Simulating
Surface-Enhanced Raman Scattering

with ADF
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Surface-Enhanced Speciroscopy

Nanoparticles = Nano Amplifier
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SERS: The EM mechanism

Consider the molecule - nanoparticle systems as two
interacting polarizable objects

ay + anp + dayanp /R
1 —4apyanp/RS

ay + anp — 2aypanp/ R’
1— aMaNP/ RS

Q| =

a, =

Raman intensities given by change in polarizability as the molecule vibrates
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SERS depends on the local field to the fourth power.
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DIM/QM for Molecular Plasmonics

Developing new tools for describing
optical properties of molecules near
metal nanoparticles by combining
Quantum Chemistry and Atomistic
Electrodynamics Models

occC

t) = hislp(r, )i, 1) p(r,t) =3 _milgi(r, )P

1 L p(r, 1) o EXC .
h A = — V2 — ) / DIM
ks|p(r, t)] ZV gm . +/ i Mdr +- Sp(r 1) + VOPM(p )

Applications

- Surface-enhanced Molecular Absorption
- Surface-enhanced Spectroscopy
- Metal-molecule Energy Transfer
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Atomistic model for Large Nanopartices

Discrete Interaction Model

E-field System with N
Eext (w)
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Self-consistent solution can be found by solving a set of linear equations
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polarizability
X3 af

\ qcluster /

Jensen, Jensen J. Phys. Chem. C, 2008, 112,15697,
J. Phys. Chem. C, 113, 15182, 2009
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DIM/QM Energy

DIM/QM Energy functional

UTOT[,O] _ UQM[p] 4+ UDIM/QM[p] _ UQM[p] 4 UPOL[ UVDW

p| +

Polarization Energy
N
1
POL _ ind SCF indy,SCF
U [p]__§;:umaEmoz+ Zq V

Variational minimization of total energy leads to effective
Kohn-Sham equations

2 5EXC “rDIM
h —_— d 2 V y
ks|P(Ts) V Z 7 —RJ| /|r]—rz " o) (i)

Payton, Morton, Moore, Jensen, JCP, 136,214103,2012,ACR,47, 88-99,2014
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Coordination dependent VDW Energy

Standard AMBER LJ 6-12 potential

12 6
2 : Te,Jm Te,Jm
Jm

7 7m] 7 7m]

With coordination dependent parameters

MIN(C N, C Nuae)

Tem = Te0 + (Te,l — Te,O)

CNmax w e
MIN(CN,,, C Nuna) //\\
€m=€0+(€1—60) ON

Payton, Morton, Moore, Jensen, JCP, 136,214103,2012,ACR,47, 88-99,2014
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The DIM/QM model

Time-dependent density functional theory

occC

eotn(rt) = hislo(r, Oln(r, ) plr )= Do mlo(r o)

Effective Kohn-Sham operator

hks[p(r, Z p(r ) dr' + Lo + VPt (p )+ VPM(p ¢
[ — le op(r, )
Embedding Operator
VDIM zvel T w )+ZVp°l(rj,w), Image Field
j
External perturbation
et (p ) va (r,w) + 3V (s, w), Local Field
Morton, Jensen, J. Chem. Phys., 135, 134103, 2011, J. Chem. Phys., 133, 074103, 2010 PENNSTATE
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DIM/QM - Polarizability

The total interacting polarizability can formally

be written as
E.\‘('F
/[.i nd Molecule tot mol NP mol— N P N P—mol

‘f'l)l.\l

In DIM/QM all interactions between the
N ” Fext molecule and the nanoparticle are included in
Nanoparticle the polarizability

aDIM/QM _ amol _|_Oém0l—NP +aNP—m0l

ILI,.OXt' O Molecule
\/@'lm- All local field effects are contained in the

. polarizability!
LLocal Field

Morton, Jensen, J. Chem. Phys., 135, 134103, 201 1, J. Chem. Phys., 133, 074103, 2010
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DIM/QM - Damped response theory

First-order change in the density given by
= D Pu(@)di(r)gi(r) + Poi(w)da(r) i (7).

where the first-order density matrix is given by

4 A S — er
Pst(w): et . p L +ZKstuv

W — wg + 2I

the polarizability can then Veet(r,w) = ) Vo (rj,w +EV1°C (rjyw

J

be obtained as |
aop(w) = —Tr[H®(w) P’ (w)]

where the matrix elements of the dipole
operator is given by H? = (s|fia(w) + V¢ (w)|t)

Morton, Jensen, |. Chem. Phys., 135, 134103, 201 1, . Chem. Phys., 133, 074103, 2010 PENNSTATE
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DIM/QM - Input setup

As an example we will consider N2 - Agé8

$ADFHOME/examples/adf/DIMQM _Raman

To run a DIM/QM Raman calculation three
block keys needs to be set:

. DIMQM
2. DIMPAR
3. AOREPONSE
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Larger nanoparticles?

| 00k atoms ~ 20 nm diameter

o

I

"KIKKIKKKKIIIIIIKIKKKrxrxxrr

YYY I L)

’x"l’llIIKKKIIIKKKIKKKKKIKIK

ﬂ{'Irrrxxxxxxxrxrrrxxxxxrxxxr

-
=
vy
-
-
v
vy
-
-
-
-
v
-
v

Lasse Jensen - ADF webinar - February -2014

Polarizability (a.u.)

200

180

160

[E—
N
-}

p—
(\®
)

U
)
()

o0
-

o)
-

N
<

—— Without Local Fields
——  With Local Fields

L i

60000
# Atoms

20000 40000

80000

Need to do a multiple

100000

nanoparticles of size 10-100nm!

PENNSTATE

i)



DIM/QM for large nanoparticles

Fast Solver using Cartesian Cell Multipole Method
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Larger nanopartices

Fast Solver using Cartesian Cell Multipole Method
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R =20 nm ~ one million atoms!

Payton, Morton, Moore, Jensen, ACR, 47, 88-99, 2014 PENN STAT
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Distance Effect in SERS

Pyridine on the vertex of a 8 nm icosahedron @ 3.6 eV
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Enhancement reduced at the surface due to overlapping
charge-distributions of the molecule and the metal

Payton, Morton, Moore, Jensen, ACR, 47, 88-99, 2014 PENN STAT
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Inhomogeneous Electric Fields in SERS

IR modes

observed!

Normalized do /df2

Benzene on rough S|Iver surface Q
{Ri
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wavenumber (ecm™"')

Moskovits et al. J. Chem. Phys., 1980, 73, 6068

Plasmon-Induced Electronic Excitation

Au 3 ) ’
Au

SWNT L 0 :
Murakoshi et al. Nature Photonics, 2013
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Dipole forbidden; quadrupole allowed
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Apkarian et al., ACS Nano, 2012 %0 100 Doo 10 10 150
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Inhomogeneous fields in SERS: Theory

The induced dipole moment in an inhomogeneous field
is given by

1
o = Qaglp + §Aa5’yEﬁv + GapBpg + -+

Raman scattering in an inhomogeneous field

g = 0oy + FIOC *(wg)] e [555 + FIOC B( L)} Electric dipole

+ 3 [0a + Fo%(ws)] Aysc Fi2*’(wn)  Quadrupole
7; OC,
- [5@ 4+ F}YOC»O‘(MS)} G 5656<F1 B(wL) Magnetic dipole

Dressed polarizability formalism - QM + ED

Chulahi, Jensen, ] Phys. Chem. C. 117, 19622-19631, 2013
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Inhomogeneous fields in SERS: Benzene

EXP. Moskovits, M., DiLella, D.P., J. Chem. Phys., 1980, 73, 6068-6075.
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Experimental observed bands reproduced assuming
“atomic roughness” and |0 degree angle

Chulahi, Jensen, ] Phys. Chem. C. 117, 19622-19631 , 2013 PENN STAT
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Inhomogeneous fields in SERS: DIM /QM
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Conclusions

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

* SERS enhancements depend strongly on the adsorption site and
molecular electronic and geometric structure

 |E|%approximation to SERS works well a little away from the surface
but needs to be corrected at the surface of the nanoparticle

* Field gradient effects are important and can provide specific information
about molecular orientations using SERS

* Hybrid methods like DIM/QM that combine electronic structure theory

with electrodynamics simulations are promising avenues for obtaining
detailed insights into plasmon-molecule coupling
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