raman

optical activity expressions.129 This model was based on the

earlier electromagnetic theory of Efrima.128 However, so far

there have been no studies of the chemical effect on SEROA.

Recently the TDDFT method used to study SERS has been

extended to treat resonant VROA effects.134 This enables a

consistent treatment of both the electromagnetic and chemical

mechanisms and is therefore a useful approach for getting a

microscopic understanding of SEROA.

B Surface-enhanced hyper-Raman scattering and other

nonlinear optical properties

Hyper-Raman scattering (HRS) is a nonlinear analog to

Raman scattering in which the emitted photon is shifted by

a vibrational quantum relative to the second harmonic of the

incident radiation.135 Due to different selection rules, HRS can

probe vibrations that are forbidden in Raman scattering.

However, HRS is extremely weak with intensities that are

many orders of magnitude weaker than Raman cross sections

for typical laser intensities. Similar to Raman scattering, HRS

can be strongly enhanced for molecules adsorbed on metal

surfaces, a process known as surface-enhanced hyper-Raman

scattering (SEHRS).102,136–139 The electromagnetic field en-

hancement in SEHRS is given by |E(o)|4|E(2o)|2. Since the

field enhancement is dominated by the plasmon resonance at

o, one would expect the enhancement to be similar to what is

found for SERS. However, the surface enhancement factors in

SEHRS have been estimated to be of the order of 1012–1014,

which is significantly larger than one would expect from the

electromagnetic field enhancement.102,137 This indicates a

stronger contribution from the chemical enhancement, and it

has been suggested that this might be due to more important

excited-state charge transfer transitions for molecules on a

surface than for the same molecules in solution.102

Electronic structure methods have in a few cases been

applied to calculate the normal hyper-Raman scattering in-

tensities102,140,141 and compared with experimental SEHRS

results. Although these calculations did not include metal

atoms and therefore could not explain the enhancement

mechanism, they proved valuable for vibrational assignment

and elucidation of selection rules which are sensitive to the

orientation of the molecule with respect to the surface. This is

particularly useful since SEHRS is more sensitive than SERS

to the orientation of the molecule. However, so far there have

been no theoretical attempts to explain the apparently large

chemical enhancement in SEHRS.

Other nonlinear effects are of increasing interest in the

spectroscopy of silver and gold nanoparticles. Second harmo-

nic generation142–144 and hyper-Rayleigh spectra145–147 have

both been of interest recently, and although there are experi-

mental measurements which show plasmon excitation effects,

theory has not, so-far, been used to study these phenomena.

Very recently, four wave mixing experiments148 and theo-

ry149,150 involving the use of polymer (Kerr nonlinear materi-

al) coated silver and gold nanostructures have started to

appear, thus providing a nonlinear scattering effect which is

sensitive to molecular adsorbates on silver/gold particles.

TDDFT theory has not yet been used to describe surface

enhanced nonlinear optical processes, but we anticipate that

such applications to these materials will provide new insights

in the use of nonlinear dielectrics in combination with plasmon

enhanced local field enhancements in the development of

optical devices.

VI. Concluding remarks

We have shown how time-dependent electronic structure

methods, which treat the molecule and the metal at the same
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level of theory and include the full frequency dependence of

the electrodynamic response, can describe the different en-

hancement mechanisms of SERS and their relation to other

optical properties in a uniform way, thereby providing micro-

scopic insights into SERS. However, there are several impor-

tant challenges which need to be addressed before a complete

description of SERS is possible. The extension of these

methods to allow calculations on large nanoparticles is

obviously necessary to achieve a realistic model of SERS. This

is unfortunately not easily done since periodic boundary

conditions cannot be applied. The correct treatment of long-

range CT excitations (position and linewidth) of molecules

interacting with metal surfaces which the present day TDDFT

method cannot describe correctly will also be important for a

complete theory. Another area where electronic structure

methods are necessary is to describe the coupling between

molecular resonances and plasmon resonances as this is

essential for understanding resonance Raman effects in SERS.

Also, methods that can describe techniques like SEROA,

SEHRS and surface-enhanced fluorescence are likely to be

dominated by new developments in electronic structure

methods. Future developments in electronic structure methods

are therefore likely to play an important role in constructing a

complete theory of SERS and related phenomena.
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Häkkinen, M. Moseler and U. Landman, ChemPhysChem, 2007,
8, 157.

112 J. Li, X. Li, H.-J. Zhai and L.-S. Wang, Science, 2003, 299,
864–867.

113 C. Aikens and G. Schatz, J. Phys. Chem. A, 2006, 110(49),
13317–13324.

114 B. A. Collings, K. Athanassenas, D. Lacombe, D. M. Rayner and
P. A. Hackett, J. Chem. Phys., 1994, 101, 3506.

115 M. Moskovits and D. P. DiLella, J. Chem. Phys., 1980, 73,
6068.

116 J. K. Sass, H. Neff, M. Moskovits and S. Holloway, J. Phys.
Chem., 1981, 85, 621.

117 M. Moskovits and D. P. DiLella, J. Chem. Phys., 1982, 77, 1655.
118 A. M. Polubotko, J. Raman Spectrosc., 2005, 36, 522.
119 S. S. Perry, S. R. Hatch and A. Campion, J. Chem. Phys., 1996,

104, 6856.
120 G. S. Kedziora and G. C. Schatz, Spectrochim. Acta, Part A,

1999, 55, 625.
121 C. M. Aikens and G. C. Schatz, unpublished work.
122 L. D. Barron, Molecular Light Scattering and Optical Activity,

Cambridge University Press, Cambridge, 2nd edn, 2004.
123 L. D. Barron, L. Hecht, I. H. McColl and E. W. Blanch, Mol.

Phys., 2004, 102, 731–744.
124 W. Hug, in Handbook of Vibrational Spectroscopy, ed. J. M.

Chalmers and P. R. Griffiths, John Wiley and Sons Ltd, Chiche-
ster, 2002, vol. 1, pp. 745–758.

125 F. Zhu, N. W. Isaacs, L. Hecht and L. D. Barron, Structure, 2005,
13, 1409–1419.

126 F. Zhu, N. W. Isaacs, L. Hecht, G. E. Tranter and L. D. Barron,
Chirality, 2006, 18, 103–115.

127 L. D. Barron, Curr. Opin. Struct. Biol., 2006, 16, 638–643.
128 S. Efrima, J. Chem. Phys., 1985, 83(3), 1356–1362.
129 B. G. Janesko and G. E. Scuseria, J. Chem. Phys., 2006, 125(12),

124704.
130 P. Bour, J. Chem. Phys., 2007, 126(13), 136101.
131 S. Abdali, J. Raman Spectrosc., 2006, 37, 1341–1345.
132 H. Kneipp, J. Kneipp and K. Kneipp, Anal. Chem., 2006, 78,

1363–1366.
133 C. Johannessen, P. White and S. Abdali, J. Phys. Chem.A, 2007,

111, 7771–7776.
134 L. Jensen, J. Autschbach, M. Krykunov and G. C. Schatz, J.

Chem. Phys., 2007, 127, 134101.
135 L. D. Ziegler, J. Raman Spectrosc., 1990, 21, 769–779.
136 D. Murphy, K. U. von Raben, R. Chang and P. B. Dorain, Chem.

Phys. Lett., 1982, 85, 43–47.
137 K. Kneipp, H. Kneipp and F. Seifert, Chem. Phys. Lett., 1995,

233, 519–524.
138 K. Kneipp, H. Kneipp, I. Itzkan, R. R. Dasari, M. S. Feld andM.

Dresselhaus, Top. Appl. Phys., 2002, 82, 227–249.
139 W. Leng and A. M. Kelley, J. Am. Chem. Soc., 2006, 128,

3492–3493.
140 W.-H. Yang and G. C. Schatz, J. Chem. Phys., 1992, 97,

3831–3845.
141 W.-H. Yang, J. Hulteen, G. C. Schatz and R. P. Van Duyne, J.

Chem. Phys., 1996, 104, 4313.

1072 | Chem. Soc. Rev., 2008, 37, 1061–1073 This journal is 
c The Royal Society of Chemistry 2008

Pu
bl

is
he

d 
on

 1
0 

M
ar

ch
 2

00
8.

 D
ow

nl
oa

de
d 

by
 P

en
ns

yl
va

ni
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

18
/0

2/
20

16
 1

1:
37

:2
1.

 
View Article Online

http://dx.doi.org/10.1039/b706023h


142 A. M. Moran, J. Sung, E. N. Hicks, R. P. Van Duyne and K. G.
Spears, J. Phys. Chem. B, 2005, 109, 4501–4506.

143 K. Tsuboi, S. Abe, S. Fukuba, M. Shimojo, M. Tanaka, K.
Furuya, K. Fujita and K. Kajikawa, J. Chem. Phys., 2006, 125,
174703/1–174703/8.

144 C. Matranga and P. Guyot-Sionnest, J. Chem. Phys., 2001, 115,
9503–9512.

145 J. Nappa, I. Russier-Antoine, E. Benichou, C. Jonin and P.-F.
Brevet, Chem. Phys. Lett., 2005, 415, 246–250.

146 I. Russier-Antoine, C. Jonin, J. Nappa, E. Benichou and P.-F.
Brevet, J. Chem. Phys., 2004, 120, 10748–10752.

147 E. C. Hao, G. C. Schatz, R. C. Johnson and J. T. Hupp, J. Chem.
Phys., 2002, 117, 5963–5966.

148 W. Dickson, G. A. Wurtz, P. Evans, D. O’Connor, R. Atkinson, R.
Pollard andA. V. Zayats,Phys. Rev. B, 2007, 76, 115411/1–115411/6.

149 N.-C. Panoiu and R. Osgood, Nano Lett., 2004, 4, 2427–2430.
150 X. Wang, G. C. Schatz and S. K. Gray, Phys. Rev. B, 2006, 74,

195439/1–195439/5.

This journal is 
c The Royal Society of Chemistry 2008 Chem. Soc. Rev., 2008, 37, 1061–1073 | 1073

Pu
bl

is
he

d 
on

 1
0 

M
ar

ch
 2

00
8.

 D
ow

nl
oa

de
d 

by
 P

en
ns

yl
va

ni
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

18
/0

2/
20

16
 1

1:
37

:2
1.

 
View Article Online

http://dx.doi.org/10.1039/b706023h

