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SERS: The EM mechanism
Consider the molecule - nanoparticle systems as 
two interacting polarizable objects
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SERS depends on the local field to the fourth power, 
and stronger parallel to the separation axis 

Raman intensities given by change in polarizability as the molecule vibrates
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SERS: The chemical mechanism
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Assume a two-state model for the molecule

=
HOMO

LUMO
!e

The polarizability derivative is the given by

On resonance (charge-transfer or molecule resonance) SERS scales as

Off resonance SERS scales as
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Δ - Excited state 
displacements
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Quantum Effects and other details
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Continuum Description Atomistic Description

Increased Complexity

- molecular structure (electronic and geometric)
- atomic structure of the nanoparticle
- quantum effects
... 

The importance of 
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Chemical Coupling in SERS

Morton, Jensen, J. Am. Chem. Soc., 2009, 131, 4090–4098

Two state approximation gives : EFmodel
int �

�
�X

�e

⇥4

ωX : HOMO-LUMO gap of molecule, ωe : Lowest metal-molecule transition

TDDFT simulations show that the simple two-state 
approximation provides a qualitative description of the 

CHEM enhancement

Seth M. Morton et al. Chemical coupling in SERS

the gap and give higher enhancements.
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Figure 7: The integrated enhancement, EFint for each molecule versus the model integrated en-

hancement, EFmodelint , calculated using the average two-state model in Eq. 8 with A = 0.123 and
b= 82.93 eV!2. The blue dots (•) represent the substituted pyridines, the gray pyramids (!) rep-
resent the different Agn, the red triangles (") represent the small molecules, and the green squares

(#) represent the substituted benzenethiols. The line shown is y= x.

To investigate the generality of the proposed model, we also calculated the integrated enhance-

ment for a) pyridine interacting with silver clusters of different sizes (Agn, where n= 6,8,34,40,58,68,

and tetrahedal Ag20 with pyridine in the S and V conformations from ref. 59) where the main ef-

fect is due to changes in the Ag-HOMO energy level; b) small molecules (CO, N2, NH3 and PH3)

interacting with the Ag20 cluster, which have a significantly different free molecule Raman cross

section than the substituted pyridine; and c) three para-substituted benzenethiols interacting with

a Ag+
19 cluster representing strongly chemisorbed systems. The Ag

+
19 cluster was used to ensure

a neutral complex since the benzenethiols absorb as thiolates. For these molecules we present in

Table 2 the averaged HOMO–LUMO gap for the complex (!X!Ag), the HOMO–LUMO gap of

the free molecule (!X ), and integrated Raman enhancement (EFint). These different systems will

probe different aspects of the interactions and thus a more stringent test of of the model. As clearly

19
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the gap and give higher enhancements.
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the gap and give higher enhancements.
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Chemical Coupling in SERS

Different DFT functionals show qualitatively similar scaling 
but predict EF that varies by orders of magnitude

B3LYP

Two state approximation gives : EFmodel
int �

�
�X

�e

⇥4

LC-PBE BP86

Moore, Morton, Jensen, Submitted, 2012

= Experimental Estimates
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Chemical Coupling in SERS

Essential to correctly 
describe CT excitations 

to predict chemical 
enhancement factors. 

Improved CT excitations

Functionals which 
correctly describes 

molecule-metal energy-
level alignments are 

needed
Moore, Morton, Jensen, Submitted, 2012
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New tools for Molecular Plasmonics

 

i
!

!t
"i(r, t) = hKS[#(r, t)]"i(r, t) (1)!(r, t) =

occ!

i=1

ni|"i(r, t)|2

hKS[!(r, t)] = !1

2
"2 !

!

m

Zm

|r ! Rm|
+

"
!(r, t)

|r ! r!|
dr! +

"EXC

"!(r, t)
+ V̂ DIM(r, t) (3)

Developing new tools for describing 
optical properties of molecules near 

metal nanoparticles by combining 
Quantum Chemistry and Atomistic 

Electrodynamics Models

Applications
- Surface-enhanced Molecular Absorption
- Surface-enhanced Spectroscopy
- Metal-molecule Energy Transfer 
- .....
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Atomistic model for Large Nanoparticles

Discrete Interaction Model
E-field 
Eext (ω)

System with N 
atoms

capacitance

polarizability

For each atom:

Jensen, Jensen J. Phys. Chem. C, 2008, 112 ,15697, 
J. Phys. Chem. C, 113, 15182, 2009

Self-consistent solution can be found by solving a set of linear equations

Monday, July 9, 12
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The DIM/QM model

metal nanoparticle is described by intrinsic atomic properties which enable us to retain the

detailed atomistic structure of the nanoparticle. Since the metal nanoparticle as a whole is

characterized by its static polarizability it behaves similarly to a perfect conductor, which

is expected to be a reasonable approximation for frequencies away from the plasmon re-

sponse of the nanoparticle.37,39 Here we will use the combined DIM/QM method to study

excitation energies of rhodamine-6G (R6G) and crystal violet (CV) interacting with quasi

spherical silver and gold nanoparticles, respectively. These two systems have been chosen

since they represent typical SM-SERS experiments.13,14

II. THEORY

We seek to solve the time-dependent Kohn-Sham (TD-KS) equations50–54 of a molecule

in proximity to a metal nanostructure. For such a hybrid system we can write the e!ective

TD-KS equations as

i
!

!t
"i(r, t) = hKS[#(r, t)]"i(r, t) (1)

where the time-dependent density is given by

#(r, t) =
occ!

i=1

ni|"i(r, t)|2 (2)

and ni is the occupation number of the ith time-dependent orbital "i. The e!ective time-

dependent Kohn-Sham operator, hKS[#(r, t)], is given by

hKS[#(r, t)] = !1

2
"2 !

!

m

Zm

|r ! Rm|
+

"
#(r, t)

|r ! r!|
dr! +

$EXC

$#(r, t)
+ V̂ DIM(r, t) (3)

with the individual terms being the kinetic energy, the nuclear potential, the Coulomb po-

tential, the XC-potential, and the embedding operator V̂ DIM(r, %) describing the molecule–

metal interactions. The embedding operator is given by

V̂ DIM(r, %) =
!

j

V̂ el(rj, %) +
!

j

V̂ pol(rj, %). (4)

where the electrostatic operator (V̂ el(rj , %)) is given as

V̂ el(rj, %) =
!

m

qind
m (%)

rmj
=

!

m

qind
m (%)T (0)

mj (5)
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Morton, Jensen, J. Chem. Phys., 135, 134103, 2011, J. Chem. Phys., 133, 074103, 2010

Time-dependent density functional theory 

Effective Kohn-Sham operator

Embedding Operator

Image Field

External perturbation

Local Field
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DIM/QM - Polarizability

Morton, Jensen, J. Chem. Phys., 135, 134103, 2011, J. Chem. Phys., 133, 074103, 2010

The total interacting polarizability can 
formally be written as

↵tot = ↵mol + ↵NP + ↵mol�NP + ↵NP�mol

In DIM/QM all interactions between the 
molecule and the nanoparticle are included 
in the polarizability

↵DIM/QM = ↵mol + ↵mol�NP + ↵NP�mol

All local field effects are contained in the 
polarizability!

Monday, July 9, 12
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DIM/QM - Damped response theory

First-order change in the density given by

where the first-order density matrix is given by

the polarizability can 
then be obtained as

where the matrix elements of the dipole 
operator is given by
Morton, Jensen, J. Chem. Phys., 135, 134103, 2011, J. Chem. Phys., 133, 074103, 2010

Monday, July 9, 12
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Local Field: Enhanced Molecular Absorption

Is molecular absorption affected by the metal nanoparticle 
and do the orientation of the molecule matter?

Flat - orientation Side - orientation
Morton, Jensen, J. Chem. Phys., 135, 134103, 2011, J. Chem. Phys., 133, 074103, 2010
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Local Field: Enhanced Molecular Absorption

Flat - orientation Side - orientation

Molecular Absorption as a function of distance for 
from the metal nanoparticle

destructive constructive
Morton, Jensen, J. Chem. Phys., 135, 134103, 2011, J. Chem. Phys., 133, 074103, 2010
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Analytical Model for the Interactions

Consider the molecule - nanoparticle systems as two interacting polarizable objects 
at intermediate distance

R R

µfi

µfi
↵I
?↵I

k

↵I

↵R

- always positive

- here positive due weak molecular resonance and broad plasmon

coupling between the real and imaginary part of the polarizability. 

↵I
? = ↵I

M (1� 2↵R
NP

r3
) + ↵I

NP (1�
2↵R

M

r3
)

↵I
k = ↵I

M (1 +
4↵R

NP

r3
) + ↵I

NP (1 +
4↵R

M

r3
)
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Analytical Model for the Interactions

Analytical model

DIM/QM calculation

Morton, Jensen, J. Chem. Phys., 135, 134103, 2011, J. Chem. Phys., 133, 074103, 2010
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Plasmon Effects in SERS

SERS of Pyridine on silver nanoparticles

vertex - binding site face - binding site
Payton, Morton, Moore, Jensen, J. Chem. Phys., 136, 214103, 2012
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Plasmon Effects in SERS

SERS of Pyridine on silver nanoparticles
vertex - binding site face - binding site

Strong dependence on the absorption site
Payton, Morton, Moore, Jensen, J. Chem. Phys., 136, 214103, 2012
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Larger nanoparticles

SERS of pyridine - Ag49049

Need to do a multiple nanoparticles of size 
10-100nm!

Monday, July 9, 12
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Larger nanoparticles

Fast Solver using Cartesian Cell Multipole Method
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l (nm)
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We showed that the Raman intensities is roughly 
given by

Plasmon Effects in SERS

vertex - binding site face - binding site

is |E|4 a good approximation?
Payton, Morton, Moore, Jensen, J. Chem. Phys., 2012, In press

IRk / IMolecule
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FIG. 5. The local field enhancements for the nanoparticle at the (a) vertex, (b) face, and (c) edge adsorption site. The field enhancements are plotted on a log
scale for an incident light of ! = 3.0 eV. The Ag atom bonded to the nitrogen is at the origin while pyridine is on the xy-plane.

field around the pyridine molecule arising from the induced527

dipoles and charges obtained in the DIM/QM simulations.528

In Figure 5, we depict the local field enhancement factors,529

|Etotal|4/|Eincident|4, with ! = 3.0 eV for the three adsorption530

sites of a Ag6525 nanoparticle. For the vertex site, we clearly531

see a strong local field enhancement which increases in mag-532

nitude as the size of the nanoparticle increases. This is con-533

sistent with the idea that sharp points, like the vertex site,534

create “hot spots” where the local electric field is large. In535

contrast for the face adsorption site, it is observed that the536

local field enhancement tends to decease as the nanoparticle’s537

size increases; where the local electric fields about the face are538

largest only for the smallest particle studied in this work. One539

rationale is that for smaller nanoparticles the face site is close540

to three vertices all with high local electric fields whereas for541

the bigger particles the vertices are far from the face site. The542

local field enhancement about the edge site remains at a rela-543

tively constant magnitude over the nanoparticle sizes ranging544

from 309 to 3871 atoms, after which the fields begin to in-545

crease in a fashion similar to the vertex site. A possible reason546

for this observed behavior is the edge site can adopt both face-547

like and vertex-like attributes for the small and large particles,548

respectively.549

The enhancement factors based on the local fields are be-550

tween a factor of 10 and 100, in good agreement with the551

observed enhancements of the Raman spectra presented in552

Figure 3. However, we do see that the enhancement factors553

vary significantly over the distance of the molecule, illus-554

trating the approximate nature of using |Etotal|4/|Eincident|4555

as a measure of the observed enhancements. The largest 556

field enhancements are found around ! = 3.0 eV, which do 557

not correlate with the maximum of the plasmon excitation. 558

This is typical of broad plasmon peaks and have, for exam- 559

ple, been found experimentally and theoretically for SERS 560

of Pt nanoparticles to be a result of Fano interference be- 561

tween the free plasmon excitation and continuum interband 562

transitions.93
563

One would expect that the enhancement of the Raman 564

scattering increases as the size of the nanoparticle increases 565

due to the stronger local fields. However, as discussed above, 566

this is not necessarily true since the enhancement depends 567

strongly on both the adsorption site and the frequency of the 568

incident light. In Figure 6, we plot the Raman spectra of pyri- 569

dine as a function of the nanoparticle’s size for the three dif- 570

ferent adsorption sites. In the simulations, we take the inci- 571

dent light to be ! = 3.0 eV, which is where the largest field 572

enhancements are found. From the figure, we find a signifi- 573

cantly different size-dependence of the Raman scattering for 574

the three adsorption sites. For the vertex site, we observe a 575

steady increase in the Raman cross sections as the size of the 576

cluster increases. In contrast, the face site shows the largest 577

enhancements for the smallest particles, and the enhance- 578

ments for the edges site are fairly constant for the larger sizes. 579

The trends in Raman enhancement for the different adsorp- 580

tion sites as a function of size mirrors the behavior observed 581

for the local field enhancements as discussed above, which 582

supports the fact that the enhancements here are due to the 583

local fields. All results also indicate a strong dependence on 584

FIG. 6. The Raman differential cross section of pyridine at three adsorption sites, (a) vertex, (b) face, and (c) edge, plotted as function of the icosahedral
nanoparticle’s size. Note that the cross section is plotted on a log scale and all spectra were computed with an incident frequency of ! = 3.0 eV.
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scale for an incident light of ! = 3.0 eV. The Ag atom bonded to the nitrogen is at the origin while pyridine is on the xy-plane.
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Figure 3. However, we do see that the enhancement factors553

vary significantly over the distance of the molecule, illus-554

trating the approximate nature of using |Etotal|4/|Eincident|4555

as a measure of the observed enhancements. The largest 556

field enhancements are found around ! = 3.0 eV, which do 557

not correlate with the maximum of the plasmon excitation. 558

This is typical of broad plasmon peaks and have, for exam- 559

ple, been found experimentally and theoretically for SERS 560

of Pt nanoparticles to be a result of Fano interference be- 561

tween the free plasmon excitation and continuum interband 562

transitions.93
563

One would expect that the enhancement of the Raman 564

scattering increases as the size of the nanoparticle increases 565

due to the stronger local fields. However, as discussed above, 566

this is not necessarily true since the enhancement depends 567

strongly on both the adsorption site and the frequency of the 568

incident light. In Figure 6, we plot the Raman spectra of pyri- 569

dine as a function of the nanoparticle’s size for the three dif- 570

ferent adsorption sites. In the simulations, we take the inci- 571

dent light to be ! = 3.0 eV, which is where the largest field 572

enhancements are found. From the figure, we find a signifi- 573

cantly different size-dependence of the Raman scattering for 574

the three adsorption sites. For the vertex site, we observe a 575

steady increase in the Raman cross sections as the size of the 576

cluster increases. In contrast, the face site shows the largest 577

enhancements for the smallest particles, and the enhance- 578

ments for the edges site are fairly constant for the larger sizes. 579

The trends in Raman enhancement for the different adsorp- 580

tion sites as a function of size mirrors the behavior observed 581

for the local field enhancements as discussed above, which 582

supports the fact that the enhancements here are due to the 583

local fields. All results also indicate a strong dependence on 584

FIG. 6. The Raman differential cross section of pyridine at three adsorption sites, (a) vertex, (b) face, and (c) edge, plotted as function of the icosahedral
nanoparticle’s size. Note that the cross section is plotted on a log scale and all spectra were computed with an incident frequency of ! = 3.0 eV.
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Plasmon Effects in SERS
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DIM/QM simulations of Pyr-Ag20
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Distance Effect in SERS

Pyridine on the vertex of a 8 nm icosahedron @ 3.6 eV

Equilibrium bond length @ 2.34 Å

Ag10179 Au10179
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Distance Effect in SERS

Enhancement reduced at the surface due to overlapping 
charge-distributions of the molecule and the metal

Pyridine on the vertex of a 8 nm icosahedron @ 3.6 eV
Ag10179 Au10179
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Plasmon Enhanced circular dichroism
- Free molecule
- Molecule on Ag2057

- Molecule on Ag10179

[Fe(bipy)3]2+ - Ag10179
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Plasmon enhanced Circular Dichroism

Enhanced CD near plasmon at 3.5 eV even when no molecular 
transition is present 
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Conclusions

• Small metal clusters as model systems for understanding SERS. 
CHEM is dominated by lowest metal to molecule or molecule to 
metal electronic transition(s).

• Essential to describe the detailed atomistic structure of the 
nanoparticle and the specific orientation of the molecule relative 
to the nanoparticle

• SERS enhancements depends strongly on the adsorption site and 
molecular electronic and geometric structure

• Plasmon can induced circular dichroism even without a molecular 
resonance 

• Hybrid methods that combine electronic structure theory with 
electrodynamics simulations are promising avenues for obtained 
detailed insights into plasmon-molecule coupling
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Questions?

Credit: Dr. Seth Morton, Penn State 2012
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