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In this work, we extend a previously developed Raman bond model to periodic slab systems

for interpreting chemical enhancements of surface-enhanced Raman scattering (SERS).

The Raman bond model interprets chemical enhancements as interatomic charge flow

modulations termed Raman bonds. Here, we show that the Raman bond model offers a

unified interpretation of chemical enhancements for localized and periodic systems. As a

demonstration of the Raman bond model, we study model systems consisting of CO and

pyridine molecules on Ag clusters and slabs. We find that for both localized and periodic

systems the dominant Raman bonds are distributed near the molecule-metal interface and

therefore the chemical enhancements are determined by a common Raman bond pattern.

The effects of surface coverages, thickness, and roughness on the chemical enhancements

are studied, which shows that decreasing surface coverages or creating surface roughness

increases chemical enhancements. In both of these cases, the inter-fragment charge flow

connectivity is improved due to more dynamic polarization at the interface. The chemi-

cal enhancement is shown to scale with the inter-fragment charge flow to the fourth power.

Since the inter-fragment charge flow is determined by the charge transfer excitation energy,

the Raman bond model is connected to the transition based analysis of chemical enhance-

ments. We also show that the SERS spectra of localized and periodic systems normalized

by inter-fragment charge flows can be unified. In summary, the Raman bond model offers

a unique framework for understanding SERS spectra in terms of Raman bond distributions

and offers a connection between localized and periodic model systems of SERS studies.
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I. INTRODUCTION

Surface-enhanced Raman scattering (SERS) is widely applied because of its high sensitivity

and chemical specificity.1–12 SERS enhancements arise from two complementary mechanisms,

electromagnetic mechanism (EM) and chemical mechanism (CM). In EM, SERS enhancements

are explained by local electric field enhancements due to surface plasmons. As SERS enhance-

ments approximately scale with field enhancements to the fourth power, EM can be applied to

explain the high sensitivity of SERS.9,11–15 However, SERS spectral signatures cannot be ex-

plained fully by only invoking EM because chemical interactions between molecules and metal

are usually neglected in EM. The chemical specificity of SERS enhancements is mainly explained

by CM, where SERS enhancements are attributed to bonding interactions between molecules and

metal.15–18

Because of the chemical specificity, first principles simulations are essential for understand-

ing CM.19–29 To model SERS spectra using first principles simulations, localized clusters19–25 or

periodic slabs26–29 are applied. Clusters are applied because they offer local approximations of

surface defects or protrusions and provide multiple kinds of binding sites. The finite size effect

of cluster models can be avoided by adopting slab models due to periodic boundary conditions.

The frequency dependence and selection rules of SERS spectra can be explained by the sum-

over-states formula of Raman scattering.30–36 In particular, it offers a unified description of SERS

enhancements and shows the charge transfer contributions to chemical enhancements. However,

including all states in the formula is computationally intractable for SERS systems and thus only

a few states are typically included. For example, the sum-over-states formula can be simplified

to a two state model, which estimates the average chemical enhancements by energy alignment

of molecular frontier orbitals with respect to the Fermi level.20–22 However, the two state model

cannot explain SERS spectral signatures because it does not provide a quantitative explanation of

the mode specific enhancements.

To get an intuitive and quantitative interpretation of chemical enhancements, we have developed

a Raman bond model for localized systems.37,38 The analysis of electronic transitions in the sum-

over-states formula is avoided in the Raman bond model and instead polarizability derivatives are

expressed as interatomic charge flow modulations by distributing induced atomic charges with a

penalty on long range charge flows. We have demonstrated that the off resonance enhancements

can be explained by the Raman bonds distributed near the molecule-metal interface.37 The model
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was further applied to explain the frequency dependence of SERS enhancements by connecting

Raman bond distributions with different resonance contributions.38 Besides localized systems,

periodic systems have also been applied to study SERS as macroscopic SERS systems can be

modeled by small systems with dozens of atoms in the unit cells with periodic boundary condition,

and the edge effect of finite clusters can be avoided by using periodic slabs. Thus, in this work,

we extend the Raman bond model to periodic systems so that we achieve a unified interpretation

of chemical enhancements for both localized and periodic systems. To demonstrate the unified

interpretation provided by the Raman bond model, model systems with CO and pyridine molecules

on Ag clusters and slabs are studied. We will study the effects of surface coverage, thickness,

and roughness on chemical enhancements using slab models and compare the results with cluster

models.

II. THEORY

The Raman bond model partitions the polarizability derivative into atomic and bond contribu-

tions, termed Raman atoms and bonds:

∂αab

∂Qk
= ∑

i

∂{−
∫︁
(rb −Ri,b)δρi,adr}

∂Qk
+ ∑

i j, j>i

∂{qi j,a(Ri,b −R j,b)}
∂Qk

, (1)

where a, b are directions in Cartesian space. αab is one component of a polarizability tensor and

Qk is a vibrational mode. r and R are electronic and nuclear coordinates, respectively. δρi,a is

the electron density of atom i induced in the direction a. qi j,a is the charge flow in direction a

between atom i and j. Raman atoms correspond to modulations of induced atomic dipoles and

Raman bonds correspond to modulations of interatomic charge flows. Raman atoms and bonds

can be mapped onto the system structure and visualized as spheres and cylinders, whose volumes

represent magnitudes of the contributions and colors represent phases of the contributions. In

this work, atomic charges are calculated using the Hirshfeld charge model39 and charge flows are

calculated using the Loprop method40 where a penalty function is applied to minimize long range

charge flows:

f (Ri j) =

⎧⎪⎨⎪⎩
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{︁
c1 × (

Ri j
Rcov

i +Rcov
j
)2}︁ if Ri j < 1.1(Rcov
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j )

exp
{︁

2c1 × (
Ri j
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i +Rcov

j
)2}︁ if Ri j ≥ 1.1(Rcov

i +Rcov
j ) ,

(2)

where Ri j is the distance between atom i and j, Rcov
i is covalent radius of atom i,41 and c1 is a

coefficient that controls the penalty on long range charge flows.
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For bonds perpendicular to the polarization direction we have Ri,b −R j,b = 0 and therefore

qi j,a(Ri,b −R j,b) would be zero and not contribute to the polarizability. Therefore charge flows

perpendicular to the polarization direction need to be minimized, which can be done by including

extra penalty on charge flows perpendicular to the polarization direction. For a localized system,

bonds perpendicular to the polarization direction are few and no extra penalty is needed to repro-

duce the total polarizability. However, for a periodic slab system polarized in the out of plane

direction, a significant number of bonds are perpendicular to the polarization direction and the

extra penalty is needed for the periodic system to reproduce the total polarizability. Accordingly,

the penalty function is modified as:

f (Ri j,θi j) =

⎧⎪⎨⎪⎩
exp

{︁
c1 × (

Ri j
Rcov

i +Rcov
j
)2}︁+ exp

{︁
c2(1− cosθi j)

}︁
if Ri j < 1.1(Rcov

i +Rcov
j )

exp
{︁

2c1 × (
Ri j

Rcov
i +Rcov

j
)2}︁+ exp

{︁
c2(1− cosθi j)

}︁
if Ri j ≥ 1.1(Rcov

i +Rcov
j ) ,

(3)

where θi j is the angle between the bond connecting atom i and j and the polarization direction. c2

is a coefficient that controls the penalty on charge flows perpendicular to the polarization direction.

A test of penalty coefficients is given in the supporting information and based on the test results

we adopt c1 = 1 and c2 = 3 for all systems in this work.

When charge flows are calculated for a periodic slab system, a (3 × 3) super cell is constructed,

to which the Loprop method with the modified penalty function is applied. Further increasing the

super cell size does not significantly change charge flows. To avoid double counting, charge flows

between the central cell and half of the neighboring cells are accounted and a full charge flow

network is achieved by translations along slab lattices.

III. COMPUTATIONAL DETAILS

Calculations in this work were performed using a local version of BAND program package42,43

for the periodic systems and a local version of the Amsterdam density functional (ADF) program

package for the localized systems.44,45 The Becke-Perdew (BP86) XC-potential46,47 and triple-ζ

polarized slater type (TZP) basis set with large frozen cores from the ADF basis set library were

used. The scalar relativistic effects were accounted for by the zeroth-order regular approximation

(ZORA)48. Full geometry optimization were performed for Ag slabs and Ag clusters. To avoid

surface reconstruction, adatoms were relaxed with the underlying slabs fixed. For any system in

this work, the molecule-metal axis was aligned with the z axis and only the zz components of the
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polarizabilities were considered as this choice is consistent with the SERS surface selection rule.

To eliminate the geometric effect when comparing the slabs and clusters, the same molecular con-

figuration and normal mode displacements were chosen. For the CO-Ag systems, the CO was put

on the atop site and aligned in the z direction with C-Ag bond length of 2.2967 Åand C-O bond

length of 1.1474 Å. The Ag-C and C-O bond lengths were tested on different Ag surfaces. On

all the Ag surfaces, the C-O bond length variation where on the order of 10−4 Ångstrom. On the

Ag surfaces with no adatom, the Ag-C bond length had variation on the order of 10−3 Ångstrom.

These small changes of bond lengths led to insignificant effect on the Raman intensities. When the

adatom was introduced, the Ag-C bond length decreased about 0.2 angstrom, which decreased the

Raman intensity. However, applying the same bond length to the CO-Ag systems with adatoms

did not change any conclusions in this work. Geometry optimization and normal mode analysis

was conducted for pyridine on the Ag slab, and the same geometry and normal modes were applied

to the pyridine on the Ag cluster. The geometry of the pyridine optimized on the slab is quite sim-

ilar to the geometry of the pyridine optimized on the cluster. The root-mean-square deviation of

atomic positions for the pyridine optimized on the slab versus the pyridine optimized on the clus-

ter was about 0.05 Ångstrom. For the cluster system, adopting the geometry and normal modes

of the pyridine on the slab barely changed the vibrational frequencies or the spectral signatures,

while slightly decreased the Raman intensities. Applying the same surface configurations and nor-

mal modes for the CO-Ag systems or the pyridine-Ag systems serves the purpose of eliminating

the geometric effect on enhancements and emphasizing on how enhancements are influenced by

different surface models. The energy of incident light in this work was 0 eV, and applied to all

systems. The Ag excited states were not on resonance, and enhancements were studied at the

static limit, which are usually considered to be chemical enhancements. Polarizabilities were cal-

culated by the finite differentiation of dipoles versus electric fields with a step size of 0.001 atomic

unit. Polarizability derivatives were calculated by the finite differentiation of polarizabilities with

respect to normal mode displacements. All Raman bond figures in this work were plotted using

PyMOL49.

IV. RESULTS AND DISCUSSION

To demonstrate how the Raman bond model can be used to interpret chemical enhancements

of periodic systems, systems with CO on different Ag slabs are studied. We start with a (2 × 2)
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2-layer Ag(111) slab (Fig.1 (a)), which provides an enhancement factor (EF) of 4. The Raman

bond pattern of CO on the (2 × 2) 2-layer slab (Fig.1 (a)) shows that the chemical enhancement is

determined by the Raman bonds distributed near the molecule-metal interface. The pattern can be

explained as the molecular vibration mainly modulate the charge flows near the molecule-metal

interface and the extra charge flow modulations compared with the free molecule leads to the

chemical enhancement. Next, to study the effect of slab thickness on the chemical enhancement,

we add two layers of Ag atoms to the slab and construct a (2 × 2) 4-layer Ag(111) slab (Fig.1

(b)). The thicker slab provides an EF of 3, which means that increasing the slab thickness has

a trivial effect on the chemical enhancement. The effect of slab thickness is explained by the

change of the Raman bond pattern. The Raman bond pattern in Fig.1 (b) shows that adding two

layers of Ag atoms barely changes the Raman bond pattern and Raman bonds in the new added Ag

layers are destructive and have negligible magnitudes. The Raman bond analysis can be simplified

to analyzing the enhancement contributions from the molecule, the inter-fragment bond, and the

metal by grouping Raman atoms and bonds in the corresponding parts of the system. Adding two

layers of Ag atoms does not change the molecular contribution, and decreases the contributions

of the inter-fragment bond and the metal by 6% and 8% respectively. The change of the three

contributions shows that increasing the slab thickness barely affects the charge flow modulations

near the interface. Such minor change can be attributed to the slight change of the inter-fragment

charge flow as adding two layers of Ag atoms increases the inter-fragment charge flow only by

5%. The almost unchanged inter-fragment charge flow connectivity does not help the molecular

vibration to modulate more charge flows near the interface. The effect of slab thickness can be

further explained as the charge flows in the bottom layers of the slab cannot respond effectively or

coherently to the vibrational modulation due to the screening of the charge flows in the top layers.

Next, to study the effect of surface roughness, we add an adatom to the slab and construct a (2 ×

2) 2-layer Ag(111) slab with an adatom (Fig.1 (c).). The slab with an adatom provides an EF of

13, which means that creating surface roughness effectively increases the chemical enhancement.

The Raman bond pattern in Fig.1 (c) helps explain the chemical enhancement change by showing

that the adatom leads to new constructive Raman bonds between the adatom and the Ag atoms

underneath and destructive Raman bonds in the metal become weaker. Introducing an adatom

increases the contributions of the molecule, the inter-fragment bond, and the metal by 17%, 20%,

and 99% respectively. The effect of surface roughness can also be explained by the change of inter-

fragment charge flow. Introducing an adatom increases the inter-fragment charge flow by 48%.
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The increased inter-fragment charge flow due to the surface roughness leads to more effective and

coherent charge flow modulations across the interface, which increases the chemical enhancement.

The Raman bond model also bridges CM studies using localized clusters and periodic slabs.

CO on a surface and a vertex of a tetrahedral Ag20 cluster are studied, whose structures are shown

in Fig.1 (d) and (e) respectively. The surface binding site provides an EF of 38 and the ver-

tex binding site provides an EF of 1885. The chemical enhancement difference is explained by

the Raman bond patterns in Fig.1 (d) and (e), where the vertex binding site leads to more and

stronger constructive Raman bonds than the surface binding site. The explanation of the surface

roughness effect on chemical enhancements for the periodic systems is also valid for the localized

systems. Namely, the vertex binding site reflects increased surface roughness and leads to a larger

inter-fragment charge flow than the surface binding site. The better inter-fragment charge flow

connectivity better connects charge flows across the interface. Consequently, more effective and

coherent charge flows are created and a larger chemical enhancement is achieved. The simulation

results indicate that to increase the chemical enhancement, it is more effective to create surface

roughness than increasing slab thickness. This finding is consistent with the previous literature50,51

that adatoms provide active sites of SERS enhancements. According to EM, we know that surface

roughness creates hot spots of EM enhancements where local fields are significantly enhanced.13

In this work, we show that surface roughness also creates hot spots of chemical enhancements

where the inter-fragment charge flow connectivity is significantly improved. It should be noted

that improving the inter-fragment charge flow connectivity does not necessarily increase overall

SERS enhancements because EM enhancements can decrease when the inter-fragment charge flow

connectivity is improved38. Despite that chemical enhancements of the systems in Fig. 1 (a) - (e)

range over three orders of magnitude, a common Raman bond pattern is found for both localized

and periodic systems. The chemical enhancement of a SERS system is determined by the Ra-

man bonds distributed near the molecule-metal interface. A cone-shaped network of constructive

Raman bonds is formed in the metal. Improving the inter-fragment charge flow connectivity en-

hances Raman bonds and expands constructive Raman bonds in the metal, which leads to a larger

chemical enhancement.

Next, CO on a (4 × 4) 2-layer Ag slab with an adatom is studied (1 (f)) and this slab pro-

vides an EF of 261. If we consider that the larger unit cell models a lower surface coverage, the

simulation result indicates that a low surface coverage combined with surface roughness further

increases the chemical enhancement. The extra increase of the chemical enhancement can be ex-
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(a) (b) (c) (f)(d) (e)

EF = 38EF = 4 EF = 3 EF = 1885EF = 13 EF = 261

FIG. 1. Structure diagrams and Raman bond patterns of CO on a (2 × 2) 2-layer slab, a (2 × 2) 4-layer

slab, a (2 × 2) 2-layer slab with an adatom, a surface of Ag20, a vertex of Ag20, and a (4 × 4) 2-layer slab

with an adatom are shown in (a), (b), (c), (d), (e), (f) respectively. Raman atoms and bonds are visualized

as spheres and cylinders, whose volumes represent magnitudes of the contributions and colors represent

phases of the contributions. In this work, the constructive and destructive Raman bonds are colored blue

and red respectively.

plained by the Raman bond pattern shown in Fig.1 (f). Compared with CO on the (2 × 2) 2-layer

Ag slab, the lower surface coverage with surface roughness leads to enhanced Raman bonds across

the system and more constructive Raman bonds in the metal. The contributions of the molecule,

the inter-fragment bond, and the metal are increased by 2 times, 5 times, and 4 times respec-

tively. Such Raman bond pattern can also be explained by the improved inter-fragment charge

flow connectivity. Compared with CO on the (2 × 2) 2-layer Ag slab, this slab almost doubles the

inter-fragment charge flow. The improved inter-fragment charge flow connectivity leads to more

effective and coherent charge flow modulations and consequently a larger chemical enhancement.

Another interesting observation is that for the periodic system at a low surface coverage, a ripple

like pattern of Raman bonds centering the molecule-metal interface is observed, in which Raman

bond magnitudes decay from the interface and Raman bond phases fluctuate.

To study the effect of surface coverages on chemical enhancements in detail, we construct CO

on 2-layer Ag(111) slabs with different unit cell sizes. Polarizability derivatives of the CO-Ag

systems are plotted versus the unit cell sizes in Fig. 2 (a). The simulation results show that the

chemical enhancement per molecule increases and saturates when the surface coverage decreases.

The highest coverage where CO occupies each atop site of the Ag slab predicts an EF smaller than

1. To understand this, we compare the Raman bond patterns of the CO-Ag systems, which can be
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simplified by analyzing the contributions of the molecule, the inter-fragment bond, and the metal

of the CO-Ag systems. The contributions are plotted versus the unit cell sizes in Fig. 2 (b). Fig. 2

(b) shows that the contributions of the molecule and the inter-fragment bond are constructive and

the metal contribution is destructive. As the surface coverage decreases, the contributions from the

molecule and the inter-fragment bond increase while the contribution from the metal decreases.

Such pattern can be explained by the changes of the inter-fragment charge flows at different surface

coverages. When the surface coverage is decreased, the inter-fragment charge flow is increased

for each CO molecule, which leads to more effective charge flow modulations across the interface

and thus a larger enhancement per molecule. In contrary, when the surface coverage is increased,

the inter-fragment charge flow is decreased for each CO molecule, which limits charge flow mod-

ulations across the interface and leads to a smaller enhancement per molecule. At the highest

coverage case, the inter-fragment charge flow connectivity is the poorest as on average each CO

only perturbs charge flows in two Ag atoms. As a consequence, the charge flow modulations across

the interface are most limited and an EF smaller than 1 is achieved. Fig. 2 (b) shows that the flat

slabs have destructive metal contributions and decreasing the surface coverage decreases the metal

contribution. However, the metal contributions of the slabs with adatoms (Fig.1 (c) and (f)) are

constructive and decreasing the surface coverage increases the metal contribution. Although, the

overall intensity increases with lowering the surface coverage for both kinds of slabs, the increase

is larger for the slabs with adatoms due to their constructive metal contributions. Despite that it

is difficult to correlate enhancements with surface coverages experimentally, our finding indicates

that to achieve large chemical enhancements per molecule, it is advantageous to adopt low surface

coverages. It is worth noting that in the simulations, the CO molecules on the slab vibrate syn-

chronously because of the periodic boundary condition, and in reality the CO molecules on the

surface can vibrate asynchronously. As vibrations of CO molecules can be asynchronous, for the

high coverage cases, the interfacial charge flows may be better described via larger unit cells with

many CO molecules than the very small unit cells.

In the above discussions, we have shown that better charge flow connectivity leads to larger

chemical enhancements for both localized and periodic systems. To get a more quantitative cor-

relation between chemical enhancements and inter-fragment charge flows, we study polarizability

derivatives and inter-fragment charge flows of CO on different Ag slabs and clusters. The po-

larizability derivatives of CO on different Ag slabs and clusters are plotted versus their squared

inter-fragment charge flows in Fig. 3 (a). We observe a linear trend between the polarizability
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(a) (b)

FIG. 2. Polarizability derivatives of CO on Ag(111) slabs are plotted versus unit cell sizes in (a). Top views

of the structures of the CO-Ag systems are shown next to corresponding data points. Total polarizability

derivatives (ptotal) and contributions from the molecule (pmol), the inter-fragment bond (pinter), and the metal

(pmetal) of the CO-Ag systems are plotted versus unit cell sizes in (b). The horizontal dashed lines in (a) and

(b) show the polarizability derivative of a free CO.

derivatives and the squared inter-fragment charge flows of the CO-Ag systems. To explain the

quadratic relation, we refer to a two state model of chemical enhancements.20 The previous work

shows that approximately, the polarizability derivative of a SERS system is inversely proportional

to the squared charge transfer excitation energy. Since decreasing the charge transfer excitation

energy increases the inter-fragment charge flow, it follows that the inter-fragment charge flow is

inversely proportional to the charge transfer excitation energy. Thus, we would have that the po-

larizability derivative is proportional to the squared inter-fragment charge flow. Therefore, the

Raman bond model and the two state model predict a similar trend. Because the Raman intensity

is proportional to the squared polarizability derivative, the chemical enhancement would be pro-

portional to the inter-fragment charge flow to the fourth power. Larger chemical enhancements

can be achieved by improving the inter-fragment charge flow connectivity.

To explain the quadratic relation between the polarizability derivatives and the inter-fragment

charge flows of the CO-Ag systems, we plot the contributions of the molecule, the inter-fragment

bond, and the metal versus the squared inter-fragment charge flows in Fig. 3 (b), (c), (d) respec-

tively. The figures show that the metal contribution is dominant and determines the quadratic re-

lation between the polarizability derivatives and the inter-fragment charge flows, especially when

the inter-fragment charge flow connectivity is good. The metal contribution is dominant because

the metal provides a large reservoir of charge flows and the good connectivity allows effective and

coherent modulations on these charge flows by the molecular vibration. The contributions of the
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molecule and the inter-fragment bond show a better linear trend versus the inter-fragment charge

flow, which is shown in the supporting information. When the inter-fragment charge flow connec-

tivity is poor, the contributions of the molecule and the inter-fragment bond become significant.

The metal contribution is limited because the poor connectivity does not allow the molecular vi-

bration to effectively modulate the charge flows in the metal. Improving the inter-fragment charge

flow connectivity at this case also mainly increases the contributions of the molecule and the inter-

fragment bond. The increase of the metal contribution is inhibited because of the interference

between the destructive and constructive Raman bonds in the metal. The scaling of the metal

contribution implies that adopting small metal clusters in CM studies may lead to underestimated

chemical enhancements as limited charge flows are provided by the metal. However, the GGA

functionals in DFT simulations can overestimate inter-fragment charge flows and thus chemical

enhancements. The deficiency of GGA functionals may compensate the limit of small clusters for

estimating chemical enhancements.

The enhancements studied at the static limit are usually considered to be chemical enhance-

ments which is consistent with the definition using in the two-state model. In previous work, we

used a frequency-dependent Raman bond38, to establish definition of chemical and electromag-

netic enhancements based on the spatial distributions of Raman bonds. Namely, the Raman bonds

in the molecule, the inter-fragment bond, and the metal correspond to enhancement contributions

of the molecular resonance, the charge transfer resonance, and the surface plasmon resonance.

However, only in the limit of no charge-transfer between the two systems can the EM enhance-

ments calculated by the Raman bonds be directly compared with the EM definition arising from

classic electrodynamics. In the static limit the Raman bonds in the metal originate from the charge-

flow between the two systems which is also reflected in the decay of the Raman bonds in the metal

away from the molecule. In contrast, on resonance with the metal excitation the Raman bonds

are distributed throughout the metal cluster consistent an EM enhancement. Thus in this work,

the Raman bonds, even the Raman bonds in the metal, are considered to contribute to chemical

enhancements as the metal resonances are not excited.

To demonstrate that the correlation between chemical enhancements and inter-fragment charge

flows is not only unique to the CO-Ag systems, we study pyridine molecules on a (3 × 3) 2-layer

Ag(111) slab and a surface of the Ag20 cluster. The structures of the systems are shown in Fig.

4 (a) and (b) respectively. The polarizability derivatives of the systems are plotted versus the vi-

brational frequencies in Fig. 4 (c). Fig. 4 (c) shows that the localized system has larger chemical
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(a) (b) (c) (d)

FIG. 3. Polarizability derivatives (ptotal) are plotted versus squared inter-fragment charge flows (|qinter|2) for

CO on different Ag clusters and slabs in (a). Molecule (pmol), inter-fragment bond (pinter), and metal (pmetal)

contributions are plotted versus squared inter-fragment charge flows (|qinter|2) for the CO-Ag systems in (b),

(c), (d) respectively.

enhancements than the periodic system. Meanwhile the localized and periodic systems have sim-

ilar spectral line shapes. Considering that the localized system has a larger inter-fragment charge

flow, the larger chemical enhancements of the localized system can be attributed to more effective

and coherent charge flow modulations across the interface. We then normalize the polarizabil-

ity derivatives by the squared inter-fragment charge flows and plot the normalized polarizability

derivatives versus the vibrational frequencies in Fig.4 (d) and (e). We observe that the spectra of

the periodic and localized systems are better matched when the polarizability derivatives are nor-

malized by the squared inter-fragment charge flows. The major Raman active vibrations with ring

stretching around 605, 986, 1020, 1060, and 1578 cm−1 are well matched between the periodic

and localized systems. For vibrations around 1202 and 1463 cm−1, which mainly involve C-H

bending, the periodic system has larger normalized polarizability derivatives than the localized

system. Thus the quadratic relation between the polarizability derivatives and the inter-fragment

charge flows shown in the CO-Ag systems is also observed in the pyridine-Ag systems. Although

chemical enhancements predicted by the periodic and localized systems are different, SERS spec-

tra of localized and periodic systems normalized by the inter-fragment charge flows can be unified.

V. CONCLUSION

In this work, we extend a Raman bond model to periodic systems. Therefore chemical en-

hancements of both localized and periodic systems can be consistently interpreted as interatomic

charge flow modulations termed Raman bonds. We show a common Raman bond pattern for
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(a) (b) (c) (d)

FIG. 4. Structures of pyridine molecules on a (3 × 3) Ag(111) slab with 2 layers of Ag atoms and a surface

of the Ag20 cluster are shown in (a) and (b). The polarizability derivatives are plotted versus the vibrational

frequencies for the periodic and localized systems in (c). The polarizability derivatives normalized by the

squared inter-fragment charge flows are plotted in (d).

both localized and periodic systems that the chemical enhancement is determined by the Raman

bonds distributed near the molecule-metal interface. The effects of surface coverages, thickness,

and roughness on chemical enhancements are interpreted by Raman bond patterns and explained

by changes of inter-fragment charge flow connectivity. Decreasing the surface coverage or cre-

ating surface roughness improves the inter-fragment charge flow connectivity and leads to larger

chemical enhancements. We also show a linear correlation between chemical enhancements and

inter-fragment charge flows to the fourth power. Such correlation is connected to the transition

based analysis of chemical enhancements. We also show that SERS spectra of localized and pe-

riodic systems can be unified by normalizing the polarizability derivatives with the squared inter-

fragment charge flows. The Raman bond model provides an intuitive and unified interpretation of

chemical enhancements for both localized and periodic systems. Such framework is promising to

help interpret chemical enhancements of semiconductor substrates, where the effects of binding

sites, doping, and defects can potentially be explained by changes of inter-fragment charge flow

connectivity.

VI. SUPPLEMENTARY MATERIAL

See the supplementary material for a test of penalty coefficients, a plot of the contributions of

the molecule, the inter-fragment bond, and the metal versus the inter-fragment charge flow for the
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CO-Ag systems, and a top view of the Raman bond pattern of the slab system in Fig.1(f).
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