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Surface-enhanced Raman scattering (SERS) provides orders of magnitude of enhance-
ments to weak Raman scattering. The improved sensitivity and chemical information con-
veyed in the spectral signatures make SERS a valuable analysis technique. Most of SERS
enhancements come from the electromagnetic enhancement mechanism, and changes in
spectral signatures are usually attributed to the chemical enhancement mechanism. As the
electromagnetic mechanism has been well studied, we will give an overview of models re-
lated to the chemical mechanism, which explain the Raman response in terms of electronic
transitions or induced electron densities. In the first class of models based on electronic
transitions, chemical enhancements are attributed to changes in transitions of the molecule
and new charge-transfer transitions. The second class of models relate chemical enhance-
ments to charge flows near the molecule-metal interface by partitioning the induced elec-
tron density of the SERS system in real space. Selected examples will be given to illustrate
the two classes of models, and connections between the models are demonstrated for pro-

totypical SERS systems.
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I. INTRODUCTION

Raman intensities can be significantly enhanced when molecules are in proximity to nanos-
tructured metal surfaces. This phenomenon was discovered decades ago and is known as surface-
enhanced Raman scattering (SERS)"? Large SERS enhancements have been observed in var-

4119 and single molecule detection using SERS has been reported ?%** In addi-

ious systems,
tion to its high sensitivity, SERS allows for chemical-specific, non-destructive, and label-free

analysis 222" These characteristics make SERS a valuable tool for identifying molecular

46156 39US57U58

species and structures in diverse fields such as biology, materials science, and sur-

face chemistry 22760

To understand SERS enhancement mechanisms, we start from the process of normal Raman
scattering (NRS), which is shown in Fig.1(a). In the diagram, the solid lines represent the vibronic
states of an unbound molecule, and the dashed line represents the virtual state of the molecule.
The blue and green arrows represent the absorption and emission processes, respectively. The
lengths of the arrows represent the frequencies of the incident and scattered light. Raman scattering
happens when the energy difference between the incident and scattered light matches the energy
gap between the initial and final vibronic states. The Raman intensity can be enhanced when
the molecule is adsorbed on a metal surface, and the enhancement mechanisms are explained in
Fig.1(b) to (e). The density of states of the metal surface is represented by the block on the left
side of each diagram. The valence and conduction bands of the metal surface are represented by
the colored and uncolored blocks, respectively. Most of the enhancement usually arises from the
surface plasmon resonance of the metal surface. This mechanism is called the electromagnetic
mechanism (EM) and is illustrated in Fig.1(b). In the early studies of SERS, the surface plasmon
resonance has been considered to explain enhancements.©2*/? At the surface plasmon resonance,
conduction electrons collectively oscillate at the metal surface. The freely propagating incident
light is confined to an enhanced local field near the metal surface at the resonance frequency. The
enhanced local field is labeled as F' in Fig.1(b). The absorption and emission transitions of the
adsorbed molecule are enhanced due to the enhanced local field. The enhanced transitions are
represented as bolded arrows. The SERS enhancement scales with the local field enhancement to
the fourth power approximately.”+%% More careful evaluation of the SERS enhancement considers
other factors such as the field gradient effect, and the frequency difference between the incident

and scattered light S2027780-100 For materials other than metal, when particle sizes are comparable
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FIG. 1. A diagram of normal Raman scattering (NRS) is shown in (a). Different enhancement mechanisms
of SERS are illustrated: electromagnetic mechanism (EM) in (b), static chemical mechanism (CHEM) in

(c), charge-transfer mechanism (CT) in (d), and resonance Raman scattering mechanism (RRS) in (e).

to the wavelength of the incident light, Mie resonance can give rise to enhanced local fields and

promote Raman scattering. 101104

Other enhancement sources are due to chemical bonding between the molecule and the sur-
face, which are grouped as the chemical mechanism (CM).91%A1Y7 Chemical enhancements
generally are orders of magnitude weaker than electromagnetic enhancements, but understand-
ing CM is extremely important for extracting chemical information of molecule-metal interfaces
from SERS spectra. The importance of CM has been emphasized in the early studies of SERS.
For example, SERS enhancements of CO and N differ by a factor of 200 under the same ex-
perimental conditions, and SERS enhancements show potential-dependence in electrochemical
experiments 1Y0108°112 Upderstanding CM is also important for explaining SERS enhancements
when the curvature of the metal surface approaches a few nanometers or less. Tip-enhanced
Raman scattering (TERS) is a good example, where a sharp metal tip with a nanometer-sized
apex is applied in a scanning microscopy setup.2#1137123/ 1y such case, electron tunneling across
metal junctions or between molecules and metal can make enhancements different from EM
predictions 1#47138 Therefore, the understanding of CM is indispensable in TERS applications

such as imaging molecular vibrations with high-resolution!3°-146

and characterizing surfaces and
reactions 28140475153 Chemical enhancements can also become dominant when the surface plas-
mon resonance is absent such as for semiconductor substrates 11103147172 Semiconductor sub-
strates can provide selective SERS enhancements, good biocompatibility, good reproducibility,

and low manufacturing cost, and SERS applications have been extended due to the advantages of
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the semiconductor substrates 1737184 A5 significant effort has been made to develop semiconductor
SERS substrates, the understanding of CM should be emphasized.

Studies of CM can be traced back to the early studies of SERS where molecular resonance
and charge-transfer resonance were suspected to contribute to SERS enhancements 202183187
The possible involvement of the charge-transfer states in SERS was supported experimentally by
Avouris and Demuth, who identified electronic excitations related to molecule-metal charge trans-
fer using electron energy-loss spectroscopy (EELS)1%8 A similar investigation was conducted
later by the Campion group and the Moskovits group18:°? Adrian explained that the charge-
transfer states were formed because of the orbital overlap between molecules and surfaces, and
the photon-induced charge transfer can contribute to SERS enhancements !’ Arenas, Otero, and
other groups pointed out that adsorbed molecules can form transient radicals because of charge
transfer, and vibrations connecting electronic states of the molecules and radicals tend to be
enhanced 20111927202 person derived a model of Raman scattering for chemisorbed molecules

1203

based on the Newns-Anderson model“*~, and showed how charge transfer excitations can con-

tribute to SERS enhancements?%* An adatom model constructed by Otto and other groups2>218
pointed out that atomically rough surfaces promote molecule-metal charge transfer by increasing
electron-phonon coupling and avoiding electron—hole excitations at the interface. The importance
of the nanoscale surface roughness is also emphasized by EM. In EM, compared with flat sur-
faces, local fields on rough surfaces are more enhanced and provide larger SERS enhancements.
More recently, CM has been studied on a system-by-system basis using electronic structure meth-
ods under well-defined conditions, as chemical enhancements are highly system specific. Various
factors influencing SERS enhancements can be investigated, such as molecule-metal bonding, sur-
face roughness, incident light frequencies, and vibrational patterns. Time-dependent Hartree-Fock
calculations using metal clusters were applied by Schatz and coworkers to study SERS of H; on
Li surfaces 21222 In recent studies, density functional theory (DFT) calculations with molecules

T0SU252215242 o1 periodic slabs272437249 haye been applied. Multiple models

on localized clusters
have been developed to interpret chemical enhancements based on the electronic structures of the
simulated systems. The findings of the CM studies can be summarized to three enhancement con-
tributions: the static chemical interaction (CHEM), charge-transfer resonance (CT), and molecular
resonance scattering (RRS) Y2 CHEM is illustrated in Fig.1(c), where the energy gap between the
ground state and the excited states of the molecule is decreased when the molecule is bound to

the surface. The narrowed gaps increase the molecular polarizability and the Raman intensity. CT
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is illustrated in Fig.1(d), where the absorption or emission transition happens between the Fermi
level of the surface and the molecular states. The CT transition does not exist for the unbound
molecule, and the new CT transition leads to an extra contribution to the Raman intensity. The en-
hancement can also arise from RRS, which is illustrated in Fig.1(e). Because the molecule-metal
bonding decreases the energy gap between the ground state and the excited states of the molecule,
the absorption transition reaches an excited state rather than the virtual state. The Raman intensity
is enhanced as the transition to a real excited state provides a larger contribution to the Raman
intensity than the virtual state.

It should be emphasized that the CHEM enhancement defined in this work does not correspond
to all non-plasmonic enhancement and only corresponds to the enhancement contribution from
the ground state bonding between the molecule and the metal. CHEM describes spectral changes
caused by the ground state chemical interaction between the molecule and the metal, which is not
associated with any photon excitations of the system. The collective non-plasmonic enhancement
in this work is called the chemical enhancment, and the corresponding mechanism is called the
chemical mechanism (CM). CM includes enhancement contributions from the ground state bond-
ing between the molecule and the metal (CHEM), the photon-induced charge transfer between the
molecule and the metal (CT), and the resonance Raman scattering of the molecule (RRS). CT and
RRS result in Raman enhancements through the resonance Raman effect, when the laser frequency
matches the CT or molecular excitations.

In this review, we will give an overview of models that explain chemical enhancements of SERS
based on electronic structure simulations. The models interpret chemical enhancements by parti-
tioning the Raman response in terms of electronic transitions or relating chemical enhancements
to charge flows near the molecule-metal interface. Key insights of the models will be illustrated,

and connections between the models will be demonstrated.

II. THE TRANSITION-BASED INTERPRETATION

A. A TWO-STATE MODEL

An accurate description of electronic and vibrational states of SERS systems is required for
modeling chemical enhancements using electronic structure methods. However, when interpret-

ing chemical enhancements, considering full electronic structures of the SERS systems is not
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practical. A relatively simple interpretation can be constructed by mapping simulation or even ex-
perimental spectra to simple models. Here, we first introduce a two-state model, which provides a
simple explanation of chemical enhancements at the static limit1>/:222:224243224% The polarizability

derivative of a two-state system can be expressed as>>>
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where « is the electronic polarizability tensor and a, b are Cartesian directions. U is the electronic
transition dipole moment and  is the corresponding excitation energy. Qy is a vibrational mode
of the system. Because the Raman intensity is proportional to the square of the polarizability
derivative with respect to the vibration, the enhancement factor (EF) of an adsorbed molecule will

be
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where @y is lowest excitation energy of the molecule, and @, is the lowest CT excitation energy

EF o ; 2)

of the SERS system. uy and p, are the corresponding transition dipole moments. Qy is the
vibrational mode. The chemical enhancement scales roughly with the excitation energy ratio to
the fourth power between the SERS system and the molecule. The excitation energies can be
evaluated by response calculations and can also be approximated by the ground state electronic
structures. For example, the lowest excitation energy of the molecule can be approximated by the
energy gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of the molecule. The lowest CT excitation energy of the SERS system
can be approximated by the energy gap between the frontier orbitals of the molecule and the
metal. Thus, the two-state model points out that adsorbed molecules with significant stabilization
of the HOMO-LUMO gaps are likely to have large chemical enhancements. This is consistent
with the fact that aromatic molecules are usually found to be strongly SERS active. The two-state
model also shows that CHEM and CT mechanisms both stem from the CT excitation between the
molecule and the metal.

A pyridine-Ag, complex from the work by the Jensen group is discussed as an example,*** and
the structure diagram of the complex is shown in Fig.2(a). The alignment of the states showed that
the lowest CT transition would happen between the HOMO of the cluster and the LUMO of the
molecule, which are plotted in Fig.2(a) with the structure diagram of the system. When approxi-
mating the CT energy with the ground state electronic structure, the energy gaps between orbitals

containing the frontier orbitals were weight averaged due to orbital mixing between the molecule
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FIG. 2. (a) The structure diagrams of a pyridine-Agyp complex from Ref. 222 with the HOMO of the
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cluster and the LUMO of the molecule. (b) The integrated enhancement factors (EFj,) of the studied
systems from Ref.[222) are plotted versus the integrated enhancements factors calculated using the two-state
model (EF%!) Reproduced with permission from J. Am. Chem. Soc, 131, 4090, (2009). Copyright 2009
American Chemical Society (c) The structure diagram of a benzenethiolate-Au;9 complex and the SEM
image of the gold substrate from Ref.[224] (d) Scaled experimental enhancement factors are plotted versus

the scaled simulated enhancement factors for the benzenethiolate systems from Ref.[224|. Reproduced with

permission from J. Phys. Chem. Lett., 4, 2599 (2013). Copyright 2013 American Chemical Society

and the metal. The blue and red lines in the diagram represent the orbitals containing the HOMO
of the cluster and the LUMO of the molecule, respectively. @, in the diagram is the approximate
charge transfer energy. To test the two state model, the Jensen group studied pyridine derivatives,
benzenethiols, and other small molecules on Ag clusters. The integrated enhancements estimated
by the two-state model and simulated by time-dependent density functional theory (TDDFT) are
compared in Fig.2(b). Fig.2(b) shows a good correlation between the estimated enhancements by
the two-state model and the simulated enhancements by TDDFT. The correlation indicates that the
integrated enhancements for these systems were well described by the two-state model. Among
these systems, the Jensen group found that the donor groups tended to increase the CT gaps and
decrease the enhancements, whereas the acceptor groups tended to decrease the CT gaps and in-
crease the enhancements. Thus, by approximating the excitation energies by the orbital gaps, the
two-state model allows chemists to utilize the chemical intuition about molecule-metal bonding
to estimate the enhancements between different molecules before running response calculations.
The two-state model was further verified by Van Duyne, Schatz and coworkers experimentally.>2*
They studied substituted benzenethiols on Ag and Au surfaces. Fig.2(c) shows a structure di-
agram of the simulated model system and a scanning electron microscope (SEM) image of the
gold substrate used in the experiment. The flat and smooth gold substrate used in the experiment

provided uniform EM enhancements over large areas, which allowed for an investigation of CM
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independently of EM. Simulated enhancements are plotted versus experimental enhancements in
Fig.2(d) for the ring stretching modes near 1600 cm~! of the benzenethiol molecule on the gold
surface. The good correlation between the simulated and experimental enhancements indicates
that TDDFT was reasonably accurate in calculating relative enhancements. Then, the estimated
enhancements by the two-state model were showed to agree with the simulated enhancements by
TDDFT. Therefore, the estimated enhancements by the two-state model were shown to agree with
the experimental enhancements. Among the studied systems, Van Duyue, Schatz and coworkers
showed that stronger electron donating groups on the benzene unit led to higher enhancements.
Zayak and coworkers also applied the two-state model to compare enhancements among vibrations
for a benzenethiol-Au system #*J The relative enhancement was plotted for each vibration versus
the geometric derivative of the CT gap, named the deformation potential. A good correlation
between the relative enhancements and the deformation potentials was found for most of the vi-
brations. This is consistent with the approximation of the two-state model that the Franck—Condon
(FC) term is considered and the Herzberg—Teller (HT) term is neglected. The justification for this
approximation is that the largest variation of integrated enhancements between different molecules

is expected to be due to the excitation energy changes.

B. A UNIFIED VIEW OF SERS

To develop a general model explaining all enhancement contributions, Lombardi and Birke
derived a single expression of SERS including surface plasmon resonance, CT resonance, and
molecular resonance based on the HT coupling1Y?4477232 The model shows that the three types
of resonances are intimately linked by the HT coupling and cannot be considered separately. The
model was named as a unified view of SERS. In this model, the Raman polarizability of a SERS
system is expressed as a sum of A, B, and C terms. The A term corresponds to the FC contri-
bution, and the B and C terms correspond to the HT contribution. The difference between the B
and C terms is that the B term contains the molecule-to-metal charge transfer, while the C term
contains the metal-to-molecule charge transfer. The importance of the A, B, and C terms was
compared by Lombardi, Birke, and other groups.22%2>27233 The studies showed that the A term
contributed to Raman intensities of symmetric vibrations, while the B and C terms contributed
to Raman intensities of both symmetric and asymmetric vibrations. The A term only became

dominant when the system was near resonance, while the B and C terms were important at all



resonance conditions. Thus, the B and C terms were usually considered when explaining SERS
selection rules>%2 The importance of the charge transfer states in the B and C terms has also
been emphasized because the CT states usually have lower energies than the molecular excited
states V220125212560 Eor example, Lombardi and coworkers pointed out that as the excitation fre-
quency scanned through the CT resonance, the enhancements of asymmetric vibrations relative to
symmetric vibrations would vary, while in the absence of the CT resonance, the relative enhance-
ments of both types of vibrations would be the same regardless of the excitation frequency.%>>
Before we discuss the unified view of SERS in detail, it is worth noting that attempts of building a
general theory of SERSOZ8I2015266 o agsioning SERS enhancements to CT resonance using the
HT coupling framework!Y8:267=275 have also been made by other groups.

To demonstrate how the HT coupling links different kinds of resonance, the C term is examined

Ukrtrkhir (i Okl f)
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where I, K are the ground state and excited electronic states of the molecule. F is the Fermi level
of the metal. i and f are the initial and final vibrational states. The three terms in the denominator
depict three different resonance contributions to the SERS enhancement.  is the frequency of the
incident light. The metal is assumed to have continuous states, and its response is approximated by
a complex dielectric function € + i€, where € and &, are the real and imaginary parts of the metal
dielectric function. The first term in the denominator corresponds to the plasmon resonance at the
frequency where € = —2¢y, and & is the real part of the dielectric function of the surrounding
medium. The other two terms in the denominator correspond to the CT resonance at Wrx and the
molecular resonance at @yg. Yrk, and Y are the damping parameters of the CT resonance and
molecular resonance, respectively. The terms in the numerator determine SERS selection rules.
(i|Ok|f) requires normal harmonic oscillator selection rules. The molecular and CT transitions la-
beled as Wk and Urg, respectively, need to be nonzero for the vibration to be SERS active. Since
the most significant local field due to the plasmon resonance is normal to the metal surface, com-
ponents of the transition dipole moments normal to the surface are expected to be most enhanced,
which is known as the surface selection rule. The HT coupling term between states I and F, hF,
allows intensity borrowing between the molecular transition p;x and the charge transfer transition
Urk. The excitation energies of the three kinds of resonance and the corresponding dipole mo-
ments can be obtained from absorption spectra of the molecule-metal system. The HT coupling

term is difficult to measure experimentally, but electronic structure simulations may prove to be
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useful in this regard 2%°

To illustrate how the unified view of SERS explains SERS selection rules, a pyridine-Ag system
is discussed as an example. %222 Pyridine is known to have C,, symmetry, and the pyridine-Ag
system was assumed to retain the symmetry. In the pyridine-Ag system, vibrations of a; and b;
symmetry were SERS active while vibrations of »; and a, symmetry were SERS inactive % The
unified view of SERS pointed out that the CT transition could contribute to the enhancements by
intensity borrowing from nearby molecular transitions through the HT coupling. Thus, the SERS
selection rules of the pyridine-Ag system can be explained by examining the symmetry of the CT
transition and the borrowed molecular transitions. Given the symmetry of the pyridine-Ag system
and the surface selection rule, the charge transfer transition was deduced to have A; symmetry. The
low-lying molecular transitions borrowed by the CT transition were found to have symmetry of
A1, By, and B;. Thus the SERS active vibrations would have symmetry of ay, by, and b,. Because
the borrowed transitions of B1 symmetry were weak, the vibrations of b1 symmetry were relatively
less enhanced. Thus the main peaks in the SERS spectra of the pyridine-Ag system corresponded
to the vibrations of a; and b, symmetry. The analysis can be applied to molecules with different
symmetry and orientations on the surface. Besides being able to explain SERS selection rules, the
unified view of SERS can also provide a strategy of optimizing the sensitivity of SERS substrates
by taking advantage of coupling different kinds of resonance 1011 74:2377200277-287

The B and C terms can also be explained visually, and diagrams explaining the B and C terms
are shown in Fig.3(a)>>% The diagrams show that the molecular transition y;x exists for both B
and C terms. For the B term, the CT transition, u;r, happens from the molecule to the metal, and
the HT coupling term, hrg, connects the Fermi level and the molecular excited state. For the C
term, the CT transition, Urk, happens from the metal to the molecule, and the HT coupling term,
hr, connects the molecular ground state and the Fermi level.

Lombardi and Birke also extended the unified view of SERS to semiconductor substrates, where
the CT transitions terminate at band edges rather than the Fermi level 1210356 For example, the
term R;rg discussed above is changed to

Uy Uxrhry (i|Qk|f)

, 4
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Rk =

where V is the edge of the valence band of the semiconductor substrate, and Ajy is the HT coupling
term between the valence band edge and the excited state of the molecule. Jyx is the damping

parameter of the charge transfer transition at Wy g. An extra term emerges to include the exciton
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FIG. 3. Diagrams of transitions for a molecule-metal system from Ref. [252 are plotted in (a). Reproduced
with permission from J. Phys. Chem. C, 112, 5605 (2008). Copyright 2008 American Chemical Society
A diagram of transitions for a molecule-semiconductor system from Ref.[103]is plotted in (b). Reproduced

with permission from J. Phys. Chem. C, 118, 11120 (2014). Copyright 2014 American Chemical Society

transition in the semiconductor.
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where C is the edge of the conduction band of the semiconductor substrate. wcy and Yy are the
resonance frequency and the damping parameter of the exciton transition.

SERS selection rules of molecules on semiconductor substrates can be explained by the sym-
metry of the CT transitions, molecular transitions, and exciton transitions 126277 Similarly, the
unified view of SERS for semiconductor substrates can be visually explained in a transition di-
agram of a molecule-semiconductor system shown in Fig.3(b)!%3 The lines on the left and right
sides of the diagram represent the electronic states of the semiconductor surface and the molecule,
respectively. The surface plasmon resonance is represented by the red arrow, and the exciton
excitation is represented by the blue arrow on the left side. The charge transfer transitions are
represented by the green arrows, and the molecular transitions are represented by the blue arrows

on the right side.

C. A SEMIEMPIRICAL MOLECULAR ORBITAL METHOD

The unified view of SERS shows that different kinds of resonance contribute together to SERS
enhancements. It is challenging to determine the relative enhancement contributions of various

mechanisms. For example, the CHEM enhancement has been approximated as the enhancement
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at the static limit, and the EM enhancement has been estimated as the enhancement ratio at the
plasmon resonance versus the static limit.*2! However, this approximation requires the excitation
frequencies of different kinds of resonance to be well separated, and the approximation neglects
the non-resonant EM enhancement.

To separate chemical and electromagnetic enhancements, a semiempirical configuration inter-
action method with single excitations based on the Intermediate Neglect of Differential Overlap
Hamiltonian (INDO/SCI)*8-220 was developed by Gieseking and Schatz 227227221 INDO/SCI
can be applied to calculate the electronic structures of SERS systems, and the frequency-dependent
polarizabilities of the studied systems can be computed using a sum-over-state formula with the
INDO/SCI states. In INDO/SCI, the interaction between atomic orbitals on different atoms is
determined as

Bi+B)
Hﬁg = %Suv ) (6)

where y and v are atomic orbitals on atom A and B respectively. S,y is the orbital overlap between
orbitals (t and v. Bﬁ and B are parameters controlling the interaction strength, which can be fitted
against experimental or simulated absorption spectra .22

As chemical enhancements arise from the orbital overlap between the molecule and the metal,
chemical enhancements can be eliminated if the orbitals of the molecule and the metal are not
allowed to interact. An INDO parameter set, INDO-EM, neglects the orbital overlap between the
molecule and the metal and forbids both ground state and induced charge transfer between the two
moieties. Thus, only electromagnetic enhancements are considered using the INDO-EM parame-
ter set, provided that no molecular resonance is excited. Enhancement differences calculated using
the standard INDO and the INDO-EM parameter sets lead to chemical enhancements.

To demonstrate the application of INDO/SCI, a pyridine-Agyo complex is discussed in Fig.4.227
INDO/SCI was shown to provide a straightforward decomposition of the enhancements at differ-
ent excitation energies into electromagnetic and chemical contributions. The total and decom-
posed enhancements of the pyridine-Agyo complex are plotted versus the excitation energies in
Fig.4(a). The solid, dotted, and dashed lines represent the total, electromagnetic, and chemical
enhancements, respectively. The decomposition result showed that the electromagnetic enhance-
ments were at the order of 10 when the surface plasmon was off resonance and were increased to
the order of 100 to 1000 when the surface plasmon was on resonance. Meanwhile, the chemical

enhancements were at the order of 10 when the system was off resonance and were increased to

the order of 100 when the CT resonance was excited.
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FIG. 4. Enhancements of a pyridine-Agyp system are decomposed and plotted versus the incident light
energies in (a). Enhancements at 2.00 eV of the pyridine-Agyp system with surface and vertex binding
configurations are decomposed and plotted versus the applied potentials in (b). Excited state energies at the
INDOY/SCI level for the pyridine-Agyy system with surface and vertex binding configurations are plotted
versus the applied potentials in (c) and (d). Figures adapted from Ref %>’ Reproduced with permission from

Faraday Discuss 205, 149 (2017). Copyright 2017 Royal Society of Chemistry.

INDO/SCI was also shown to explain the effects of applied potentials and binding configura-
tions on enhancements. The total and decomposed enhancements at the excitation frequency of
2.00 eV of the Agyo-pyridine complex with surface and vertex binding configurations are plotted
versus the applied potentials in Fig.4(b). The surface and vertex configurations are colored blue
and red, respectively. The solid and dashed lines correspond to the total and chemical enhance-
ments, respectively. The effect of applied potentials on electronic structures was modeled via an

orbital energy shift approximation (OESA)#222206293 OESA assumes that the INDO parameters
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corresponding to the Ag s, p, and d atomic orbital energies are shifted by a value corresponding
to the applied potential. In this example, the studied potentials ranged from 0.0 to 2.0 V. Fig.4(b)
shows that for both configurations, the electromagnetic enhancements were almost constant in the
studied potential range. The surface complex had a steep increase of the chemical enhancement at
more negative potentials, but this increase was largely absent in the vertex complex. This obser-
vation was explained by the excited state energies of the surface and vertex complexes shown in
Fig.4(c) and (d). The solid red, dotted red, and gray lines correspond to the states with significant,
minor, and no CT character respectively. Fig.4 (c) and (d) show that, in general, the energies of the
CT states were significantly decreased by increasing the potential, and the surface complex had
lower CT states than the vertex complex at each potential. At the 2.0 V potential, several states
with significant CT character of the surface complex had low enough energies to be excited and
provided large contributions to the enhancement. In contrast, the CT states of the vertex com-
plex had higher energies and did not allow for significant CT resonance enhancements at 2.00 eV
within this range of potentials. Thus, the potential dependence of the enhancements was mainly
explained by the shift of the CT states, and the surface configuration led to CT states with lower

energies than the vertex configuration.

The potential dependence of the enhancement can also originate from potential-dependent ge-

2291294

ometric changes, not only electronic structure changes. To investigate the importance of

the two factors, INDO/SCI was applied to study a CO molecule attached to the Agyg cluster un-
der external potentials, and the simulation result was compared with the experimental result.??>
Enhancements of the model system under external potentials with constant geometry as well as
geometry re-optimized under the external potentials were decomposed into chemical and elec-
tromagnetic contributions by INDO/SCI. The result showed that the potential dependence of the
enhancements cannot be explained by geometric changes only and was mainly attributed to the
shift of the CT states by the external potentials. Besides the above discussed examples, INDO/SCI
has also been applied to explain enhancements of semiconductor substrates and quantum effects

in TERS imaging 1551601295

14



D. ORIGIN OF THE TRANSITION-BASED INTERPRETATION OF CHEMICAL
ENHANCEMENTS

The above discussed models all interpret chemical enhancements based on electronic transi-
tions. To discuss the origin of the transition-based interpretation, we can briefly review different
levels of theory for Raman scattering. A quantum-field description of Raman scattering can be
constructed where the electrons, nuclei, and photons involved in the Raman scattering are all
treated quantum mechanically. This quantum-field description of Raman scattering has been ap-
plied to study Raman enhancements in junctions and cavities.2*°2% The model complexity can be
reduced by approximating photons as classic electromagnetic fields, and the Raman scattering can
be solved as a second order perturbation response, which leads to the famous Kramers-Heisenberg-
Dirac (KHD) formula %302 The KHD formula shows that transitions between vibronic states
contribute collectively to the Raman intensity, and each contribution is determined by the cor-
responding transition dipole moment and excitation energy. Albrecht further approximated the
KHD formula by decomposing the vibronic wavefunctions into electronic and nuclear wavefunc-
tions using the Born-Oppenheimer approximation. HT expansion was introduced where vibronic
transition dipole moments were expanded at the ground state equilibrium geometry with respect
to vibrations 23303 For nonresonant Raman scattering, Albrecht also approximated the energy
gaps between the vibronic levels by the energy gaps between electronic levels 2" Similar approx-
imations were also adopted by Placzek to connect the KHD formula to the classic polarizability
theory of Raman scattering 2Y9"308 L ater, the classic polarizability theory of Raman scattering was
extended to include both nonresonant and resonant conditions by transforming the KHD formula
to the time domain and applying the short time approximation 2#3U73095313 Therefore, the Raman
scattering can be interpreted as the vibrational modulation on the electronic polarizability, and the

electronic polarizability can be calculated by summing electronic transitions.

In the discussed models, the unified view of SERS was directly inspired by the Albrecht’s
model of Raman scattering. In both models, the HT expansion was applied and the energy gaps
between vibronic states were approximated by the energy gaps of electronic states. The main
change made by Lombardi and Birke was to include the states from the metal. The plasmonic
states of the metal was simplified by a complex dielectric function, and the CT states were sim-
plified by the Fermi level. Considering the CT transition in the A term only in the unified view of

SERS at the static limit would lead to the enhancement formula by the two-state model. By re-
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ducing the transitions in the sum-over-state formula, the two-state model focuses on the lowest CT
transition, and explains chemical enhancements by the variance of the CT gap. In the INDO/SCI
studies, electronic transitions were summed to calculate electronic polarizabilities, and the Raman
spectra were calculated by geometric derivatives of the electronic polarizabilities. The derivatives
of both excitation energies and transition dipole moments were implicitly considered. Different
INDO parameters were applied to determine whether to include the CT transitions when evaluat-
ing the electronic polarizabilities so that the enhancements were decomposed into chemical and

electromagnetic contributions.

III. THE CHARGE-BASED INTERPRETATION
A. RAMAN BOND MODEL

SERS enhancements originate from interactions between molecules and metal surfaces. To cor-
rectly evaluate enhancements, it is important to incorporate a large number of states of the metal
surfaces in electronic structure simulations. Choosing electronic structure simulations to study
SERS naturally leads to the transition-based interpretation of SERS enhancements. However, the
many intra-metal and CT transitions in the simulations make the transition analysis an impracti-
cal task. More importantly, chemical information at the molecule-metal interfaces can be easily
blurred in the analysis of many transitions. To simplify the transition analysis, the intra-metal
transitions can be simplified by dielectric functions of the metal surfaces, and this choice has been
made in the unified view of SERS and QM/MM studies of SERS 19338 The CT transitions can
also be simplified by considering only the lowest CT transition, and this choice has been made
in the two-state model and the unified view of SERS. These models are helpful for developing
chemical intuition of SERS enhancements from complex electronic structures of SERS systems.
However, these models mainly provide qualitative analysis of enhancements, and parameters in the
models make their explanations depend on the fitting quality or presumptions. For example, the
two-state model cannot quantitatively explain the vibration dependence of enhancements. Sym-
metry analysis of transitions and vibrations in the unified view of SERS relies on the presumed
symmetry of SERS systems. Such presumption is based on the symmetry of unbound molecules
and only works for weakly bonded systems. The transition-based interpretation also appears to

be inconvenient when comparing electronic structures of localized and periodic model system.
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Mapping transitions between states in localized systems and transitions between bands in periodic
systems is inconvenient despite the fact that bands are just groups of closely spaced states.

The transition analysis can be avoided by interpreting chemical enhancements based on
charge flows near the molecule-metal interface. Similar ideas have been proposed in the pre-
vious CM studies. For example, based on a jellium model, McCall and Platzman explained that
SERS enhancements were due to vibrational modulation of the reflectivity at the molecule-metal
interface >3 The Persson group explained chemical enhancements by vibrational modulations of
electron densities near the molecule-metal interface *4%3*!' In another model the Raman response
is partitioned to atomic and bond contributions, named Raman atoms and Raman bonds. The bond
contributions are dominant, and therefore the model is named the Raman bond model 24%4% The
idea of decomposing Raman response to fragment contributions has been applied in an orbital-
based partitioning before.?*> However, the orbital-based partitioning result was dependent on the
choices of the origin and the basis set. In the Raman bond model, the Hirshfeld charge model?*¢
was applied to avoid the basis set dependence, and the atomic charges were distributed as inter-
atomic charge flows*4’ to solve the origin dependence.

In the Raman bond model, the polarizability derivative is expressed as

I _ y A= J(ry — Rip)Opiadr} y 9{dija(Rip — Rjp)}
0 5 0 i3 IOk ’

(7)

where a and b are directions in the Cartesian space. ¢, iS one component in the polarizability
tensor. Q is a vibrational mode. r and R are electronic and nuclear coordinates, respectively.
Pia 1s the induced atomic charge density of atom i polarized in direction a. g;; 4 1s the charge flow
between atoms i and j polarized in direction a. Although charge flows are not uniquely determined
given a set of atomic charges, a stable charge flow pattern can be achieved if long-range charge
flows are limited. The first and second terms in the equation are Raman atoms and Raman bonds
respectively, which describe the atomic and bond contributions to the polarizability derivative. By
adopting the Raman bond model, SERS enhancements can be quantitatively analyzed by dozens
of atomic and bond contributions, and the analysis of many transitions is avoided. A visual expla-
nation of enhancements can be achieved by mapping the Raman atoms and bonds to the atoms and
bonds of the studied system. Raman atoms and bonds can be visualized as spheres and cylinders,
whose volumes and colors represent the magnitudes and phases of the contributions, respectively.

It has been demonstrated that the Raman bond model can be applied to both localized and

periodic systems and works consistently for different types of molecule-metal bonds 3427344 To
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demonstrate how the Raman bond model is applied to explain enhancements of localized and
periodic systems, a group of CO-Ag systems with or without periodic boundary conditions are
discussed. The structures and Raman bond patterns of the CO-Ag systems are shown in Fig.5.
The enhancement of CO on a 2x2, 2-layer Ag(111) slab [Fig.5(a)] is about 4. The enhancement
of CO on a 2x2, 4-layer Ag(111) slab [Fig.5(b)] is about 3. This comparison shows that increas-
ing the slab thickness does not increase the enhancement. However, adding an adatom to the slab
increases the enhancement significantly. The enhancement of CO on a 2x2, 2-layer slab with an
adatom [Fig.5(c)] is about 13. This comparison shows that it is more effective to promote en-
hancements by creating surface roughness than increasing surface thickness. The effect of surface
roughness can also be demonstrated in localized CO-Ag systems, where the surface binding con-
figuration [Fig.5(d)] models a flat surface, and the vertex binding configuration [Fig.5(e)] models
a rough surface. The enhancement of CO on the surface is about 38, while the enhancement of
CO on the vertex is about 1885. The enhancement changes can be explained by the Raman bond
patterns. In general, the constructive Raman bonds colored blue distribute near the molecule-metal
interface and have dominant magnitudes. The destructive Raman bonds colored red distribute in
the slab and have small magnitudes. A common Raman bond pattern is found for the localized
and periodic systems such that a cone-shaped network of constructive Raman bonds is formed
in the metal, and the chemical enhancement is determined by the Raman bonds distributed near
the molecule-metal interface. Fig.5(a) and (b) show that adding the two extra layers of Ag atoms
barely changes the Raman bond pattern. The Raman bonds in the added layers are destructive and
have negligible magnitudes. The small changes of the Raman bonds can be explained by the small
change of the inter-fragment charge flow, which does not help the molecular vibration to more ef-
fectively modulate charge flows near the molecule-metal interface. This pattern can be explained
by the idea that the vibrational modulation on the charge flows in the added layers is screened
by the charge flows in the top layers of the slab. In contrast, Fig.5(a) and (c) show that adding
the adatom introduces new constructive Raman bonds between the adatom and the Ag atoms un-
derneath, and the destructive Raman bonds in the metal become weaker. Introducing the adatom
leads to a nontrivial increase of the inter-fragment charge flow, which leads to more effective and
coherent charge flow modulations across the molecule-metal interface. Fig.5(d) and (e) show that
the vertex binding leads to stronger and more coherent Raman bonds across the whole system than
the surface binding. The explanation of the surface roughness effect on chemical enhancements

for the periodic systems is also valid for the localized systems. The surface roughness modeled by
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FIG. 5. The Raman bond patterns of CO on a 2x2, 2-layer slab, a 2x2, 4-layer slab, a 2x2, 2-layer slab
with an adatom, a surface of a Agyg cluster, a vertex of the Agyg cluster are shown in (a) to (e), respectively.
Figure adapted from Ref3**. Reproduced from J. Chem. Phys. 157, 184705, 2022, with the permission of
AIP Publishing

the vertex binding increases the inter-fragment charge flow. Improving the inter-fragment charge
flow connectivity enhances Raman bonds and expands constructive Raman bonds in the metal,
which leads to a larger chemical enhancement. It has been shown in EM that surface roughness
creates hot spots of EM enhancements where local fields are significantly enhanced. The Raman
bond model shows in both periodic and localized systems that surface roughness also creates hot
spots of chemical enhancements where the inter-fragment charge flow connectivity is significantly
improved. The Raman bond patterns can be simplified as contributions from the molecule, the
inter-fragment bond, and the metal by grouping Raman atoms and bonds in the corresponding
parts of the system. A quantitative analysis of the inter-fragment charge flows and the three com-

ponent contributions for the CO-Ag systems is provided in Ref. [344.

The Raman bond model can also visually explain mode-specific enhancements. The enhance-
ments of two ring breathing modes around 1000 cm~! (mode v; and v;») of pyridine on the Ag
surface are interpreted here using the Raman bond model. The vibrational patterns and Raman
bond distributions of the selected modes are shown in Fig.6 for a free pyridine molecule and a
pyridine-Agyg system. For the free pyridine molecule, the ratio of the Raman intensities of the
two ring breathing modes is about 1. Fig.6 (c) and (d) show that the two modes both mainly gen-

erate four constructive and two destructive Raman bonds with similar magnitudes, which explains
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the similar Raman intensities. The constructive Raman bonds are distributed in the pyridine ring
near the N atom for the mode v; while away from the N atom for the mode vi,. The distributions
of the Raman bonds are consistent with the atomic motions of the two modes. When the pyridine
is adsorbed on the Ag surface, the mode v; is more enhanced than the mode vi;. The ratio of
the Raman intensities of the two modes for the pyridine-Agyo system is about 20. Fig.6 (e) and
(f) show that the vibrational patterns are not significantly changed due to the adsorption, and the
enhancement difference is explained by the Raman bond patterns in Fig.6 (g) and (h). More con-
structive and stronger Raman bonds are generated at the molecule-metal interface for the mode
v; than the mode 1,, which explains the enhancement difference. Compared with the mode v,
the mode v; involves more N motion and perturbs the N-Ag bond more. Thus, the mode v; more
effectively modulates the charge flows at the molecule-metal interface and generate more coherent

and strong Raman bonds, which leads to a larger enhancement.

Coupled with the damped response theory, the Raman bond model can also provide a consistent
interpretation of enhancements for both non-resonant and resonant conditions. The contributions
of the molecule, the inter-fragment bond, and the metal can be mapped to the enhancement contri-
butions of RRS, CT, and EM. The mapping quantifies different enhancement mechanisms based
on Raman bond distributions. It is indicated by the mapping that enhancements at any incident
frequency are determined by the interference among the coupled mechanisms. The mapping also
defines EM in electronic structure simulations as charge flow modulations in the metal. This def-
inition of EM may provide insights for building one holistic theory of SERS which includes CM

and EM in a full quantum mechanical theory.

To demonstrate this mapping, enhancements at different incident frequencies of a pyridine-
Agyo system are discussed. When a non-zero incident frequency is applied, the polarizability
derivative and corresponding contributions from the molecule, the inter-fragment bond, and the
metal become complex numbers. The complex quantities can be considered as vectors on the
complex plane and projected to the total polarizability derivative. This renders these quantities
real and simplifies the analysis. The projections of the total polarizability derivatives (p°®@), the
contributions from the molecule (pm(’l), the inter-fragment bond (pimer), and the metal (pme‘al)
are plotted versus the incident frequencies for a ring breathing mode of the pyridine-Agyg sys-
tem in Fig.7(a). The plot shows that the total polarizability derivatives or contributions from any
part of the system form a platform in the low frequency range where no resonance is excited.

The off-resonance enhancements originate from the ground state chemical interaction between the
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FIG. 6. The vibrational patterns of mode v; and v, are shown in (a) and (b) for the free pyridine and (e)
and (f) for the pyridine-Agyg system. The Raman bond patterns of mode v; and vy, are shown in (c) and (d)
for the free pyridine and (g) and (h) for the pyridine-Agyo system. Adapted from Ref**3 Reproduced from
J. Chem. Phys. 152, 024126, 2020, with the permission of AIP Publishing

molecule and the metal and is labeled as CHEM. The first peak occurs at around 2.35 eV, corre-
sponding to the charge-transfer resonance and labeled as CT. At the CT resonance, the contribution
of the inter-fragment bond is shown to be dominant. The largest peak occurs at around 3.40 eV,
corresponding to the cluster resonance. The peak is labeled as EM because the cluster resonance
approximately models the surface plasmon resonance. At the cluster resonance, the metal con-
tribution is shown to be dominant. The last significant peak occurs at 6.20 eV, corresponding to
the molecular resonance and labeled as RRS. At the molecular resonance, the molecular contribu-

tion is shown to be dominant. The plot shows that the distribution of the dominant Raman bonds
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is consistent with the resonant condition. The contributions of the molecule, the inter-fragment
bond, and the metal can be applied to quantify the enhancement contributions of the molecular
resonance, the CT resonance, and the plasmon resonance.

This mapping can be examined in detail in the Raman bond patterns. The Raman bond patterns
of the ring breathing mode at the static limit, the CT resonance, the cluster resonance, and the
molecular resonance are shown in Fig.7(b) to (e), respectively. In the plots, the Raman atoms and
bonds are also considered as vectors on the complex plane. The phases and lengths of the Raman
atoms and bonds are represented by colors and volumes of the spheres and cylinders. Fig.7(b)
shows that at the static limit, the Raman bonds mainly distribute in the molecule, and about 93%
of the polarizability derivative is contributed by the molecule. The charge flows in the metal are
not effectively modulated by the molecular vibration. Fig.7(c) to (e) show that, compared with
the static limit, the Raman bonds across the system are enhanced if any resonance is excited.
The dominant Raman bonds in Fig.7(c) to (e) highlighted in the orange boxes distribute in the
inter-fragment bond, the metal, and the molecule. The dominant Raman bonds in Fig.7(c) to (e)
contribute about 60%, 100%, and 61% of the total polarizability derivative, respectively. The
distributions of the Raman bonds are consistent with the spatial distributions of the resonance. It
i1s worth noting that at any resonance, the Raman bonds distribute across the whole system as the
resonance is not perfectly localized. In the previous study, we have shown that when the inter-
fragment charge flow was increased, the spacial distributions of the resonance or the Raman bonds
were more delocalized 344

In the pyridine-Agyo example, the Raman bonds in the metal are mapped to the enhancement
contribution of the surface plasmon resonance. In EM, the enhancement contribution of the surface
plasmon resonance is modeled as the enhanced local field amplifying the polarizability derivative
of the molecule. To connect the Raman bonds in the metal and the enhanced local field, we can ap-
ply the Silberstein equation to treat the molecule and the metal as two polarizable dipoles /4211345
The model is schematically illustrated in Fig.8 where the molecular and metal (nanoparticle) po-

oNP | and the distance between the molecule and the metal is R. In the

larizabilities are a™ and
model, the chemical bonding between the molecule and the metal is not included, and thus the
polarizability of the inter-fragment bond is not considered. The total polarizability for the system
parallel to the molecule-metal axis is
ol oM + NP 4 4gMaNP /RS
I 1 —4aMoNP /RO

®)
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FIG. 7. The total polarizability derivatives (p'®?') are plotted versus the incident frequencies for a ring
breathing mode of a pyridine-Agyg system in (a). At each incident frequency, the total polarizability deriva-
tive is partitioned to the contributions of the molecule (p™), the inter-fragment bond ( pi“‘er), and the metal
(p™2). The Raman bond patterns of the ring breathing mode of the pyridine-Agsy system at the static
limit, the charge transfer resonance, the cluster resonance, and the molecular resonance are shown in (b) to
(e). Adapted from Ref**2. Reproduced from J. Chem. Phys. 153, 224704, 2020 with the permission of

AIP Publishing

Accordingly, the polarizability derivative of the system is

ot _daM  (1+2aMP/R%)?
00, 90 (1 —4aNPaM/RO)2 "

)

The factor scaling the molecular polarizability derivative can be considered as the square of the
local field enhancement.

Alternatively, the total polarizability can be partitioned based on the relative volumes of the
molecule and the metal as

yM yNP
YM L yNP T M yRp

ol ~ oM+ ™ 4 (4aMaT /R ( ), (10)

where VM and VNP are the volumes of the molecule and the metal. Here the image field effect is
neglected, and 40MaNP /R3 describes the electromagnetic interaction between the molecule and
the metal.

The partitioned interaction term can lead to effective polarizabilities of the molecule and the

metal:
M M M, NP /p3 vM
Qg =0 + (4o a™ /R )m’ "
B4 (11)
NP _ NP M NP /p3
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Accordingly, the total polarizability derivative can be written as

otal
a(xﬁ‘ - doM  dolt
90k 20 90k

Such volume-based partitioning is consistent with the Hirshfeld partitioning adopted in the

(12)

Raman bond model. The effective polarizability derivatives of the molecule and the metal can be
mapped to the Raman bonds in the molecule and the metal, respectively. Because the volume of
the metal is significantly larger than the molecule, this volume-based partitioning will assign most
of the electromagnetic interaction to the metal. At the surface plasmon resonance, the derivative
of the effective polarizability of the metal will dominate and determine the enhancement. The
derivative of the effective polarizability of the metal corresponds to the Raman bonds in the metal
shown on the right side of Fig.8. It should be noted that the Raman bonds in the metal can also be
induced by charge transfer between the molecule and the metal. Thus, the connection between the
Raman bonds in the metal and the enhanced local field can only be established when the charge
transfer is limited. When the charge transfer is significant, the local field can be quenched due to
the screening effect of the charge transfer between the molecule and the metal surface, and this
idea is demonstrated in a recent TERS study.**? However, the quenching of the local field due to
the molecule-metal charge transfer does not necessarily decrease the overall SERS enhancement.
In a previous study, we have showed that the overall enhancement can be almost unchanged when
the molecule-metal charge transfer is increased because the increased chemical enhancement can
compensate the decreased EM enhancement ?4 It is also worth mentioning that quenching of the
SERS response can have different meanings in different contexts. In the recent TERS study,>*” the
quenching of the SERS response is discussed when comparing a tip-molecule system on a NaCl
surface and a tip-molecule system on an Ag surface. The quenching of the SERS response can
also be discussed when comparing a molecule-metal system and the isolated molecule, where the
enhancement would be less than 1223

In the above discussed examples, it has been shown that when the inter-fragment charge flow
is increased, charge flows across the system can be modulated more effectively and coherently by
the molecular vibration, which leads to a larger enhancement. A linear correlation between the
enhancements and the inter-fragment charge flows to the fourth power for both localized and pe-
riodic systems can be found. The correlation is demonstrated by applying chemical substitutions,
electric fields, and charges to tune the enhancements of a C-H bending mode of the pyridine-Agyg

system, shown in Fig.9(a). The enhancements are shown to be correlated to the inter-fragment
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NP

FIG. 8. A diagram of illustrating the Silberstein equation®*® is shown on the left side. The Raman bond

pattern at the cluster resonance is shown on the right side.

charge flows to the fourth power. It should be noted that the inter-fragment charge flow is in-
duced by the incident light and does not necessarily scale with the ground state charge transfer. In
the pyridine-Agyo system, the enhancement is found to increase by introducing electron pulling
groups, positive charges, and electric fields pointing from the molecule to the metal. These tuning
factors increase the induced charge transfer but decrease the ground state charge transfer. The
correlation between the enhancement and the inter-fragment charge flow is also found in systems
with CO on different Ag clusters or slabs, shown in Fig.9(b) and (c). For the localized CO-Ag
systems, the enhancement is found to increase if surface roughness is created and the cluster is
elongated along the polarization direction. For the periodic CO-Ag system, the enhancement is

found to increase if surface roughness is created and a low surface coverage is adopted.

B. CONNECTION BETWEEN THE INTERPRETATIONS

Both the transition-based and charge-based interpretations of chemical enhancements are
rooted in the classic polarizability theory of Raman scattering, where Raman scattering is ex-
plained as geometric derivatives of electronic polarizabilities. The difference is that the transition-
based interpretation considers the electronic polarizability as a sum of electronic transitions, while
the charge-based interpretation considers the electronic polarizability as charge flows between
atoms. Different treatments of the electronic polarizability lead to different interpretations of
enhancements.

The connection between these two interpretations is provided by the correlation between the
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FIG. 9. The Raman intensities of a C-H bending mode of pyridine-Agyo systems are plotted versus the
inter-fragment charge flows to the fourth power in (a). The Raman intensities of the C-O stretching mode
are plotted versus the inter-fragment charge flows to the fourth power for CO on different Ag clusters in (b).
The Raman intensities of the C-O stretching mode are plotted versus the inter-fragment charge flows to the

fourth power for CO on different Ag slabs in (c).

enhancements and the inter-fragment charge flows found by the Raman bond model. Such correla-
tion resembles the conclusion of the two-state model that the chemical enhancements are inversely
proportional to the CT excitation energies to the fourth power. Since decreasing the CT excita-
tion energy would increase the inter-fragment charge flow, we can expect that the inter-fragment
charge flow is inversely proportional to the CT excitation energy. Then, the conclusion of the
two-state model would lead to the correlation found by the Raman bond model. The transition
based interpretation shows that a larger chemical enhancement can be achieved by decreasing the
CT gap. Accordingly, the charge-based interpretation shows that a larger chemical enhancement
can be achieved by increasing the inter-fragment charge flow. The connection between the two
interpretations is that decreasing the CT energy gap leads to more dynamic polarization at the

molecule-metal interface and increases the inter-fragment charge flow.

IV. CONCLUSION

An overview is given for models explaining SERS enhancements based on electronic structure
simulations. The models provide a transition-based and a charge-based interpretations of SERS
enhancements. In the transition-based interpretation, Raman scattering is explained as vibrational

modulations on electronic transitions, and SERS enhancements arise from molecular transitions

26



with decreased energy gaps and new CT transitions. The transition-based interpretation can be
directly applied to analyze results of electronic structure simulations, and provide clear explana-
tions of enhancements when specific transitions can be identified as dominant contributions. The
transition-based interpretation also has inspired methods to tune orbital mixing between molecules
and metal to decompose enhancements.

In the charge-based interpretation, Raman scattering is explained as vibrational modulations on
interatomic charge flows, and SERS enhancements are explained by charge flow modulations near
the molecule-metal interfaces. To discuss the charge-based interpretation, a recently developed
Raman bond model is introduced. The charge-based interpretation can be easily visualized and
connected to chemical intuition by overlapping charge flow networks with bonding networks of
SERS systems A unified and quantitative explanation of enhancements for localized and periodic
model systems can be obtained by the charge-based interpretation. The enhancement contributions
of molecular resonance, CT resonance, and plasmon resonance can be quantified by the charge
flow modulations in the molecule, the inter-fragment bond, and the metal. The polarization near
the molecule-metal interfaces is emphasized in both interpretations. The interfacial polarization
is characterized by the CT gaps in the transition-based interpretation while by the inter-fragment

charge flows in the charge-based interpretations.
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