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Chapter 1

Introduction

The aim of this thesis is the development of a fully atomistic classical model able to describe
the plasmonic properties of metal nanomaterials and graphene, and how such plasmonic

substrates can interact with a target molecule adsorbed on their surfaces, by enhancing the

1112

properties of the molecule itself. The interest in plasmonics,;~*< a sub-discipline of photonics,

derives from the opportunity to manipulate light via the surface plasmon polaritons (SPPs),
the quanta of energy involved in the collective oscillations of valence electrons inside
conducting materials*"® Indeed, the increase in the control over the spectral and spatial
properties of SPPs is responsible for huge advances in several fields of application, for

78 OH11

example, photovoltaics,”*® nanoscale photometry and antennas,

13}|14

improvement in imaging

15}|16)

resolution /% quantum information devices, cancer therapy and, more in general,

in biology and biomedicine Z® Another field of application in which plasmons have a
pivotal role, and that will be dealt with in detail in this thesis, is biosensing 2%2!

In particular, surface-enhanced spectroscopies, like the Surface Enhanced Raman Scattering
(SERS) technique,?#23 are able to realize an ultrasensitive detection up to single-molecule
level. These approaches rely on spatial confinement and, in turn, on the enhancement of
light arising in the proximity of very confined regions of the metallic substrate, called hot
spots Z*3Y When a target molecule interacts with the enhanced electric field, its properties
are enhanced in turn, allowing its detection. The confinement of light that can be achieved
in SERS experiments is extreme: light is typically caught in volumes of tens of nanometers

(i.e. nanocavities), well beyond the diffraction limit.2+51

During the last decades, many efforts have been devoted to the development of particular
geometrical arrangements of noble metal nanostructures to trap the light in a more efficient
way, by allowing a more accurate detection of the analyte. As a result, to date light
can be localized in volumes with a size below 1 nanometer (i.e. picocavities), allowing

2152331 To achieve

for the investigation of a single target molecule at the atomic scale!
picocavities, several engineered designs of the experimental setup can be exploited. For
instance, in Tip Enhanced Raman Spectroscopy (TERS),2%28:3%33 the picocavity is obtained
by approaching the apex of a metallic tip to a metallic substrate, whereas in the nanoparticle-
on-mirror (NPoM) arrangement,* the picocavity originates between a metal nanoparticle

(NP) and a planar substrate (the mirror), that are separated by a molecular spacer, such as a



1. Introduction

self-assembled monolayer (SAM) of biphenyl-4-thiol 2232136

Over the last decades, research has been focused mainly on noble metal plasmonics, that is
today the cornerstone for the development of new plasmonic structures and gives, at the same
time, the theoretical background to understand new optical phenomena involving nanos-
tructured materials>3” More recently, the interest of researchers has focused on graphene,
a two-dimensional carbon-based material in which atoms are organized in a honeycomb
lattice P840 Graphene presents unique electronic, mechanical, and thermal properties, and
has emerged as an alternative plasmonic material for its outstanding optical properties, 1744
which are exploited in several technological applications, ranging from optoelectronic de-

45146

vices*? to photodetection applications and metamaterials design*/ Graphene-based

substrates have been used to realize surface-enhanced spectroscopies (Graphene enhanced

Raman Spectroscopy, GERS), 45721

allowing for the detection of the spectroscopic signals
of several molecules. However, the electric field enhancement obtained in GERS is smaller
as compared to the case of noble metal plasmonic substrates>*

The experimental achievements obtained for noble metals and graphene plasmonics have
benefited from the development of theoretical methods, ranging from classical (atomistic
or continuum) to purely ab initio methods, capable of describing the optical properties of

plasmonic substrates 2327

Real-size systems are usually described by means of the Mie
theory2%>? the Discrete Dipole Approximation (DDA), the electromagnetic Finite Differ-
ence Time Domain (FDTD)?Y%2 or the Boundary Element Method (BEM). %37l However
such methods are based on classical electrodynamics principles and may fail when quantum
effects play a substantial role, such as in the case of nanojunctions?*’2 Also, the descrip-
tion of nanostructured surfaces by means of implicit methods becomes very challenging
when the surfaces are characterized by atomically defined details and edges >’ Both
effects are correctly described by first-principle methods, for instance, the Tight Binding
(TB), 2273176 Density Functional Theory?” and its time-dependent counterpart (TD-DFT)
approaches 222437886 However, due to their high computational cost, such methods are

limited to systems of a few thousand of atoms>>

In this context, classical, yet atomistic models have recently gained popularity as they
can predict results close to ab initio methods while being computationally efficient and
thus able to model real-sized systems®?3 Specifically, in recent years, a classical, fully
atomistic model, called @FQ®% has been developed by the research group I joined during
my Ph.D. experience. ®FQ extends the Fluctuating Charge (FQ) approach originally
developed for bulk solutions**” to the case of absorbing environments. In fact, ®FQ%%
extends the FQ formalism so as to describe the interaction of a plasmonic substrate with
an oscillating external electric field. To this end, the charge interaction between the atoms
of the nanostructure is modeled in terms of electric conduction between nearest neighbors
via a simple Drude mechanism,?® which is modulated by a Fermi-like step function that
mimics quantum tunneling effects?? Within this approach, the optical properties of sodium
nanoparticles (NPs) characterized by single atom junctions have been investigated, yielding
almost perfect agreement with ab initio methods. During my master’s Thesis, I extended

the wFQ model to describe the optical properties of 2D materials, such as graphene-based

2
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nanostructures”® In particular, we have demonstrated the ability of wFQ to describe

plasmons arising in graphene samples with complex shapes and how they can be tuned by
varying the Fermi energy of the system 23

In this Thesis, the @FQ extensions performed during my Ph.D. research activity are dis-
cussed. The theoretical advancements have focused on two main lines: (i) the extension of
wFQ to model the optical properties of noble metal NPs (wFQF ), which are characterized
by interband effects;?? (ii) the coupling between a molecular system, treated at the QM
level, and a plasmonic substrate, described by means of wFQ(Fu) models 'V Additionally,
oFQ has been amply tested against the calculation of the optical properties of metallic and
graphene-based nanostructures with complex geometries such as nanocavities, tips, and
surfaces with defects, demonstrating its potential as compared to continuum and ab initio
models 93101102

The Thesis is organized as follows. Chapter 2 provides an introduction to the theoretical
fundamentals of plasmonics. It focuses on the interband contribution to the optical proper-
ties of metals, the electronic properties of graphene, and the electromagnetic enhancement
mechanism underlying surface-enhanced spectroscopies. Chapter 3 provides an overview
of the most popular theoretical models for nanoplasmonics. The chapter also specifically
focuses on the wFQ model, providing its theoretical derivation and discussing its extension
for the correct description of graphene. Finally, Chapter 4 highlights the most important re-
sults of the papers included in this Thesis, which are attached in the next chapters (Chapters

5-9). Summary, conclusions, and future perspectives end the Thesis.






Chapter 2

Introduction to Plasmonics

In this chapter, the physical origin of plasmons is presented, starting with a discussion of
the basic optical properties of metals and graphene-based nanostructures. The treatment of
plasmons arising in metallic nanostructures is mainly drawn from Ref. 3| and 103, while
the discussion concerning graphene plasmonics is primarily taken from Refs. |104,|105|and
44| Finally, selected plasmonic physical properties, such as plasmon confinement and near
electric field enhancement, which is currently leveraged in surface-enhanced spectroscopies,

are discussed.

2.1 Optical properties of metals

The optical properties of bulk metals are determined by their band structure. In metals, the
valence and conduction bands overlap and can be partially filled under a certain value of the
Fermi energy Ef. Free conduction electrons can move across the sample through intraband
transitions, while bound electrons can be excited through interband transitions from the

1°8 provides a classical description of

valence to the conduction band. The Drude mode
the motion of free carriers in intraband transitions and accurately reproduces the optical
properties of metals over a wide range of frequencies. However, the Drude model fails to
describe the optical properties of metals that are strongly affected by interband transitions.
In addition, when defects, such as grain boundaries, affect the conduction of free carriers,
back-scattering processes must be included in the Drude approach to correctly describe
experimental observations 100

According to the Drude model, the motion of a free valence electron (negatively charged
point particle) with respect to its nucleus (positive ion core) under the effect of an external
time-dependent electric field E(#) can be described as the motion of a free carrier under the

effect of a driving force F;,;, which is expressed as:

F,,; = —eE(t) = —eEje ™" (2.1

where e is the universal charge constant, @ is the angular frequency of the incident electric
field and E; is the amplitude of the external radiation. The motion of an electron with

respect to a positive ion core is described by the following equation:

5



2. Introduction to Plasmonics

F,, = maL + my — + mayr (2.2)

where m is the effective mass of the electron inside the material and y is a damping term
accounting for collisions between free charges and positive ion cores. The interaction
between electron and nucleus can be classically described by the quadratic potential with a
resonance frequency of w, and a displacement from the equilibrium position equal to r.

According to the Drude model, only free (i.e. not bounded) electrons take part in the electric
conduction across the metal. For this reason, the resonant term in Eq. is neglected,
and the damping term is defined as y = %, where 7 is the time between two subsequent
collisions of a free valence electron with other carriers and ion cores. Consequently, Eq.

2.2 can be rewritten as:

F,,; = —eEye™ = ma— +my— (2.3)

In order to obtain an expression for r(¢) as a function of time, Eq. [2.3]is solved by using the

ansatz r(r) = rye™'":

r() = ————E() 2.4)

m(w? + iyw)
The polarization vector P can be defined as the product between the unit charge and the
displacement vector between charges of opposite sign (i.e., from the negative electron to

the positive nucleus), i.e.:

P = —ner(?) (2.5)

By substituting Eq. [2.3]in Eq. [2.5] P reads:

2
p=-—" g (2.6)
m(w? + iyw)
The dielectric displacement D for inhomogeneous media can be defined as D = ¢)E + P, in
which ¢, (~ 8.854 - 10712 F/m) is the electric permittivity of vacuum. D can be rewritten

as follows:

w?* 2
D=eo(1——”_>E w, = 1] = 2.7)

me

where w), is the bulk plasma frequency, i.e. the resonance frequency of the collective
oscillations of the free-electron gas. In Eq. the complex-valued dielectric constant e(w)

of the free electron gas appears. It can be defined as:

>
ewy=1-—=2— (2.8)
®? + iyw
The dielectric function acquires a key role in the description of the optical behavior of

metals because, once it is defined, all the other optical quantities can be fully determined >

6



Optical properties of metals 2.1

2.1.1 Interband transitions

The Drude model fails in the description of the optical properties of metals in the ultraviolet-
visible (UV-VIS) spectral range, in which interband transitions strongly affect the response.
This limitation is especially true in the case of d— metals, such as silver and gold, whereas
interband effects have a negligible role in the case of alkali metals. As an example, Fig. [2.1]
presents the real (¢,) and imaginary (e,) parts of the dielectric function of silver, represented
by green dots in panels (a) and (b), respectively, across the entire spectrum 1Y It is worth
noting that in the high-frequency range (> 3.5 eV), the Drude model fails to capture the

observed behavior of silver (indicated by the deviation from the Drude Fit line in Fig.

2.1}a,b).

a o b 8
o  Exp. Values
-309 61 Drude Fit of e,
—~ -100 —~
é é 4 YY)
-150 .
o  Exp. Values 21
2001 Drude Fit of g, °
N 22000,00000°%
o2 3 456 o2 3 456
Incident photon frequency (eV) Incident photon frequency (eV)

Figure 2.1. Comparison between the experimental values (green dots reproduced
from Ref. [107) and the trends of the Drude model based on the fitting of the
experimental values of €, (a) and e, (b) for silver.

leSf 110

It has been demonstrate that the dielectric function e(w) can be expressed as:

6(60) — eintra(w) + einter(w) (29)

where the contributions of intraband (e""?, free-electrons) and interband effects (e/¢",
bound-electrons) are explicitly separated. The intraband part can be described by the
Drude modelH!

the Lorentz model for dielectrics 2% 12 By resolving Eq. with the same procedure

whereas a possible strategy to model interband transition is offered by

described above in the case of the Drude model, but without neglecting the electron-nucleus

interaction term, a new relation describing the dielectric function can be obtained:

i
e)=1+——-—— (2.10)
wpy = w? — iwy
where @, is the natural frequency of the spring-like potential, which is used to model the
interaction between a bound electron and the positive ion core. Eq. [2.10]can be generalized
by taking into account higher orders of interband transitions, written in terms of Lorentz’s

oscillators:
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K mwz
e(w) =1+ —— (2.11)
v — W — Wy,

where K is the total number of oscillators with frequency w,,. 1/y,, and f,, are the lifetime
and the weighting coeflicient related to the m-th oscillator, respectively.

Although the Lorentz model takes into account the contribution of bound electrons to the
dielectric permittivity, it completely neglects the free electrons’ motion related to intraband
transitions. Thus, in order to model the optical properties of metals across the whole
spectrum of frequencies, the contribution of both bound and free electrons has to be
considered. A possible strategy to include both the intraband and interband effects on e(w)
relies on the union of the dielectric functions obtained with the Drude (see Eq. [2.8) and
Lorentz (see Eq. models respectively. This concept is at the basis of the so-called
Lorentz-Drude (LD) formalism, in which the global dielectric function €; ,(w) is expressed

as:
2 K 2
2, m®p
erp@)=1-——"—+ . 2.12)
0’ +iyo L4 @2 - 0? - iwy,
where Q, = 1/ fyw, is the plasma frequency associated with intraband transitions with

oscillator strength f,, and damping constant y,.11"

Although the LD model is effective in reproducing experimental data for the dielectric
functions of metals like aluminum and transition metals, it requires additional refinement to
accurately handle noble metals ' Noble metals present a unique challenge because their
optical properties are defined by several interband transitions, which require a large number
of oscillators for proper characterization. Lorentz oscillators, which are typically used in
the LD model, may not be adequate to describe the broadening of the dielectric function in
noble metals, and Gaussian lineshapes may be a more suitable alternative 1% This limi-
tation is particularly significant for noble metals, and as an example, Fig. [2.2] demonstrates
the LD model’s performance by using Lorentzian oscillators (until the 4-th oscillator) in
reproducing dielectric functions for aluminum and silver, along with their corresponding
experimental values.

To address this problem, several approaches have been proposed in the past. For example,
the Brendel-Bormann (BB) model}* which replaces Lorentzian oscillators with a super-
position of an infinite number of Gaussian functions, has been suggested. More recently,
the parametrization presented by Gharbi et al.!* has also been proposed as a solution.

In parallel to the LD model, the optical properties of noble metals can be also analyzed
by means of analytic models. In this scenario, the complex dielectric function of a metal
in a certain frequency domain is described via a minimal set of parameters, explicitly
tuned to obtain the best fit with the experimental data. As an example, Etchegoin et
al™>U8 proposed an analytic function accounting for both the Drude and interband
contributions to the dielectric function of gold. Input parameters were fitted and compared

to the experimental data reported by Johnson and Christy 107
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a g b 1201
-1001 |
304 o  Exp. Values (Al)
. 200- . LD model (Al)
S g |
@ '
-300 40,
o  Exp. Values (Al)
-400- LD model (Al) |
-5001— , , . , , - , . . : :
1 2 3 4 5 6 1 2 3 4 5 6
Incident photon frequency (eV) Incident photon frequency (eV)
¢yl d
20+
=50
154 o  Exp. Values (Ag)
LD model (Ag)
3 -100 2
@ 5" 10
o Exp. Values (Ag)
-1501 LD model (Ag)
5 4
-200+
0
1 2 3 4 5 6 1 2 3 4 5 6
Incident photon frequency (eV) Incident photon frequency (eV)

Figure 2.2. Comparison between the experimental data (green dots, reproduced
from the Ref. [107) and the LD model fits for the real (¢,) and imaginary (e,) parts

of the dielectric function for aluminum (a-b) and silver (¢-d) respectively.

2.1.2 Conductivity and Drude-Smith model

The expression of the displacement r(¢) as a function of time (see Eq. [2.4), obtained from

the Drude equation of motion in Eq. 2.3|reads:

r() = —<% K@) (2.13)

mo(i + 1)

where 7 = y~!. From Eq. [2.13| the free electrons (intraband) contribution to the current
density J reads:

. 2 .
J = —nei(t) = —ne(—iwyre—@ = 1€E_L pgoior (2.14)

m 1 —iwrt
Thus, the contribution of the intraband part to the conductivity o(w) can be expressed as:
1 ne*r T 9

O'(a)) = Jom og = m = E()Op (2]5)

where o is the static conductivity (i.e. the value of conductivity when w = 0).
The real part of conductivity (see Eq. [2.13) exhibits a maximum at zero frequency, corre-
sponding to the static conductivity ¢, and decays with a Lorentzian shape by increasing

the frequency. On the other hand, the imaginary part of conductivity vanishes at w = 0 and

9
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shows a maximum at low frequencies. Then it slowly decreases to zero by increasing the
frequency with a Lorentzian lineshape.

The Drude model provides a good representation of the conductivity of bulk metals, but
breaks down when structural defects characterize the metal geometry 9IS [ fact,
when the disorder level in the sample increases, anisotropic scattering events may occur
(even back-scattering events), leading to a non-Drude behavior of the conductivity. To
address this issue, the Drude-Smith model was developed as an extension of the classical
Drude model, specifically designed to describe materials where defects and grain boundaries
have a strong impact on carrier transport.1% The Drude-Smith equation for the conductivity

reads:

ne’tpg 1 -~ ¢,
= 1+ _ 2.16
o(@) m 1 —iwrtpg ( 1; (1- ia)TDS)P> ( )

where 7 ¢ is the Drude—Smith transport relaxation time that, in principle, may be different

from the Drude scattering time 7100

¢, 1s known as the persistence of velocity parameter
and it defines the fraction of the carrier’s initial velocity maintained after the p-th scattering
event. The Drude-Smith model employs a single-scattering approximation, whereby each
electron scatters only once and retains its initial velocity for the first collision only (i.e.
c, > 0if p > 1)100

By applying such approximation to Eq. 2.16] the Drude-Smith equation becomes:

2
o(w) = = n:DS <1 + m> 2.17)
where the ¢ parameter is constrained between 0 and -1, and its value depends on the level
of anisotropy of the system, as reported for the real part of conductivity ¢, in Fig. 2.3 In
particular, if ¢ = 0, the isotropic scattering condition is recovered and the expression for
o assumes a Drude-like form (see Fig. [2.3). As the value of ¢ decreases, the electrons
become increasingly confined within specific regions of the sample (such as grains of the
metal), leading to a decrease in the static conductivity and a shift of the conductivity’s peak
towards higher frequencies. Specifically, when —1 < ¢ < 0, backward scattering events
occur in the sample, while for ¢ = -1, the static conductivity is equal to zero and a distinct
peak emerges, indicating a loss of the Drude-like behavior due to backscattering events (see
Fig. ]06

In the case of grain boundaries, complete charge trapping between the edges of the grains
can lead to localization effects, causing opposite-sign charges to crowd the grain boundaries
and form confined plasmons. Although the Drude-Smith model yields results in good
agreement with experimental findings,1® the single-scattering approximation lacks a clear
physical interpretation 112120 For this reason, several theoretical models have been proposed
in the past to provide a more physical interpretation of the Drude-Smith conductivity, trying
to return a comprehensive explanation of the behavior of electrons under back-scattering

events and extreme confinement 120121

10
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—_—c=0.0

L — c=-0.5 ]
—_ c=-1.0
o
! |
<
§ L i
&

0 0.1 0.2

Incident photon frequency (eV)

Figure 2.3. Drude-Smith o, (w) trends for different values of the ¢ parameter. The
plot is obtained by using the parameters for silver reported in Ref. [122| which are
equal to w, =9.01 eV and y = /7 = 0.018 V.

2.2 Plasmons

Plasmons are the quanta of collective oscillations of the free-electron gas in metals. They
are triggered when an external oscillating electric field matches their plasmon resonance
frequency (PRF) and arise at the interface between a metal and a dielectric medium.

In this section, the physical properties of localized surface plasmons are discussed. Partic-
ular attention is paid to localized plasmons in noble metal nanoparticles (NPs), including
their theoretical derivation and various applications for fine-tuning the PRF by adjusting the

size and shape of the NPs.

2.2.1 Localized Surface Plasmons (LSPs)

Localized surface plasmons (LSPs) are non-propagating oscillations of the free-electron gas
in metal nanostructures, like metal NPs, interacting with an external electromagnetic field.
As the electric field polarizes the electron cloud, opposite charges accumulate at the ends
of the nanostructure, leading to a restoring force that drives a collective oscillation of the
free conduction electrons on the surface of the nanomaterial (see Fig. [2.4).

LSPs govern the optical properties of metal NPs in the visible (VIS) and near-infrared (NIR)
frequency ranges. In particular, they determine the absorption frequency of the system and
enable the tuning of the absorption frequency by adjusting the shape, size, and chemical
composition of the nanomaterial > The physics of LSPs can be easily understood by solving
the scattering problem of a small metal NP dived into an oscillating electric field. To this
end, a homogeneous metallic sphere of radius R and permittivity €,,(w), placed in the origin
O (x, y, z = 0) of the system and surrounded by a dielectric medium, with dielectric function
€,, can be considered. The Laplace equation can be solved and, by imposing the proper
boundary conditions, the inner and outer potentials can be computed (see for instance Ref.
3|and Ref. [123).

11
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E(w)
. positive charged
conduction Sk ion core
electrons +  (fixed)
_ +
= +
N +

electron cloud

Figure 2.4. Dipolar plasmon oscillations confined on the surface of a metal NP. The

shift of the electron cloud under the effect of an external electric field is highlighted.

An important result of this description is that, for spherical metal NPs, the PRF is related

to the plasma frequency by means of the following relation:

w

-2 (2.18)

w =
PRF \/g

The PRF can be evaluated by calculating the absorption cross section C,,; of the NP:

=M R Im
C

= 4Tﬂa)lm(oc) (2.19)

€m — €4
€, +2¢,

C

abs

Eq. [2.19] shows that the absorption cross-section only depends on the imaginary part of
the isotropic polarizability of the NP (@) and on the frequency of the incident electric field
and, remarkably, C,,; does not depend on the size of the metal NP. The expression for the

scattering cross section C,, instead reads:”

2
c =87 ags
sca 3c4

€, — €4

(2.20)

€, +2¢,
Notice that, due to scaling of C,, (see Eq. [2.20) with respect to the radius of the sphere (i.e.
R®), the absorption process (R?) generally dominates over the scattering (R®) for small size
spheres. For this reason, the scattering cross-section can be neglected in the calculation of

the extinction cross-section C

x> Which is obtained by summing up the C,,, and C,,.

2.3 Graphene plasmonics

38}|39}|124 1254127

Graphene is certainly the carbon allotrope with the most interesting physical

properties, which fueled to impressive scientific advances in several technological sectors 125
Graphene has a 2D monolayer structure, like a single atomic plane extracted from a sample of
graphite or as an unrolled single-wall carbon nanotube. Graphene’s most peculiar property
is its 2D p, electron gas, which follows a linear dispersion relation similar to the behavior
of relativistic massless Dirac fermions. This has significant implications for the electronic
states, transport, and optical properties of the material '’ In this section, the optical

properties of graphene and its band structure are introduced, followed by an examination

12
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of plasmons arising in graphene sheets, with a particular focus on their localization within

graphene nanostructures.

2.3.1 Electronic properties of graphene

Figure 2.5. Crystalline structure of graphene in the real (a) and reciprocal (b) space
respectively. The unit cell and the primitive vectors are highlighted in blue (a),
whereas the primitive reciprocal vectors in the Brillouin zone are in red (b). Grey
and white dots highlight the A and B triangular sublattices respectively, forming the

final honeycomb lattice.

The primitive translation vectors of the unit cell in graphene are (see the blue vectors in Fig.

[2.5}a):

a = 5G.V3) a, = 503.-V3) (2.21)

where a ~ 1.42 A is the carbon-carbon distance (see Fig. a). In this way, the structure
is represented as a superposition of two triangular sublattices A (grey dots) and B (white
dots), with a basis made of two atoms per unit cell, one from each sublattice (see Fig. a).

In the momentum space, the primitive reciprocal vectors (b;, b,) and the coordinates for

the high symmetry points (K,K’) are given by Eq. [2.22a] and 2.22b| respectively (see Fig.
E3ib).

b= 21V by =22(,-V3) (2.22a)

k(22 2= ) K=(2_2" ) I'=(0,0) (2.220)
3a°34/34 3¢ 34/3a

where the K and K’ point of the Brillouin zone are called Dirac points, and I is the center

of the first Brillouin zone.

Although electrons in graphene exhibit a behavior similar to massless Dirac fermions, their
dispersion relation can be studied by using simple models from solid state physics, such as
the Tight Binding (TB) model'?® Within the TB approach, the Hamiltonian for electrons

in graphene can be written as (in atomic units):1

13
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H = —t Z a b . +b a . —1 Z (@ .a . +b b . +Hc) (2.23)

S, 8. 5,j 80 5,078,J 5,08

(hj)ss (o))

where az’i(as’i) creates(annihilates) an electron of spin s = (7, |) on the atomic site i of the
sublattice A, whereas b:’i(bs’,.) creates(annihilates) an electron of spin s on the atomic site i
of the sublattice B. In eq. [2.23] H.c. represents the Hermitian conjugated. The # parameter
is equal to 2.8 €V and it represents the nearest-neighbor hopping energy, accounting for the
hopping energy between atoms of different sublattices, whereas ¢’ is a parameter describing
the new-nearest-neighbor hopping parameter energy, returning the interaction between
carbon atoms within the same sublattice (#/ ~ 0.1 eV13? see Fig. 2.5}a). The energy
dispersion relation derived from the Hamiltonian in Eq. reads:129

E,(K) = £1\/3 + f(K) — 1 f(K) (2.24)

where Kk is the wave vector across the plane and f (k) is defined as:

£(k) = 2cos(\/3k,a) + 4cos <§kya> cos <%kxa> (2.25)

in which the + and - signs are applied to the upper and lower z*(x) bands respectively. By
expanding Eq. [2.25|close to the Dirac point (i.e. by substituting k = K + q, with q < Kin

Eq. 2.23), Eq. [2.24] becomes1%4

2
E,(q) ~ vplq| +0<%> (2.26)

where q is the momentum at the Dirac points and v is the Fermi velocity (vy ~ 10°
m/s) 2244104131 Therefore, the energy band’s profile near the K or K’ points of the
Brillouin zone shows a linear trend, as illustrated in Fig. [2.6] This linear trend has a conical
shape throughout the entire reciprocal space. At the Dirac points, which correspond to the
K-points of the Brillouin zone, the tips of the valence and conduction cones meet, forming
what is known as Dirac cones.

The electron mass m* is defined by the linear dispersion relation of massless Dirac fermions

as:

s 1 [M] (2.27a)
2r oF E=E,
E}
AE) = 2L (2.27b)
U

where A(E) is the area in the momentum space enclosed by the orbit of electron. By
substituting the definition for A(E) in Eq. [2.27a] m* reads:

m* = (2.28)



Graphene plasmonics 2.3

Figure 2.6. TB electronic dispersion relation in graphene obtained with t = 2.7 eV,
and ¢’ = 0.2¢. The dispersion of the energy bands close to one of the Dirac points
is highlighted. The image is reprinted with permission from Ref. 104, Copyright
2009 American Physical Society.

where the Fermi momentum is defined as ky = /712 and n is the surface electronic
density. It is worth noting that, in contrast to the electron density for a metallic slab (see
Eq. [277), the electron density of graphene is defined as a 2D quantity. In particular,
the dependence m* =~ \/Z is a characteristic feature of the 2D electron gas in graphene
and differs significantly from the constant mass obtained for the conventional parabolic

dispersion. Furthermore, the electron density and, in turn, the cyclotron mass is related to

the Fermi level through the following expression:‘u' L33
Ep = hvpy/nz (2.29)

Because of the relation reported in Eq. [2.29] chemical doping and electric gating strongly
affect the optical properties of graphene because they can move E upwards or downwards
across the bands. Depending on the value of E, interband transitions in graphene can be

forbidden or allowed according to the so-called Pauli blocking phenomenon ##19

2.3.2 Localized plasmons in graphene

In graphene, localized plasmons are created when the system is geometrically confined, as
in the case of graphene nanodisks>*133 or graphene nanoribbons (GNRs) 3% GNRs, in
particular, are excellent substrates for studying the confinement of free carriers in graphene
due to their strong sensitivity to the polarization of the incident electric field (see Fig. 2.7}
a,b). Consequently, the behavior of free electrons in GNRs can be confined or unconfined,
depending on the width between the two opposite sides of the structure.

Fig. [277}a shows that when the incident electric field is polarized parallel to the ribbon’s
main length (i.e. along the y-axis, see Fig. [2.7}a), the electric response for the 2D electron
gas (2DEG) in GNRs follows a Drude-like behavior, indicating that charges can freely
move across the sample along that direction. However, when the incident light direction
is perpendicular to the ribbon’s main length (i.e. oriented along the x-axis in Fig. [2.7}a),

the absorption peak exhibits a Lorentzian lineshape resulting from plasmon’s oscillations

15



2. Introduction to Plasmonics

(see Fig. [277}b). Thus, GNRs host localized plasmons on their narrowest side. The
same Lorentzian lineshape can also be observed in other graphene nanostructures, such as
graphene nanodisks. In this case, because of the isotropic geometry of disks, free electrons

are confined in all spatial directions, independently of the polarization of the incident electric
field 134

a g b 15
30nm Expt
L - — — Total
15
\. 124/ N\ Drude
v \
S 2 | N . ¥ . / \ Plasmon
e | E 94 f \
- A Onm o J \
97 b \ QZJ { \
S S b 6 ”‘/ \‘\
I 6 N 7 N
3 Expt T~ 37 S
— — Fitting = R P
0 ‘ ‘ \ 0 ; S
100 200 300 400 100 200 300 400
w(ecm™) w (cm™)

Figure 2.7. Absorption spectra for a GNRs array for an incident light polarized
parallel (a, along the y axes) and perpendicular (b, along the x axis) to the ribbons
main length, respectively. (a) Absorption spectrum for GNRs (red line) and fit of the
absorption’s trend by means of the Drude model (black dashed line) for an incident
electric field polarized along the y direction. AFM representation of the GNRs array
considered in the experiment: the width of each GNR and of each spacing between
adjacent GNRs is equal to W = 4 um respectively. (b) Absorption spectrum for
GNRs (red line) for an incident electric field polarized along the x direction, and fits
of the absorption’s trend by means of the Lorentz model (blue dashed line), Drude
model (magenta dashed line) and a combination of the two models (black dashed
line) respectively. The discrepancy between experimental values and the Lorentz
model (blue dashed line) derives from the Drude-like absorption of graphene outside
the fabricated region area of the substrate. Image adapted from Ref. Copyright
2011 Springer Nature.

The charge oscillation related to the plasmonic mode is also associated with the electric

conductivity o(w), which can be computed for a spatially confined system in the quasistatic
limit as/13#137

@

oc(w)~iD
(@) (wz—w§)+il“co

(2.30)

where I' is the plasmon resonance width, ), is the plasmon resonance frequency and D is
the Drude weight*¥ In graphene, the Drude weight is defined as follows:*¥

_4Ego

D uni
n

(2.31)

where 0,,,; represents the universal (frequency-independent) optical conductivity for graphene azh IKIIEN

Cupi = — (2.32)
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In confined graphene-based systems, with a characteristic dimension L, the plasma fre-

quency can be written as13%142

D
€peL

COPO(

(2.33)

Eq. [2.33| clearly illustrates how the PRF in confined graphene systems can be adjusted by

modifying the dimension of the sample. The PRF is also dependent on the Fermi level (see

Eq. [2.31), which determines the electronic density of the system (see Eq. [2.29). Notably,
1

the plasmon dispersion relation in graphene is proportional to w, « n4 (see Eq. [2.29),

1
which differs from the plasmonic dispersion for a 2DEG in metals, where @, « n2 (see Eq.

p
2.7).

2.4 Electric field enhancement mechanism

Enhanced spectroscopies are one of the most exciting applications of plasmonics to date.
They are based on the generation of a localized electric field in the proximity of a metal
nanostructure, which enhances the Raman scattering of target molecules adsorbed on the
nanostructure surface>!' Among the several techniques proposed in literature to detect spe-
cific spectroscopic signals, 143143 Surface enhanced Raman Scattering (SERS 211233 1146148
is the most commonly used due to its high detection limit, which has made it useful in ap-
plications ranging from real-time glucose sensing for diabetes testing!#?13% to real-time
detection of drugs and pollutants’>! and ultra-sensitive DNA detection1>% While rough
noble metal slabs or clusters of noble metal NPs are typically used as plasmonic substrates
in SERS experiments, it is possible to increase the confinement of plasmons by exploiting
particular geometrical arrangements and NPs shapes, such as in the case of tip-enhanced
Raman scattering (TERS) 27285435 Graphene has also been used as a substrate for surface-
enhanced spectroscopy, but the electric field enhancement achieved with graphene-enhanced
Raman spectroscopy (GERS) is several orders of magnitude lower than that obtained with
noble metal substrates >

In the following sections, the main physical mechanisms responsible for SERS/GERS are
introduced, leading to the definition of the enhancement factors, which are commonly used

to quantify the performance arising in specific configurations of plasmonic substrates.

2.4.1 SERS mechanism and enhancement factor

The Raman effect resides in the inelastic scattering process between a molecule and a
photon. This mechanism is mediated by a vibrational (or rotational) mode of the molecule,
resulting in the incoming photon of energy (7w;) being shifted in frequency by the energy
of the molecule’s vibration state (hw,,):'*? In particular, when the molecule is in its
vibrational ground state, the incident photon loses energy in the scattering event, leading to
a red-shifted photon frequency (Stokes scattering). Conversely, when the molecule is in an

excited vibrational state, the photon gains energy through the de-excitation process of the
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excited mode (Anti-Stokes scattering). 1> Therefore, the frequencies of the Stokes (w,) and

Anti-Stokes (w,,) Raman bands can be expressed as follows:1>3

0, =w;, — 0, (2.34a)

Wys = W; + WOy, (234b)

If the Raman scattering is related to a spontaneous scattering event, a linear proportional
relation occurs between the total power of the scattered beam and the intensity of the
incoming excitation (see Eq. [2.35)). Under this condition, the power of the scattering beam
in the case of the Stokes process (P,) is:1>4

P(w,)=No, I(w) (2.35)

sca

where N is the number of molecules in the probed volume, o, is the Raman scattering
cross section and I (w;) the intensity of the external radiation.

To estimate the SERS Stokes signal PSS ERS ' Eq. needs to be modified to account
for the electric field enhancement generated by a metal nanostructure. Specifically, the
enhancement of the Raman signal is generally attributed to two mechanisms: the electro-
magnetic (EM) and chemical (CM) mechanisms 21152159 The EM is due to the locally
enhanced electromagnetic field generated by the excitation of localized surface plasmons
in the nanostructure. For instance, isolated noble metal NPs can enhance the electromag-
netic field by about 10°-107 #31 However, when metallic substrates are engineered into
geometrical arrangements that create very confined hot spots, the enhancement factors can
reach values up to 10'0-10!! 132158 a]lowing for single molecule detection. Differently, the
physical origin of CM is still not fully understood 2122 It is thought to involve electron
transfer between the adsorbed molecule and the metallic nanomaterial, occurring via two
interconnected mechanisms 12> The first involves changes in the electronic structure of the
molecule’s ground state due to a molecule-substrate charge transfer (CT) interaction 100163
The second process concerns the electron transfer in the excited states of the molecule-metal

system 164

However, quantifying the CT contribution to the total SERS enhancement is
challenging, and generally provides enhancement factors of about 10'-1023Y EM is thus the
main responsible for the enhancement of the Raman signal1>> Therefore, in the following,
the attention is focused on EM. Since the excitation of localized surface plasmons yields an
enhancement of both the incoming and emitted light fields, the intensity of the enhanced

Raman signal PSERS (related to the Stokes process only) can be expressed as:

PSERS = N'6“S| A(w,)|*| A(w,,)|* T (;) (2.36)
where N’ is the number of molecules that are involved in the SERS process, which is might

ads
sca

the enhanced scattering cross-section of the Raman process for the molecule adsorbed on

be smaller than the global number of molecules in the probed volume (N). ¢9“* represents

the metal nanostructure, whereas |A(w;)| and |A(w,,)| are the enhancement factors for the

incident and for the Raman scattered field, respectively
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The enhancement factors of both the incoming and emitted fields can be expressed as:=1>4
|E|

Alw) = — (2.37)
|Eol

where E (local field amplitude at the Raman active site) is the superposition of the field
associated with the incident radiation E; and the field of an induced dipole across the
nanostructure E , (i.e. E = Ej + E )12

Since the difference in energy between the incident and scattered photons (Aw = w; —w,,) is
generally smaller than the linewidth of localized surface plasmon modes, | A(w;)| =~ |A(®,,)].

For this reason, the EM contribution to the total SERS enhancement R is proportional to

the fourth power of the field enhancement factor:>16
E 4
R=A)* = ||E ||4 (2.38)
0

More precisely, by considering a molecule adsorbed at a distance d on a spherical metal NP
having radius r and permittivity e, surrounded by a medium with the dielectric function ¢,
(see Fig. [2.8)), the definition of the enhancement factor reads:1>%

E €—¢€ r .
Alw) = — ~ 0 2.39
(@) E, e+2€0<r+d> ( )

Eq. [2.38| can be rewritten by highlighting the dependence of the total SERS enhancement

on the geometrical parameters and the dielectric function of the plasmonic substrate:1>*

e(w;,) — €y |?| e(@,,) =€y |>{ r 12
R = |A(w)*| A(w,)|* ~ : m (2.40)
e(w;) +2¢y| |e(w,,) +2¢5| \r+d
Target
E, molecule
[ ]

A

Figure 2.8. Metal NP with radius r and dielectric function e placed at a distance
d from a target molecule in a medium having permettivity €,. The diameter of
the sphere has to be smaller compared to the wavelength of the incident light A
(Rayleigh limit, 2r/4 << 1)H14

2.4.2 Graphene Enhanced Raman Scattering (GERS)

In recent years, graphene has emerged as an ideal substrate for investigating the physical

origins of the CM #221111667169 [ deed, its flat surface facilitates strong chemical interactions
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between target analytes and the plasmonic substrate. Additionally, the lack of hot spots
across the surface hampers the EM, making the CM the fundamental mechanism responsible
for enhancement factors in graphene-enhanced Raman scattering (GERS).?% Indeed, GERS
enhancement factors are typically on the order of 10'-10?, thus they are much lower than
those obtained using metal NPs as a substrate 22168

The CM-based molecule-graphene interaction strongly depends on the physico-chemical
properties of the target molecules, resulting in different enhancement factors 22192 This se-
lectivity is determined by two main features of the molecular system. Firstly, an appropriate
energy level alignment between the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of the molecule and the Fermi level of the sub-
strate is required, with higher enhancements observed when the Fermi level falls within the
HOMO-LUMO energy gap of the molecule1®” Secondly, the spatial orientation, structure,
and symmetry of the target molecule also play a crucial role. In particular, molecules with
planar structures exhibit stronger selectivity and return more intense signals in GERS 2167
The Raman signal intensity strongly depends on the distance between the molecule and the
substrate also, following an exponential decay of d!° (the so-called first layer effect) 16170
The lack of the EM contribution to the electric field enhancement has hindered the use of
graphene as a substrate for enhanced Raman spectroscopies and sensing applications?* A
possible way to overcome this limitation resides in the creation of very confined hot spots
in precisely engineered graphene-based geometrical arrangements. During my Ph.D., I
explored this idea, demonstrating that engineered plasmonic hot-spots in graphene, created
by following similar strategies as proposed for metal nanoparticles, can yield electric field

enhancement factors comparable to those obtained using common plasmonic substrates 1!
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Chapter 3

Modeling the optical response of
metal NPs and graphene

Over the last few decades, theoretical models have had an impressive impact on the un-
derstanding of the optical response of noble metal NPs and graphene. In this chapter,
the implicit and discrete modeling of plasmonic nanostructures are reviewed, by focusing
on the Boundary Element Method (BEM), and classical atomistic approaches, such as the
capacitance polarizability interaction model and wFQ, which is developed in the research

group I joined during my Ph.D. internship.

3.1 Boundary Element Method (BEM)

In BEM 030466170/ TINTTINIT2] e plasmonic material is described as a continuum dielectric,

characterized by a complex permittivity function e(w). The scattering process between
the incident light and the plasmonic structure produces a surface charge density that is
numerically discretized in a set of surface charges.

Such surface charges are positioned on the surface of the plasmonic substrate and thus
lie at the boundary between the inner and outer dielectric media, as reported in Fig.
Specifically, the plasmonic material has a dielectric function €; and it is defined in a certain
region of space (€2), bounded by the surface dQ2. The plasmonic material is surrounded by
a medium with permettivity €, (see Fig. 3.1). The solution of Maxwell’s equations in the
presence of arbitrarily shaped abrupt dielectric interfaces can be expressed in terms of the

Poisson equation. In the quasistatic limit (i.e. retardation effects are neglected) it reads:

V2®(r) = —47p(r) (3.1

where @ is the scalar potential and p is the total volume charge density. By considering the
system represented in Fig. 3.1 Eq. [3.1] has the following solution:

q>(r)=q>;m(r)+/ Gr —sho;shds reQ, j=1.2 (3.2)
0Q
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where j indicates the region of space inside(1)/outside(2) the edge 0Q, r and r’ are the
space positions inside the Q region of space, whereas s and s’ represent the points on the
surface 0Q. ¢>j"’ (r) is the solution of the free Helmholtz equation in the medium j, whereas
o;(s) are the surface charges placed on 0€2 (see Fig. .

Figure 3.1. Metal NP with dielectric function €, separated by means of the surface
0Q by a medium with permittivity e,. The normal component with respect to the
surface is labeled as fi. Points inside the NP are describe by the vector r, whereas s

indicates points on the surface 0Q.

G is the Green function, defined as: 1%

V2G(r —r') = —4x5(r — 1) (3.3)

Under the quasistatic approximation, the solution to Eq. js {103

Gr-r)= =G(,r) (3.4)

lr —r’|
Eq. [3.2] solves the Helmholtz equation (see Eq. [3.1I) in the whole space, except for the
boundary dQ. The surface charge o;(s) are defined to fulfill the boundary conditions at the
surface 0Q. Thus, they are not a physical quantity but a mathematical tool to satisfy the
boundary conditions only.%? In particular, two boundary conditions have to be satisfied:
the tangential component of the electric field and the normal component of the dielectric
displacement have both to be continuous in dQ2. The constrain on the tangential electric
field implies that:

D oo = Palog (3.5)

The key condition reported in Eq. [3.5]is guaranteed only if the charge densities on the
opposite side of the surface 6Q2 are the same: ¢; = ¢,. On the other hand, in order to satisfy
the condition over the dielectric displacement, the normal derivative of ®(r) (i.e. along the
normal direction fi with respect to 0, as reported in Fig. has to be calculated:

ext

limf - VO(r) = 062 = / F(s,sYo(s))ds' +2ro(s) + o
h 0Q

(3.6)

r—s
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where the sign of 2zo(s) depends on the side of surface that is considered (i.e. positive
sign inside the particle, negative outside), whereas F(s,s’) is the normal derivative of the
Green function. In BEM, the integral in Eq. [3.6]is calculated by approximating the surface
charges as a discrete number of point located at the center of mass of each tessarae. Thus,

Eq. [3.6/becomes:

oD 0P
<E>,~= ZFijaj + 27wi+< o >i 3.7
J

where the i and j indices run over the number of tesserae. Thus, the boundary condition

concerning the normal component of the dielectric displacement reads:

ext ext
€ (FG +2ro + a?n >= € (FG —2ro + a?n > (3.8)
Therefore, the BEM surface charges are:!%?
-1
—+ ext
o= —<2nu1 + F> 0P (3.9)
€ — € on

where F is the surface derivative of the Green function, defined as:173

(s;—s;)-n;
EJ.:#-AJ. for i#j (3.10)
|Si_sj|3
Ar A,
F,=K 2Rl for i=j (3.11)

where R, is the radius of the sphere the i-th tessera belongs, K is equal to -1.0694,173

whereas A; is the surface of each tessera. n; is the normal vector corresponding to each
tessera, going from the center of mass of the i-th tessera towards the outside part of the
sphere (see Fig. [3.I). Finally, note that a more general treatment of the BEM model, in
which retarded effects are also considered, can be found in Ref. 63|

3.2 Atomistic models

Although continuum models are capable of accurately reproducing the optical properties of
metal NPs ®70 they might fail in describing nanostructures dominated by quantum effects,
such as nanocavities and nanojunctions, and characterized by an atomistically defined
morphology. As stated in the Introduction, to face such situations, atomistic approaches are
generally exploited. Ab initio methods correctly model nonlocal, finite-size, and quantum
effects, but the treatment of large, sizable structures is hampered due to the associated
high computational cost. In this context, atomistic models based on classical physics
can overcome the main limitations of both continuum and first-principle methods, while
maintaining a low computational cost. In this Thesis, two atomistic classical approaches

are reviewed: the capacitance polarizability interaction model (CPIM)2%2! and the wFQ

model?? (see [section 3.3).

23



3. Modeling the optical response of metal NPs and graphene

3.2.1 The capacitance polarizability interaction model (CPIM)

In the CPIM, the polarizability of a metal NP made of N atomic sites is described by
endowing each atom of the nanostructure with a charge and a dipole, whose value depend on
frequency-dependent atomic capacitances c(w) and polarizabilities aaﬂ(a))[a, p=xzl
The atomic polarizability can be defined in terms of the bulk dielectric function e(w) by
using the Clausius-Mossotti relation:

e(w) — IM _4zN ja(w)
ew)+2 D 3

(3.12)

where M and D are the molar mass and the density of the metal, respectively, a(w) is the
polarizability of the system and N, is Avogadro’s constant. By defining the volume V' of
the atom i as:

M
V.= 3.13
' N,4D ( )
the atomic polarizability a;(w) reads:
e(w) — 13V,
() = ——— 3.14
@) = o ¥ 2 ax (3.14)

As a result of the interaction between polarization sources placed on each atom, an induced

ind

charge ql’f and an induced dipole y;" arise. Within this framework, the total energy of the

system reads:?"

md md

N N N
Z 1 Z de(O) ind 4

i Ci i ;é

1 N

md —1 md ind (2) ind
EZ i %iaph __ZZ Hia Uaﬁﬂjﬂ
i j#
Z 2 ﬂdel(Jl; ind + 2 qmd¢ext

i j#
N

Z Eext md < qud> (3.15)

i

N =
[\.)

)

where T, TV and Ti@ are the charge-charge, charge-dipole, dipole-dipole interaction
J

i
kernels respectjively, that are defined by following Ref. 174, ¢ and E®*' are the electric
potential and field associated with the external radiation. Finally, the last term contains the
lagrangian multiplier A, which is introduced to constrain the sum of all atomic charges of
the cluster to be equal to g°.

The induced charges and dipoles are obtained by minimizing Eq. [3.15] with respect to the

ind

induced atomic charges ¢;"¢, atomic dipoles ,ul’?d and Lagrangian multiplier 1Y yielding

the following set of linear equations:

24



Atomistic models 3.2

Eext A -M 0 ﬂi”d
d)ext =|l-MT —C 1 qi”d (3.16)
p o 1 o] 4

where the matrix elements of are defined as:

Aiap = ai_,;ﬂ M;;, =0 Cyi=c i=j (3.17a)
@ (1) (0) C
Ajap = ~Tijap Mijo=T;, Cy=T,; i#j (3.17b)

By inverting the system in Eq. [3.16] the induced charges and dipoles can be computed by

solving the following system of equations:

) — 1

,led A -M 0O Eext B G }I1 Eext

g |=l-MT -c 1 o |=|GT" D H, || ¢ (3.18)
! 0 1 0) | ¢ H] H] H;)| ¢

where the B,G,D,H|,H, and H; blocks come from the inversion of the matrix in Eq. [3.16]

Once the B and D terms are known, the total polarizability of the system can be calculated
90

as:
N
!
O = (Byjap = TiaDijas”s ) (3.19)
ij
where B;; , 5 considers the dipole-dipole interactions and r; , D;; ,57'; 5 Tepresents the charge-
transfer (CT) contribution to the molecular polarizability a;'lgl 190

3.2.2 The frequency-dependent (FD)-CPIM

The frequency-dependent complex molecular polarizability can be obtained by extending
the CPIM to a frequency-dependent (FD)-CPIM formulation, which describes the response
of each atom to external oscillating radiation by using Lorentz oscillators.?!' Specifically,
the atomic FD atomic polarizability «; ,5 and capacitance ¢; are written by means of a set

of oscillators:

s =0 =, (3.20a)
i a’,-21 a)(N)iZZ
A —— ) o
ia iap wil —w? —iy; o a)(N)iz — @ — iy 0
(0= 0)=c (3.20c)
2
s @i
(e | (3.20d)
w7 = w? — Iy @

where ; | and w; , are the oscillator’s resonance frequencies and y; ; and y; , the oscillator
widths for the first and second oscillators respectively. When w = 0 (see Eq. and
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3. Modeling the optical response of metal NPs and graphene

[3.20c)), the atomic capacitances and polarizabilities obtained in the static case are recovered
(indicated with the s apex). 21
The total polarizability a;”ﬂo’ is calculated by using , after solving the same set of linear

equations in Eq. The absorption o, of the metal cluster can be computed as:*!

drw

= —Imla (3.21)
c

Oabs iso]

where c is the speed of light and «;,, = %(ax’”;’ + a;”y‘” + azmz"l ) is the isotropic imaginary

polarizability of the system.

3.3 The wFQ model

In wFQ, each atomic site has a complex charge that can vary in response to an external electric
field and as a function of all the other charges in the system. @wFQ can be seen as a frequency-
dependent extension of the Fluctuating Charges (FQ) Force Field (FF), first developed by
Rick et al. 2#2173 and widely applied to liquid solutions in a quantum mechanics/molecular
mechanics (QM/MM) framework 20271767182 Similarly, the FQ approach endows each atom
of a molecular system with a charge (q) that can vary according to the Electronegativity

Equalization Principle (EEP),18

which states that at the equilibrium the electronegativity
of each atom has the same value. In wFQ, charges can move across adjacent atoms under
two alternative regimes: the conductive regime, where electron exchange is governed by
the dynamics of delocalized conduction electrons, as described in the Drude model; and the
tunneling regime, where electron exchange is mediated by a quantum tunneling mechanism
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that resembles charge exchange phenomena in nanojunctions.* Under the conductive

regime, the equation of motion for charges can be written according to the Drude model:

dp
dr

E@) - P (3.22)
T

where p is the momentum of the electron, E(¢) is the external electric field, and 7 a friction-

like constant taking into account the scattering events between electrons and between

electrons and the fixed nuclei. The time derivative of the total charge on the atom i can be

written as:

%:ZAij(nj <p>I;—n<p>-) (3.23)
J

where A;; is an effective area dividing atom i by atom j, n; is the electron density on atom

i, < p > is the momentum of the electron averaged over the trajectories connecting i and j

and | ji = —ii ; 18 the unit vector of the line connecting j to i. By assuming the total charge

on each atom to be only marginally changed by the external perturbation, it is assumed that

n; = n; = ny. Thus, Eq. [3.23|becomes:
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dq ~
J

~

In order to estimate the term < p > -/;;, an external monochromatic electric field is

considered. Eq.(3.24) then translates to:

<E@) >
—iwg, = 2n, 2 (3.25)

1/ T—iw
Notice that Eq. [3.23] is written in the frequency domain for a monochromatic electric
field oscillating at frequency w. To proceed further, < E(w) > -1 ;i (the total electric field
averaged over the line connecting j to i) needs to be connected to atomic properties. This
can be done by assuming < E(w) > N i~ (yj.’ - ,ul.e’ )/1; o where uf’ is the electrochemical

potential of atom i and /;; the distance between atoms i and j. Therefore, Eq. @]becomes:

. 2]’10 Ai/ el el
—iwg = 3 — (! = )

260/T Aij el el
= e 2T D
Jou
- Z K = ) (3.26)

where 1y = o/t follows from the relationship between the electron density n, and the static
conductance o, whereas K" is a matrix containing the Drude-like terms defined inside
Eq. [3.26] To avoid any overestimation of electron transfer effects, the number of atom
pairs considered in Eq[3.26] has to be limited. To address this problem a purely geometrical
criterion, based on the /;; parameters is defined in order to limit the interaction between
atoms to nearest neighbors only. However, in order to avoid any issue related to the specific
definition of nearest neighbor atoms, a Fermi-like f(/;;) damping function (see Eq.
can be introduced to mediate the Drude conductive mechanism. Thus, Eq. [3.26|becomes:

—iwg; = Z(] — f(]ij)) . Kidjru(”jl _ qul)
J
= 2 K = ) (3.27)
J

where:

flty) = 1 (3.28)

I
1 +exp [—d <ﬁ - )]

and K thOt contains the Drude-like terms mediated by the damping function (/;;). In Eq
) ?j is the equilibrium distance between two first neighbors atoms, whereas d and s determine
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3. Modeling the optical response of metal NPs and graphene

the position of the inflection point and the thickness of the curve respectively?? According
to Eq. , when f(l;;) = 0, the purely Drude conductive regime is recovered. On the
contrary, when f(/;;) > 0, the Drude mechanism is exponentially turned off as /;; increases,

leading to the tunneling regime of conduction. From a computational point of view, Eq.
can be rewritten as:*>

> <— Y KSD,; + ) KD, + ia)éij> q=Y V- VOKS! (3.29)
k J

J k
where V; is the potential of the external electric field acting on the atomic site i, w is the
external radiation, and D is a matrix containing the charge-charge interaction terms (J).2% In
particular, in ®FQ the charge-charge interaction kernel is represented by means of Gaussian
functions 1#+*18¢" Therefore, the interaction kernel J;; between the atomic sites i and j

respectively is: 18
lp:(r =) *lop; (" —1))I? rij
R3 R3 v —r’| Fij R} + R
where
_|r—ri\2
1 R?

i

where r;; = |r; —r;| is the distance between atom i and atom j and R; is the width of the
Gaussian distribution on the atomic site i. The value associated with R; can be obtained by
imposing that the diagonal terms of the matrix correspond to the atomic chemical hardness

71175 as:

r..
lim Lerf| —2 =,11:>Ri:\/§l
ri=r; rl-j R2 +R2 7[7]
Vi J

Once the wFQ frequency-dependent charges are obtained by solving Eq. [3.27] the complex

polarizability a can be evaluated. In particular, the complex electric dipole u is defined as:

A= 4T (3.31)

where r; is the distance between the atom i-th and the origin. From the dipole moment, the

polarizability « is calculated by solving:

_ Ou
= — 3.32
a=-c (3.32)
Thus, the absorption cross-section and the scattering one are obtained:
Oppe = 4—”0) tr(a ) Oy = (8—7[>4a}4(a2 + a?) (3.33)
abs 3c 2 sca 3c 1 2 :
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where c is the speed of light, w is the external frequency and a; and a, are respectively
the real and imaginary part of the complex polarizability @. The extinction cross section is
obtained by adding together the relations reported in Eq. [3.33] It is worth noting that the
cross section for a particular polarization of the incident electric field can be obtained by

selecting the corresponding spatial component of a.

3.3.1 wFQ extension to graphene plasmonics

In this section, the @FQ model extension to graphene plasmonics is discussed. Specifically,
the contribution of graphene’s linear dispersion relation is included in the conductive regime
of the wFQ model in Eq. by means of the cyclotron mass m™:

. 2 Nyt A . \an
~ ig; = el Ve (S VOB (3.34)

—17 *
1 —iwt m > lij Vp

To account for the 2D structure of graphene, two parameters entering in Eq. [3.27have to be
modified. First, the electron density n, accounts for 3D nanostructures, whereas graphene
has a 2D electron density. Second, the effective area A;; has to be defined as a planar surface
across the graphene sheet. In the wFQ model, the electron density ny, is related to the 2D

electron density n, , through the following relation:*>

Hyp =Ny - ap (3.35)

where ap is the Bohr radius: ap ~ 0.53 A. n,;, can be obtained by calculating the ratio
between the number of electrons inside the sheet N and the surface of the graphene sheet
5.93

N
Nyp = “T (3.36)

where the dimensionless factor « relates the number of electrons to the number of carbon
atoms and represents the fraction of electrons that are actually involved in the transport

process. Its value can be estimated once the dimensions of the sample and n,, are known.

As an example, for a surface density n,, ~ 3.84 - 10'2 cm~2

1.93

in a sizable graphene sample,
the estimated value for « is equal to 0.000

On the other hand, the effective are A;; is now defined as a square surface, with side R;:

A =R; (3.37)

By substituting Eq. and Eq. in Eq. [3.34] the wFQ Drude conduction term for
graphene reads:

2R27v
ciwg =L F [T Ny L et
fog; =71/ ; lij(ﬂj H;)
=2 Kt = uih (338)
J
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3. Modeling the optical response of metal NPs and graphene

Therefore, the main physical properties of graphene enter the ®FQ model by means of a
modification of the Drude-like conduction mechanism. Once again, in order to avoid an
overestimation of the conduction of charges between adjacent atoms, the Drude conduction
is hampered by using the same Fermi-like damping function reported in Eq. and Eq.
as shown for the case of metal NPs.

3.3.2 Further developments of ®FQ model

The basic version of the ®FQ model (see and its extension to the description
of graphene samples served as a starting point for my Ph.D. research activity. First, the
performance of the developed approach is compared to the widely used continuum methods
in the prediction of the optical properties of metal nanoparticles in Then, the
extension of FQ to graphene-based nanostructures has been exploited to examine whether
plasmonic hot spots can be generated by properly engineering the morphology of the
material (see[chapter 6). Finally, the potential of @FQ to describe polycrystalline graphene
structures in the THz regime is studied in [chapter 7]

Furthermore, wFQ in its basic form is unable to accurately describe the optical properties of
metals affected by d-orbitals, responsible for interband transitions 187711 This is due to the
model conduction mechanism which relies solely on the Drude model, and thus accounting
for intraband transitions only. To address this issue, an extension of the wFQ model, called
wFQFu is proposed in this Thesis. In this approach, each atom is endowed with a charge
q and an additional atomic polarizability, modeling d-shell polarizability, associated with
an induced dipole moment y. This allows @FQFu to account for the contribution of core
electrons to the optical properties of the system, resulting in a successful description of
the plasmonic properties of silver and gold NPs of varying sizes and shapes, as well as
the optical properties of nanogaps between noble metal NPs”? A detailed treatment of the
theoretical foundation of the ®FQFu model and a collection of its applications to silver and
gold NPs can be found in

Then, in my Ph.D. Thesis, I discuss a new computational protocol for describing the
interaction between a target molecule and a plasmonic substrate, in order to calculate
surface-enhanced Raman signals of the adsorbed molecule. Such a protocol is based on
a multiscale QM/MM approach? 2172192193 that coupled a QM Hamiltonian'®* with the
wFQ(Fu) model. The electronic properties of the molecule are treated at the QM level,
whereas the substrate is described using the classical wFQ(Fu) approach. [chapter 9|provides
a detailed presentation of the QM/wFQ(F ) multiscale approach, including its theoretical
foundations and several applications, which encompass both metal NPs and graphene-based

nanostructures.
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Chapter 4

Overview of the attached papers

The papers that form the basis of this Thesis are conceptually divided into two categories.
The first category deals with the testing of the basic formulation of wFQ in describing
the optical properties of complex-shaped metal and graphene-based nanostructures. The
second category focuses on improving wFQ so as to model interband transitions in noble
metals and the generation of enhanced Raman signals of molecules adsorbed on plasmonic
substrates.

Paper 1 compares ab initio, continuum, and @FQ models in describing intraband transitions

in sodium, silver, and gold NPs with complex shapes, such as nanorods and nanodomes.

In particular, ®FQ absorption cross sections are compared to BEM®19371l and TDDFT?®
values for several metal clusters of increasing size. The study finds that while the agreement
between wFQ and ab initio reference values is excellent for small metal clusters (up to ~ 150
atoms), @wFQ results approach BEM data as the dimension of the systems increases. These
findings demonstrate the ability of wFQ to describe quantum-based effects in small-sized
and complex shaped systems, overcoming the limitations of classical methods. However,
because wFQ is limited to describing intraband transitions, it can study optical properties
of noble metals in the low-frequency range only.

The aim of Paper 2 is to guide the design of novel graphene-based substrates for GERS
applications, specially engineered to maximize the electric field enhancement in confined

hot spots. Among the several geometries presented in the work, graphene nanocones2>"1%8

and polycrystalline graphene199*203

samples are particularly interesting. The reason re-
sides in the fact that enhancement factors computed for these geometrical arrangements
are comparable to the values commonly reported for noble metal substrates. Hot spots
are designed to increase the electromagnetic mechanism (EM) contribution to the electric
field enhancement in graphene, thus overcoming the limitations commonly encountered in
GERS experiments, where low enhancement factors are observed (usually 6-7 orders of
magnitude lower than those obtained with noble metals).

In Paper 3, the atomistic nature of @FQ is used to study the effect of defects and structural
disorder on the conductivity of polycrystalline graphene sheets, under the application of
isotropic strain. wFQ results show a strong dependence of the absorption cross section

on the grain separation, which in turn affects the conductivity. As the applied strain in-
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4. Overview of the attached papers

creases, the reciprocal separation between adjacent grains also increases, causing electrons
to become trapped inside the grains and plasmons to become confined within them. This
trapping effect affects both optical and electronic properties, causing a blue-shift of the
plasmon resonance frequency (PRF) and of the conductivity peak. Remarkably, the paper
reports on a microscopic interpretation of the Drude-Smith model'%% to describe conduction
in polycrystalline graphene samples.

The effort devoted to understanding the strengths and limitations of the basic version of
oFQ has led to significant improvements to the model, which are discussed in Paper 4 and
Paper 5.

Paper 4 extends wFQ to describe the optical properties of metals featuring interband tran-
sitions. The new model, called wFQFu, endows each atom of the system with both a charge
and a dipole, which can vary in response to the external electric field and to the interaction
with other charges and dipoles. Dipoles are tuned to model interband effects and are intro-
duced because d-orbitals (in noble metals) can efficiently be treated as polarizable shells
placed at lattice positions Y The performance of @FQFy is tested against silver and gold
NPs with different sizes and shapes, returning a good agreement with ab initio reference
values. Notably, the atomistic description permits to study rough metal NPs and how they
can be used to create nanogaps (i.e. hot spots) and, in turn, huge enhancement factors.

In order to simulate the Raman signal of a target molecule adsorbed on a plasmonic substrate,
in Paper 5 wFQ and @FQFy are coupled to a quantum mechanical (QM) description of the
molecular system,194 in a multiscale QM/molecular mechanics (QM/MM) fashion 22172192
The resulting models are applied to reproduce the Raman intensity enhancement for pyri-
dine and methotrexate adsorbed on metal NPs and graphene, respectively. Enhanced Raman
signals are also evaluated by varying the distance between molecules and substrates, the
equilibrium position of the molecule adsorbed on the nanomaterial, the geometrical ar-

rangement of the substrate, its chemical composition, and size.
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Plasmonic Resonances of Metal
Nanoparticles: Atomistic vs.
Continuum Approaches

Luca Bonatti’, Gabriel Gil?>®, Tommaso Giovannini*, Stefano Corni*° and
Chiara Cappelli™

" Scuola Normale Superiore, Piazza dei Cavalieri 7, Pisa, ltaly, ? Institute of Cybernetics, Mathematics and Physics (ICIMAF),
La Habana, Cuba, ° Department of Chemical Sciences, University of Padova, Padova, Italy, * Department of Chemistry,
Norwegian University of Science and Technology, Trondheim, Norway, ° Institute of Nanoscience, National Research Council
(CNR), Modena, Italy

The fully atomistic model, »FQ, based on textbook concepts (Drude theory,
electrostatics, quantum tunneling) and recently developed by some of the present
authors in Nanoscale, 11, 6004-6015 is applied to the calculation of the optical properties
of complex Na, Ag, and Au nanostructures. In wFQ, each atom of the nanostructures is
endowed with an electric charge that can vary according to the external electric field.
The electric conductivity between nearest atoms is modeled by adopting the Drude
model, which is reformulated in terms of electric charges. Quantum tunneling effects
are considered by letting the dielectric response of the system arise from atom-atom
conductivity. wFQ is challenged to reproduce the optical response of metal nanoparticles
of different sizes and shapes, and its performance is compared with continuum Boundary
Element Method (BEM) calculations.

Keywords: oFQ, BEM, classical atomistic model, optical spectra, fluctuating charges

1. INTRODUCTION

The study of the plasmonic excitation of metal nanoparticles (NPs) has attracted much interest
in the last few decades (Moskovits, 1985; Nie and Emory, 1997; Maier, 2007; Anker et al., 2008;
Atwater and Polman, 2010; Santhosh et al., 2016) due to the generation of very strong electric
fields in the proximity of their surfaces, which has been exploited in many fields, including for the
detection of molecular signals down to the single-molecule limit (Kneipp et al., 1997; Maier et al.,
2003; Muehlschlegel et al., 2005; Lim et al., 2010; Giannini et al., 2011; Neuman et al., 2018). Among
the plethora of physical features of metal substrates, one of the most relevant is the dependence
of their resonance plasmon frequency on the shape, size, and actual material constituting the
nanostructure, which permits a fine tuning of the final signal. From a theoretical point of view, the
optical properties of nanostructures are generally treated, independently of their size and shape, by
resorting to classical approaches (Jin et al., 2001; Hao et al., 2007; Jensen and Jensen, 2008, 2009;
Myroshnychenko et al., 2008; Morton and Jensen, 2010, 2011; Pérez-Gonzadlez et al., 2010; Halas
etal., 2011; Ciraci et al., 2012; Payton et al., 2012, 2013; Chen et al., 2015; Liu et al., 2017; Mennucci
and Corni, 2019), such as the Mie Theory (Mie, 1908), the Discrete Dipole Approximation (DDA)
(Draine and Flatau, 1994), and the finite difference time domain methods (FDTD) (Shuford et al.,
2006). A viable alternative is to exploit the Boundary Element Method (BEM) (Corni and Tomasi,
2001; de Abajo and Howie, 2002; Hohenester and Triigler, 2012; Hohenester, 2015), in which
the NP is treated as a homogeneous, continuum dielectric described by a frequency-dependent
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permittivity function &(w), and the NP surface is modeled as a
sharp interface I'. BEM has been amply applied to reproduce the
plasmonic response of NPs of different sizes and shapes, and it
has also been extended to take into account quantum tunneling
effects, which are relevant for the so-called subnanometer
junctions (Esteban et al., 2012).

The wide applicability of the BEM approach is strictly related
to its intrinsic low computational cost, which is due to the fact
that the NP surface is discretized in terms of point complex
charges that interact with the external electric field, giving rise
to the resulting polarization. However, when finite size effects,
together with edge effects, cannot be neglected, continuum
models may fail. In these cases, the atomistic nature of the system
needs to be explicitly taken into account. Fully atomistic ab-initio
approaches, usually based on Density Functional Theory (DFT),
address the problem; however, they cannot afford NPs of sizes
larger than a few nanometers (hundreds of atoms) due to their
high computational cost.

Fully atomistic, yet classical, approaches, able to reproduce
both edge and finite size effects and bulk NP properties have
been developed so to overcome the limitations of both ab-
initio and continuum models (Mennucci and Corni, 2019). In
particular, classical atomistic modeling of nanoplasmonics has
been pioneered by Jensen and coworkers, who developed the
Discrete Interaction Model (DIM) (Jensen and Jensen, 2008,
2009; Morton and Jensen, 2010, 2011; Payton et al., 2012, 2013;
Chen et al., 2015; Liu et al., 2017). The original version of DIM
assigns a frequency-dependent polarizability and a frequency-
dependent capacity to each atom, the parameters of which
are determined by accurate ab-initio calculations (Jensen and
Jensen, 2009). However, most DIM applications only exploit
the frequency-dependent polarizability (i.e., they neglect capacity
terms), thus resulting in an atomistic picture of the Discrete
Dipole Approximation (DDA) (Draine and Flatau, 1994; Chen
et al., 2015).

An alternative fully atomistic classical model has recently
been proposed by some of us (Giovannini et al., 2019¢). Such
an approach, named wFQ (frequency-dependent Fluctuating
Charges), is based on text-book concepts, i.e., the Drude model
for conduction in metals, classical electrostatics, and quantum
tunneling (Giovannini et al., 2019¢). Each atom of the NP is
endowed with an electric charge that is not fixed but can vary
as a response to the externally applied oscillating electric field.
Thus, wFQ indeed adopts the atomistic description introduced
by Jensen and coworkers, but it sticks to the simplest possible
assumptions, e.g., Drude-like conductance even between two
(bonded) atoms instead of parameterizing the model based
on accurate calculations or empirical inputs (nanoparticle size,
neighborhood of the single atom). Notably, wFQ has been
successfully applied to the optical response of subnanometer
junctions, where quantum tunneling plays a crucial role. In this
work, we apply the model to reproduce the optical properties of
single NPs with different shapes and sizes.

The manuscript is organized as follows. In the next section,
the main physical features of both wFQ and BEM are briefly
recalled and compared. Then, the computational methodology is
presented, and the numerical results are discussed. In particular,

wFQ is tested against the reproduction of the absorption cross-
sections of differently shaped Na, Ag, and Au NPs, and its
performance is compared with BEM results so as to highlight the
similarities and differences of the two models. A section focusing
on conclusions and future perspectives for the approach ends
the presentation.

2. MATERIALS AND METHODS
2.1. Theoretical Models

In this section, the main features of the atomistic wFQ and
continuum BEM approaches are briefly recalled. In particular,
the working equations of the two models are presented, and the
conceptual differences between the two are discussed in detail.

21.1. wFQ
oFQ is an atomistic approach aimed at describing the optical
properties of a metal NP in the quasi-static limit. ®FQ has its
theoretical foundation on the Fluctuating Charges (FQ) force
field, which, combined with a QM description of a molecular
solute, is usually exploited in the modeling of the spectroscopic
properties of solvation phenomena (Cappelli, 2016; Giovannini
et al., 2018, 2019b). In the FQ force field, each classical atom
is described in terms of a charge, which value can vary as a
response of the external sources. Similarly to FQ, in wFQ, each
NP atom is modeled as a charge that varies as a response to an
external oscillating electric field [E(w)]. Remarkably, from the
mathematical point of view, wFQ charges are complex because
the metal response includes a dissipative part. In particular, their
imaginary part is directly related to the absorption cross-section
(vide infra).

The equation of motion of wFQs is written in terms of
the Drude model of conductance (Bade, 1957), adequately
reformulated in case of charges (Giovannini et al., 2019e):

dgi n
% = 2n ;Aij <p>-l (1)

where Aj; is the effective area dividing atom i by atom j and Aj;
is a model parameter optimized to reproduce reference ab-initio
data. ng is the atomic electron density, < p > is the momentum
of an electron averaged over all trajectories connecting i and j,
and ?j,» = —Lj is the unit vector of the line connecting j to i. By
replacing p with its expression in terms of the external electric
field E(w) within the Drude model (Giovannini et al., 2019¢),
Equation (1) can be rewritten in the frequency domain as:

< E(a)) > jji

1/t —iw

— ia)q,- = 2110 ZAij (2)
J

where 7 is a friction-like constant due to scattering events. By
then assuming < E(w) > ‘I ~ (u;l — Mf’)/li]-, where /Lfl is the
electrochemical potential of atom i and J;; the distance between
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atoms i and j, Equation (2) becomes:
. 2ng Aij el el
wq; = l/r—iw; lij (Mj Mi)
200/T Aij | o
Z[l/t—zw Lij (M' wi)

Z Kdru

) 3)

where ng = 0p/7, with oy being the static conductance of the
considered metals. In Equation (3), a matrix named K4 with

I /21'10 — %’J has been introduced.

Equation (3) describes the electron transfer between all atoms
constituting the metal NP. However, in order to make the model
physically consistent, i.e., to avoid electron transfer between
atoms that are too far apart, in wFQ, the pairs of atoms in
Equation (3) are limited to nearest neighbors only. In order to
impose such a limitation, a Fermi-like f(/;) damping function is
introduced to weight the Drude conductive mechanism:

elements Kgru =

—iog; = Za — ) - K§ (s — )
_ Z Ktot( l‘-?l) (4)

where:

1
1+ exp [—d<% — >]
)

In Equation (5), lg- is the equilibrium distance between two

fy) = (5)

nearest neighbors, whereas d and s are parameters determining
the position of the inflection point and the steepness of the
curve. It is worth noticing that due to the exponential decay of
the Fermi-like function in Equation (5) (Esteban et al., 2012;
Giovannini et al., 2019e), wFQ is also capable of treating the
quantum tunneling that governs the electron transfer between
the atoms in the NP (Giovannini et al., 2019¢).

Finally, Equation (4) can be rewritten by defining
the electrochemical potential @ in terms of the external
potential VXt

Z (— Z KtOtDU + Z K;I?tij + l'a)(s,‘j> qj
j

— Z(Vext

Vext Ktot ( 6)

where Dj; is the electrostatic coupling kernel written in terms of
Gaussian charges (Mayer, 2007; Giovannini et al., 2019¢,e) and
8ij is the Kronecker delta. Equation (6) finally gives the complex

wFQs charges from which the complex polarizability @ and thus
the absorption cross-section o2 can be recovered:

B _Om(w) (o). K
() = VE@) Xi:q'(w) Ey(w)
I 43% o tr(Im(@())) )

where g is the complex dipole moment, i runs over NP atoms, k
represents the x, y, z positions of the i-th atom, and / runs over the
x,,z directions of the external electric field. c is the speed of light,
and Im(«) is the imaginary part of the complex polarizability a.

oFQ has recently been developed and applied to describe the
optical response of sodium (Na) nanoparticles (Giovannini et al.,
2019¢). In fact, due to the specificity of the model, it describes the
conductive electrons only by neglecting any possible contribution
arising from d-electrons. Nevertheless, the model can be used
in its present form to model the optical properties of any metal
at frequencies that are far from interband transitions, i.e., those
dominated by d-electrons.

2.1.2. Continuum Dielectric Model and Boundary
Element Method
The Boundary Element Method (BEM) is a classical
electrodynamics approach in which the NP is treated as a
homogenous, continuum dielectric described by a frequency-
dependent permittivity function &(w), and the NP surface
is modeled as a sharp interface I" (Fuchs, 1975; Corni and
Tomasi, 2001; de Abajo and Howie, 2002; Vukovic et al., 2008;
Hohenester and Triigler, 2012; Angioni et al., 2013; Mennucci
and Corni, 2019). In this work, BEM quasi-static formulation,
valid whenever the size of the NP is much smaller than the
wavelength of the incident light, is exploited.

Under the action of an external oscillating electric field E(w),
a surface charge density, which mimics the polarization, arises
on the nanostructure. From the computational point of view,
this electrodynamical phenomenon is solved by discretizing the
NP surface by an ensemble of tesserae derived from the surface
discretization. As a consequence, the surface charge density is
modeled in terms of a set of point charges q, which are called
Apparent Surface Charge (ASCs) (Corni and Tomasi, 2001;
de Abajo and Howie, 2002; Hohenester and Triigler, 2012). The
BEM equation for solving the ASCs per tessera reads:

-1
qw) = — [Zn (ig%) A7+ DT] E,(w) (8)

where E,(w) is the normal component of the applied electric field
calculated at each charge position, whereas A is a diagonal matrix
containing the tessera areas. D is a matrix that is defined in terms
of the tesserae positions s; and the outgoing normal unit vector
per tessera n; as:

(S,’ — Sj) . nj
Dj=—7""J for i#j, 9
ij |Si_sj|3 or iFj (92)
Di,' =2 — ZD,] (9b)
j#i
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FIGURE 1 | Atomistic (left) and continuum (right) sodium NP structures. (A)
Cylindrical nanorod with length / and radius r. (B) Spherical NP with radius r.
(C) Spherical nanodome with internal radius r, external radius R, and dome
height h. The dome has been cut in half so as to best represent the structure.

BEM Equation (8) depends on the NP geometry (D matrix) and
material (¢(w)). It is worth noticing that Equation (8) formulates
the optical response of NPs in vacuo. However, the generalization
for any surrounding dielectric medium is straightforward and
can be achieved by replacing A = (e(w) + 1)/(e(w) — 1)
by A = (e(®) + €ext(®))/(e(w) — €ext(@)) in Equation (8),
where g.¢(w) is the dielectric function of the external medium
(Corni et al., 2001; Corni and Tomasi, 2002). Similarly to wFQ,
ACSs are complex quantities because dielectric functions are
complex themselves.

Finally, the absorption cross-section ¢ is recovered from
the definition of the complex polarizability @;;, which in turn is
defined in terms of the complex dipole moment i:

bs

T
(o) = Z‘Jk(w)sk = @jj(w) = gt((w))
k=1 je
= O = %w tr(Im(&(w))) (10)

where k runs over the number of tesserae, whereas i and j indicate
Cartesian components.

2.2. Computational Details
Atomistic wFQ and continuum BEM approaches were challenged
to reproduce the optical response of Na, Ag, and Au
nanoparticles of different shapes, varying from cylindrical and
pentagonal nanorods and spherical nanodomes (see Figures 1, 2
for NP structures).

The geometries of atomistic Na nanorods (see Figure 1A)
were constructed by imposing a cylindrical section (with radius

r and length I) and Na lattice constant equal to 4.23 A (Haynes,
2014) in a Body-Centered Cubic (BCC) packing. The geometries
of atomistic Ag and Au nanorods (see Figures2A,B) were
instead created by imposing both a cylindrical and a pentagonal
section (with radius r and length /) and Ag/Au lattice constant
equal to 4.08 A(Haynes, 2014) in a Face-Centered Cubic (FCC)
packing. The geometries of Na, Ag, and Au spherical nanodomes
(see Figures 1C, 2D) were constructed by removing a semi-
sphere of radius r from a concentric semi-sphere of radius
R > r (see Figures 1B, 2C), retaining the same packing and
distances mentioned above in the case of nanorods. Different
heights of the obtained dome were considered by retaining all
atoms that are placed at a certain distance h from the top of
the dome.

All atomistic structures exploited for the following wFQ
calculations were obtained by using the Atomic Simulation
Environment (ASE) Python module v. 3.17 (Larsen et al., 2017).
The numbers of atoms in Na, Ag, and Au structures are reported
in Tables S1-S8 (Supplementary Material).

The continuum structures for the same geometries described
above were constructed by using the MNPBEM Matlab toolbox
(v. 17) (Hohenester and Triigler, 2012). In particular, cylindrical
nanorods are constructed out of a cylinder with two hemispheres
covering the flat circular faces at its extremes. Analogously,
pentagonal nanorods are build up from an extruded pentagon
and two pentagonal hemispheres covering the flat pentagonal
faces at the extremes. The pentagonal hemispheres are obtained
by considering hemispheres discretized with five meridians, so
as to generate an object with a pentagonal cross-section normal
to the long axis of the nanorod. The pentagonal nanorods
were smoothened out at the edges. The full tessellation of
such nanorods resulted in 798 and 2212 tesserae, respectively.
Spherical shells are built from two concentric spheres (see
Figures 1B,C, 2C,D), the inner of which is void. In the case
of spherical nanodome portions, the full tessellation contains
600 tesserae.

wFQ cross-sections were calculated on the obtained atomistic
structures by using a stand-alone Fortran 95 package that is
under development by some of the present authors. Equation (6)
is solved for a set of frequencies given as input. All computed
spectra reported in the manuscript were obtained by explicitly
solving linear response equations for steps of 0.01 eV. For all
studied Na and Ag nanosystems, the wFQ parameters defined
in Equations 3-4 were taken from Giovannini et al. (2019e).
The parameters for Au nanostructures are instead reported here
for the first time and were recovered from literature data where
available: 7 = 3.2 - 1074 s (Palik, 1997), 09 = 2.4 - 107
S/m (Haynes, 2014), A; = 3.38 A%, lg = 2.88 A (Haynes,
2014), d = 12.00, and s = 1.10 (Giovannini et al., 2019¢).
®FQ Na, Ag, and Au parameters are given in Tables S9-S11
(Supplementary Material).

BEM cross-sections were computed by using the MNPBEM
Matlab toolbox (v. 17) (Hohenester and Triigler, 2012). Similarly
to wFQ simulations, Equation (8) was solved for steps of 0.01 eV.
The dielectric functions defined in Equation (8) were recovered
from experimental data (Rakic¢ et al., 1998 for Ag and Au and
Althoff and Hertz, 1967; Smith, 1969 for Na).
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FIGURE 2 | Atomistic (left) and continuum (right) silver and gold NP structures. (A) Cylindrical nanorod with length / and radius r. (B) Pentagonal nanorod with length /
and radius r. (C) Spherical NP with radius r. (D) Spherical nanodome with internal radius r, external radius R, and dome height h. The dome has been cut in half so as
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Both wFQ and MNPBEM simulations were limited to the
quasi-electrostatic (non-retarded) approximation because the
size of the largest studied nanoparticle (nanorods with r =
50 A and I = 150 A) is much smaller than the computed
absorption wavelength.

3. RESULTS AND DISCUSSION

In this section, FQ and BEM absorption cross-sections (o2%)
of sodium, silver, and gold NPs of different shapes (see Figures 1,
2) are presented and compared so as to highlight the differences
arising by exploiting atomistic/continuum approaches. The
presentation of the computed results is divided into three
sections, the first presenting a comparison between both wFQ
and BEM and ab-initio o*® for silver/gold pentagonal nanorods.
The second and third sections are instead focused on Na NPs and
Ag and Au NPs, respectively. This way of presenting the results
is justified by the following: (i) the comparison with ab-initio
results permits a quantitative analysis of the performance of the
»FQ and BEM approaches; (ii) Ag and Au are characterized by
FCC packing, whereas Na has BCC packing, which makes the
number of atoms of the structures rapidly incomparable; (iii) the
Agand Au structures are identical because they are characterized
by the same lattice constant; (iv) both Ag and Au present inter-
band transitions, whereas Na has a simpler dielectric response
(interband transitions are, however, present above 2 eV).

3.1. wFQ and BEM Benchmarking

In Figure3, @FQ and BEM o of silver/gold pentagonal
nanorods (see Figure 2B) constituted by a different number
of atoms (see labels) and r=2.8 A are reported together
with reference TD-DFT results reproduced from Sinha-Roy
et al. (2017). As can be seen, all wFQ and BEM results
are characterized by an intense peak that redshifts as the
length of the nanorod increases. Such a trend is perfectly in
agreement with the reference data. In addition, the wFQ Plasmon
Resonance Frequencies (PRFs) are in better agreement with
the corresponding TD-DFT values than are those of BEM,
independently of the length of the nanorod. Such findings
suggest that for these structures, which are characterized by
atomically defined edges, wFQ is more reliable than BEM. We
also remark that the well-known explanation of the blueshift
of small nanoparticles of noble metal was devised for spherical
metal nanoparticles (Liebsch, 1993) whose resonance frequency
is near to the interband absorption edge. There, the d— electron
screening is enhanced by the pre-resonance condition. The
nanorods considered here have their resonance far from that
region, and the shifts are dominated by atomistic effects that are
grasped well by wFQ.

3.2. Sodium Nanoparticles

Figure 4 presents BEM (Figure 4A) and wFQ (Figure 4B) o2 of
Na cylindrical nanorods with radius r = 10 A as a function of the
length I. BEM and wFQ intensities were normalized with respect
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FIGURE 3 | BEM(blue), »FQ (green), and TD-DFT (red) absorption cross-sections o2 of silver (A) and gold (B) pentagonal nanorods with different numbers of atoms
(see labels). TD-DFT data are reproduced from Sinha-Roy et al. (2017). The aspect ratio (AR) of the selected nanorods is also given.

to nanorod volumes and NP numbers of atoms, respectively. The
calculated absorption cross-sections are characterized by intense
and sharp peaks, independently of the nanorod length and the
exploited model (BEM or wFQ). The nature of the plasmon
associated to each peak is highlighted by plotting wFQ imaginary
charges calculated at the PRF for a sample structure with [ = 150
A (see Figure 4C). It is clear that the main band is related to a
Boundary Dipolar Plasmon (BDP), which, remarkably, is in line
with previous studies (Rossi et al., 2015; Sinha-Roy et al., 2017;
Giovannini et al., 2019¢).

Both BEM and wFQ PRF redshift by increasing the length of
the metal nanorod, in agreement with classical electrodynamics.
By deepening in the comparison between the BEM and wFQ
results, we notice that, despite the trends being almost identically
reproduced by both models, some deviations appear in the
cases of the shortest nanorods (see Figure 4). This is probably
due to the fact that finite-size effects cannot be neglected by
decreasing the length of the nanorod. In addition, the PRF for
such small structures shifts above 2 eV, thus indicating that
interband transitions may play a relevant role. Also, it is worth
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noticing that wFQ intensities remain constant in all spectra,
whereas BEM intensities decrease as the length of the nanorod
decreases, with a simultaneous increase in the band broadening
(Kreibig and Fragstein, 1969), which is not reported by wFQ. In
order to better understand the reasons for these discrepancies,
the areas of all peaks have been computed and normalized with
respect to the area of the peak of the longest nanorod (1 = 150 A,
see Figure S1). We notice that all of the wFQ peak areas almost
perfectly match the BEM data, thus showing that the physics
of the system is similarly described by the two approaches. It
is worth remarking that an increase in the band broadening as
the length of the nanorod decreases has been reported previously
in the literature (Kreibig and Fragstein, 1969). Such an effect
is correctly modeled by BEM, due to the fact that it exploits
the experimental permittivity function. These features are not
reproduced by wFQ; however, several ad-hoc techniques, which
have been developed in the past (Kreibig and Fragstein, 1969;
Liebsch, 1993; Molina et al., 2002; Gao et al., 2011) to solve such
issues, could in principle be coupled with our approach.

The general agreement between wFQ and BEM in the cases
of the largest structures is also confirmed by the presence of a
second peak in the high-frequency region (see e.g., I = 150
Aat~ 2.1eVin Figure 4). The nature of such a band, which is
very low in intensity, was investigated by plotting wFQ imaginary
charges similarly to the most intense band. From inspection of
Figure 4C, the peak can be easily related to a boundary octupolar
plasmon, confirming what has been reported in the literature
(Rossi et al., 2015; Giovannini et al., 2019¢). We remark that some
mixing with the dipolar plasmon is needed to see 2> 0.

To further investigate the performance of wFQ and BEM, we
selected a challenging system, i.e., a portion of a spherical Na
(see Figure 1C), which has not been widely investigated before
from both the theoretical and experimental points of view (Ye
etal., 2009; Raja et al., 2016). In Figure 5A, the absorption cross-
section of such structure as a function of the height / of the dome
is reported. Notice that the internal r and external R radii are kept
fixed to 40 and 50 A, respectively. Three main features, common
to both wFQ and BEM absorption spectra, can be highlighted.
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e All spectra are characterized by an intense and sharp peak
at about 1.5 eV (wFQ) and 1.8 eV (BEM) that redshifts by
increasing the height of the dome (i.e., by moving from h=25
to h=45 A). Such a trend is in agreement with what has been
shown above in the case of nanorods (see Figure 4). In fact,
increasing the height of the dome results in an increase in
the number of atoms, which, as in the previous case, results
in a redshift of the absorption spectrum. Differently from
nanorods, BEM and wFQ PREFs differ by almost 0.3 eV; this is
probably due to a different description of the nanodome edges.

e All spectra present a second low-in-intensity peak in the
region between 2 and 3 eV. Both the intensities and PRFs of
such bands show the same trends already commented on for
the first intense peak.

e Finally, two additional bands arise for all structures in the
region between 3 and 4 eV (BEM) and 4-5 eV (wFQ). It
is worth noticing that for such a composite band, the trend
reproduced by wFQ PRFs is opposite with respect to the
low-in-energy peaks, i.e., PRFs blueshift as the structures are
enlarged. BEM PRFs are instead almost constant with an
increase in the system’s size.

In order to physically investigate these findings, imaginary wFQ
charges were depicted and rationalized in terms of the plasmon
hybridization approach (Prodan et al., 2003a,b; Radloff and
Halas, 2004; Wang et al., 2006a,b, 2007; Bardhan et al., 2009;
Park and Nordlander, 2009). In particular, spherical nanodome
plasmonic response can be represented by analyzing a simple
model in which such a geometry is seen as resulting from the
difference between a section of spherical NP and a section of
a spherical cavity in an infinite Na structure (see Figure 5B).
The direct consequence of such a model is that the plasmons
arising in the nanodome can be viewed as the linear combination
of the plasmons arising in the two pristine structures. In fact,
the antisymmetric and symmetric combinations give rise to two
plasmonic modes, which are named bonding and anti-bonding,
respectively (see Figures 5B,C). Notice also that the studied
nanodomes have cylindrical symmetry. Therefore, an electric
field parallel or orthogonal to the symmetry axis activates three
different plasmonic excitations. Two of them will be degenerate,
i.e., where the external field is orthogonal to the symmetry axis.
The two alternatives are graphically depicted in Figures 5B,C.

The main features of Na nanodome spectra can be rationalized
in terms of the above simple model. In fact, the two excitations at
lower energy can be related to bonding modes, as is confirmed
by the graphical representation of the imaginary wFQ charges
calculated at PRFs (see Figures 5D,E, in which the two possible
orientations of the electric field are considered). It is worth
noticing that the two bonding modes are qualitatively different;
in the case where the electric field is orthogonal to the symmetry
axis (see Figure 5D), a BDP appears both in the external and
in the internal surface of the shell, whereas in the other case
(see Figure5E), the basis of the shell is the only portion
that is positively charged, and the external surface is globally
negatively charged.

The two peaks at high energies (see Figure 5A) can instead
be associated to the anti-bonding modes, which are placed

at different PRFs depending on the direction of the external
electric field. This is the reason why each computed spectrum
is characterized by the presence of two peaks. Similarly to
bonding modes, also in this case, we characterized the nature
of the plasmonic modes by plotting the imaginary «FQ charges
calculated at PRFs (see Figures 5D,E). If the electric field is
orthogonal to the symmetry axis, the anti-bonding mode is
characterized by an opposite BDP on the internal and the external
surfaces, exactly as predicted by the simple model in Figure 5B.
In the orthogonal field polarization, such a mode is instead
characterized by the internal surface negatively charged and the
external positively charged, and the basis of the shell is almost
zero charged. Again, all the present features can entirely be
explained by the suggested model.

To conclude the discussion on Na nanodomes, it is worth
remarking that Figure 5A reports isotropic cross-sections.
Therefore, the bonding and antibonding modes result in a pair
of peaks because co-axial and orthogonal polarizations are not
degenerate. This can be further appreciated by looking at Figure
S2 in Supplementary Material.

3.3. Silver and Gold Nanoparticles

Figure 6 presents BEM (top) and wFQ (bottom) o2 of silver
(left) and gold (right) pentagonal (Figures 4A,B) and cylindrical
(Figures 4C,D) nanorods with radius r = 2.8 A as a function of
the length I (see Figures 2A,B for their structures). Similarly to
the case of Na NPs, BEM and wFQ intensities were normalized
with respect to nanorod volumes and the number of NP
atoms, respectively.

The wFQ-calculated absorption cross-section of Ag nanorods
(Figure 6, bottom, left) in both the considered geometries (i.e.,
pentagonal and circular section) is characterized by a sharp and
intense peak independently of the length of the nanorod. Such
a peak is related to BDP as in the case of Na nanorods (see
Figure 4). A similar outcome is shown by Au NPs (Figure 6,
bottom, right) in both geometrical arrangements, but in this case,
the absorption band is much broader and lower in intensity. This
is in agreement with previous work (Sinha-Roy et al., 2017) and
is an expected consequence of the choice of @FQ parameters, in
particular 7, which in Au NPs is almost three times lower than in
Ag NPs (see Equation 3 and Tables §9-S11). In both Ag and Au
NPs, wFQ computed PRFs redshift as the length of the nanorod
is increased, again in agreement with previous work (Sinha-Roy
etal., 2017) (see also Figure 3). We remark that Ag and Au wFQ
PRFs are in much better agreement with the corresponding ab-
initio data reported by Sinha-Roy et al. (2017) (see Figure 3),
thus confirming the validity of the proposed parametrization and
the potentialities of wFQ to describe the plasmonic character of
noble metals, at least far from the inter-band region (Giovannini
et al,, 2019e). In addition, as already noticed in the case of Na
nanorods (see Figure 4), each wFQ spectrum is characterized by
a second low-in-intensity peak at higher energies with respect to
the most intense one, which can once again be related to high-
order plasmons (octupolar, Rossi et al., 2015; Giovannini et al.,
2019e).

Similarly to wFQ, BEM Ag o?bs (Figure 6, top, left) is
characterized by a single absorption band whose maximum
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orthogonal polarizations at the PRFs of the two peaks (bonding and anti-bonding) highlighted in (A). Top and bottom views of the dome are depicted. All 625 are
normalized with respect to the volume of the considered structure.

redshifts, shrinks, and increases in intensity as the nanorod
is elongated. Also, BEM spectra show an additional peak at
higher energies, which is again related to octupolar plasmons.
The same trend is also reported in the case of Au nanorods
(Figure 6, top, right), which also exhibits a general decrease in the
intensity that is in agreement with the wFQ results. Deepening
the comparison between wFQ and BEM, the agreement between
the two approaches increases as larger structures are considered.
Such an agreement is not only due to the reproduction of

PRFs but also to a general qualitative reproduction of the entire
spectrum. Remarkably, such a finding might be justified by
considering that small structures (I < 26 A) are probably
characterized by non-negligible edge effects, which cannot be
modeled by continuum approaches such as BEM. In addition,
we remark that the Drude function that is adopted in wFQ (see
Equation 3) does not consider possible interband transitions.
Therefore, the observed discrepancies may also be connected to
the differences between the experimental permittivity function
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e(w) (exploited in BEM) and the description given by the
Drude model. We also notice that in the case of pentagonal
nanorods, for both Ag and Au, BEM PRFs are redshifted
with respect to the corresponding wFQ values, whereas the
opposite occurs in the case of cylindrical geometries. For
pentagonal nanorods, this is in agreement with what has
already been discussed in section 3.1. The reported discrepancies
between wFQ and BEM can be ascribed to the different
geometrical arrangements of the nanorods. In fact, in the case
that the geometry of the NP is characterized by the presence
of edges (for BEM) or isolated atomic chains (for wFQ),
a redshift is expected. This is confirmed by comparing the
BEM results for pentagonal (edges) and cylindrical (no edges)
nanorods (Figures 6A,C top, respectively) and the wFQ PRFs
for pentagonal (no presence of atomic chains) and cylindrical
(presence of atomic chains) nanorods (Figures 6A,C bottom,
respectively). Therefore, the aforementioned differences between

BEM and oFQ are basically due to the fact that the BEM
structures in Figures 6A,B are characterized by the presence of
edges, whereas wFQ structures do not have atomic chains. The
opposite is seen in Figures 6C,D. Furthermore, we remark that
the atomistic structures exploited in wFQ are unambiguously
determined by the lattice constant of the studied material. In
BEM, in contrast, different approximations need to be done
to represent a given atomistic structure (smooth/sharp edges,
capping, etc.), and this constitutes a limitation of the BEM
approach itself.

Let us now focus on calculated wFQ (bottom) and BEM
(top) o®® of a set of Ag and Au nanorods with fixed length [
(150 A) as a function of the radius r in both pentagonal and
cylindrical shapes (see Figure 7). The comments presented above
for Figure 6 still hold. In fact, all wFQ Ag absorption spectra
are characterized by an intense and sharp peak followed by
another low-in-intensity peak at higher energies. The former
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is once again associated to a BDP, whereas the latter has an
octupolar character. The most appreciable differences between
Ag and Au spectra are associated with the smaller intensities
and the larger broadening in the case of Au, as already
commented on in the previous case. The same considerations
applied to wFQ results can be extended to BEM. It is worth
noticing that, differently to the previous case (see Figure6),
the two approaches are nicely in agreement in reproducing
PRFs of both Ag and Au cylindrical nanorods. Such an
outcome can be explained by considering that the structures
reported in Figure7 are much larger than those studied in
Figure 6; thus, edge effects are expected to play a minor
role. This, however, does not occur in the case of pentagonal
nanorods, which show almost the same trend as that already
discussed above for smaller nanorods. Such an outcome can be
justified by the fact that BEM structures are affected by edge
effects. In fact, BEM PRFs are redshifted with respect to BEM

cylindrical nanorods (see Figures 7A-C, top). ®FQ PRFs for
cylindrical/pentagonal nanorods are instead almost identical for
the largest nanorods (r > 11.2 A), thus confirming that edge
effects become more and more negligible as the radius of the
nanorod increases.

To conclude the discussion on Ag and Au NPs, we studied the
absorption cross-section for a spherical nanodome with r = 25
A and R = 30 A as a function of the height of the dome,
similarly to what we also reported in case of Na NPs. The
results are graphically depicted in Figures 8A,B for Ag and Au
structures, respectively. The outcomes already discussed in the
case of Na nanodomes are, for the most part, confirmed. In
fact, for both metals, o is characterized by an intense pair
of peaks between 2 and 3 eV, of which the PRF redshifts as
the NP size increases. Again, such bands are related to bonding
plasmonic modes showing charge distributions almost identical
to those depicted in Figures 5D,E (see also Figure S2). Notice
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FIGURE 8 | BEM (top) and »FQ (bottom) isotropic absorption cross-sections o2 of silver (A) and gold (B) spherical nanodomes with r = 25 AandR=30Aasa
function of h (156 < h < 25 A). All @ are normalized with respect to the volume of the considered structure.

that also in this case, the two polarizations (i.e., co-axial and
orthogonal) give rise to two non-degenerate absorption peaks
due to the symmetry breaking that has been introduced by
cutting the pristine sphere in half (see also the Computational
Details Section). In addition, wFQ predicts a pair of two high-
energy peaks, which can instead be related to antibonding
plasmonic modes. Notice that the latter bands undergo a blueshift
as the NP number of atoms increases, thus resulting in an
opposite behavior with respect to that underlined in the case
of the bonding modes. Finally, it is worth noticing that the
discussed antibonding excitations are not fully reported for
BEM. This is due to the fact that the experimental permittivity
function (e(w)) adopted to model the plasmonic response of the
two metals (see Equation 8) is not defined in the considered
energy range.

4. CONCLUSIONS

In this work, the potentialities of the atomistic ®FQ approach to
describe the optical properties of sodium, silver, and gold NPs
characterized by different geometrical arrangements have been
investigated. The results have been compared with BEM, and
theoretical analogies and differences between wFQ and BEM have
been discussed and analyzed in terms of the physical quantities
underlying both approaches. The main difference between wFQ
and BEM lies in the fact that in the former, the atomistic nature
of the NP is retained, whereas in the latter, the NP is modeled
through its surface only. Despite such differences, both models
describe the polarization in terms of complex charges, which
are placed on each NP atom in the case of wFQ, whereas, in
BEM, they are located at points defined through the discretization
procedure of the NP surface.

wFQ and BEM have been applied to Na, Ag, and Au cylindrical
and pentagonal (in the case of Ag and Au NPs) nanorods

and spherical nanodomes. The results obtained with the two
methods are nicely in agreement for Na nanorods, whereas some
discrepancies are present for Na spherical nanodomes. For the
latter, to explain the different plasmonic modes that arise in the
absorption spectrum, the plasmon hybridization model has been
applied (Bardhan et al., 2009; Park and Nordlander, 2009). In
particular, both FQ and BEM predict bonding and anti-bonding
plasmonic modes, which have been highlighted by plotting
imaginary charges arising on the NP surfaces. Remarkably, the
breaking of the spherical symmetry in the studied structures gives
rise to two different non-degenerate plasmonic modes depending
on the polarization of the incident electric field, i.e., co-axial or
perpendicular to the symmetry axis. It is also worth noticing that
some discrepancies are present in @FQ and BEM PRFs of the
different plasmonic modes, which may be related to edge effects
and to interband transitions [which, in the case of Na, occur
above 2 eV (Smith, 1969)].

Similar results have been obtained for Ag and Au structures.
In the case of cylindrical and pentagonal nanorods, the
discrepancies between wFQ and BEM PRFs tend to disappear
with an increase in the size of the studied structures. The
results obtained with the two methods are similar in the case
of metal nanodomes, for which bonding and anti-bonding
plasmonic modes are correctly described by wFQ. Antibonding
excitations have not been studied by BEM, because the
experimental permittivity function (e(w)) of the two metals is
not available in the considered energy range. Although this
drawback can be easily overcome by modeling the permittivity
function with a Drude model, the quality of BEM results would
inevitably lose accuracy due to the inaccurate description of
interband transitions.

To conclude, our results show that the novel ®FQ atomistic
approach can effectively describe the optical properties of metal
NPs far from the energy range of interband transitions. This
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limitation can, however, be overcome by introducing in the
wFQ approach the physical features that are needed to correctly
account for d-electrons in noble metals, e.g., by including an
additional term in the response equations expressed in terms of
an atomic dipole, similarly to what has recently been done by
some of us in a different context (Giovannini et al., 2019a,c¢,d).
Such an extension is currently under development and will be a
topic of future communications.
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We propose a route for the rational design of engineered graphene-based nanostructures, which feature
enormously enhanced electric fields in their proximity. Geometrical arrangements are inspired by

nanopatterns allowing single molecule detection on noble metal substrates, and are conceived to take
into account experimental feasibility and ease in fabrication processes. The attention is especially
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focused on enhancement effects occurring close to edge defects and grain boundaries, which are

usually present in graphene samples. There, very localized hot-spots are created, with enhancement
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1. Introduction

Graphene is capable of strongly confining light down to the
nanometer scale due to the formation of highly localized
surface plasmons under the effect of external electromagnetic
radiation.’”? Also, plasmons in graphene have the peculiar
property that their plasmon resonance frequency (PRF) can be
tuned by adjusting shape, size, gating or doping of the
samples.' For these reasons, plasmons are the cornerstone of
several technological applications, ranging from quantum
information and telecommunication to biological sensing."**
Similarly to metal nanoparticles (MNPs), graphene may be
exploited to enhance the spectral response of adsorbed molec-
ular systems, due to its plasmonic properties®** that give rise to
local electric field enhancement.'*** However, for specific MNP
geometrical arrangements, single molecule detection becomes
possible due to huge field enhancements (i.e. the creation of the
so-called hot-spots),>>*” whereas such behavior has not been
confirmed for graphene nanostructures. In fact, pristine gra-
phene has been used as a substrate for the so-called graphene
enhanced Raman scattering (GERS), but the measured
enhancement in the molecular Raman signal is orders of
magnitude lower than for MNPs.?® For this reason, the
measured GERS enhancement has been attributed to chemical/
charge transfer effects and only marginally related to electric
field confinement,*** thus substantially hampering the broad
application of graphene as a substrate for surface enhanced
Raman spectroscopies (SERS).>*® However, is it possible to
achieve the desired field enhancement to effectively exploit

Scuola Normale Superiore, Piazza dei Cavalieri 7, 56126 Pisa, Italy. E-mail: tommaso.
glovannini@sns.it; chiara.cappelli@sns.it

+ Electronic supplementary information (ESI) available: wFQ induced electric
field. Computational details. Further validation of wFQ model. Plasmonic
properties of the systems studied in Fig. 3-5. See
https://doi.org/10.1039/d2na00088a
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factors comparable to noble metal substrates, thus potentially paving the way for single molecule
detection from graphene-based substrates.

graphene-based nanostructures in enhanced spectroscopy? In
this work, we propose a computationally driven rational design
of structural patterns, based on a fully atomistic approach that
we have recently developed.**** Remarkably, our design route
can guide a priori the definition of ideal structural patterns with
the desired enhancement features.

The geometrical patterns investigated fall within two cate-
gories. Firstly, we take inspiration from metal nanoaggregates
that allow single molecule detection,*” and that bear plas-
monic nanocavity hot-spots. Examples are MNP dimers or
oligomers commonly endowed with tips defined at the atomic
level.**** Although these geometries have already been exten-
sively studied for the case of metal substrates,>®3*3%04>-4> fy]]
understanding on how such arrangements can tune field
enhancement in graphene-based materials is still missing.

The second set of structures that we investigate are specifi-
cally tailored to reach enhancement factors that would allow
single molecule detection on graphene. More specifically, we
design atomically defined hot-spots arising in the proximity of
edge defects and grain boundaries. In particular, we focus on
systems that can be experimentally obtained, e.g. bite defects
arising in graphene nanoribbons (GNRs)***" or cracks propa-
gating in polycrystalline graphene (PCG) under the effect of
mechanical strain.”*"** Therefore, we showcase the pivotal role
of atomically defined defects in increasing enhancement and
field confinement in graphene-based nanostructures.

The manuscript is organized as follows. In the next section,
we briefly validate the accuracy of our computational model to
predict enhancement factors. Such kind of investigation is
necessary to move on to predict field enhancement and locali-
zation in carbon-based systems inspired by MNPs geometrical
patterns, such as graphene nanocones monomers and dimers.
Then, we study electric field enhancement in systems endowed
with edge defects, grain boundaries and cracks, thus suggesting
novel experimental setups for single molecule detection

© 2022 The Author(s). Published by the Royal Society of Chemistry
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applications. Finally, a brief summary and future perspectives
of this work end the manuscript.

2. Methods

The optical properties of graphene-based nanostructures are
studied by exploiting wFQ, which is a classical, fully atomistic
approach, which modulates Drude conduction with quantum
tunneling effects.**** In particular, each atom is endowed with
a complex-valued charge ¢;, which adjusts to the external
oscillating electric field E(w). The set of charges q is obtained by
solving an equation of motion, where charge-exchange between
atoms is governed by a Drude mechanism, and modulated
through quantum tunneling. In the frequency domain, the
classical wFQ equation of motion for charges q in graphene-
based materials reads:*

ZTVF nZ_D ﬂ el el
o\ w3 s

where w is the frequency of the external electric field, 7 the
relaxation time, vr the Fermi velocity, and n,p the 2D-density of
graphene. A; is the effective area connecting the atoms 7 and j, /;
their distance, u§' the electrochemical potential of atom i and
Aly) is a damping function taking into account quantum
tunneling, by allowing charge exchange among nearest
neighbor atoms and exponentially decreasing when distance
increases. Thus, f{I;;) introduces an additional charge-exchange
mechanism different from that governed by the classical Drude
model.** Notice that in this way wFQ can perfectly reproduce the
plasmonic behavior of metal nanoparticles characterized by
subnanometer junctions, where quantum tunneling effects are
crucial.*******® The f{l;) step function, defining the quantum
1

tunneling mechanism, reads:
)
—d Ly _
sl

£lh) =
where [ is the equilibrium distance between two first neighbors
(ie Ij=1.42 A),® whereas d and s determine the position of the
inflection point and the thickness of the curve, respectively.****
Also, notice that spill-out and surface-enabled Landau damping
are not currently included in our classical modeling of gra-
phene.®*®-> The effective mass is set to m" = /mip /s,
whereas the Fermi energy is defined as Er = hvg,/Tn,p, leading
to an electronic density which depends on Eg, which can be
tuned according to the experimentally applied gating. The
external electric field induces an electric field on the nano-
structure, which is calculated from the Gaussian charge distri-
butions on each atom. Unless otherwise stated, in all
calculations we set Ex = 400 meV, T = 600 a.u. (i.e. 14.5 fs) and vg
=10°m s~ ' 1 is fitted against reference ab initio®® data in order
to take into account scattering processes leading to plasmon
relaxation (see Fig. 1). In particular, for plasmon energies above
the phonon threshold energy (of =0.2 eV), the electron-phonon
coupling dominates the plasmon decay and the scattering time

—wg; =

1 +exp

© 2022 The Author(s). Published by the Royal Society of Chemistry
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10

Gap D (nm)

Fig. 1 wFQ and ab initio (reproduced from ref. 63) r* values for (a)
AC-AC and (b) ZZ-ZZ graphene dimers (d = 20 nm) as a function of
the gap width D. The graphene Fermi energy is Er = 0.4 eV for each
configuration.

becomes of the order of 10 ** 5.5 Therefore, the fitted © =
14.5 fs takes into account both decay channels.

3. Results and discussion
3.1 Model validation

We first study the electric field enhancement (' = |E|/|E,|)
exhibited by planar graphene dimeric nanoantennas (see Sec.
S1 and S3 in the ESIf). In particular, we consider monomers
with circular shape (with diameter d ~ 20 nm), and dimers
obtained by coupling armchair (AC) or zig-zag (ZZ) graphene
monomers at a distance D (see Fig. 1a and b for their struc-
tures). In our simulations, the external electric field is polarized
along the y direction (see Fig. 1a and b). We calculate the field
enhancement associated with GERS process, which is propor-
tional to X'*,>* at the center of mass of the whole system, in the
graphene plane (i.e. z = 0 nm), at the PRF of each dimer (see also
Sec. S3 in the ESIf). For both AC and ZZ configurations, the
considered PRF is associated with a boundary dipolar plasmon
(BDP), i.e. a dipolar plasmon arises in each monomer. In Fig. 1a
and b, wFQ results are compared with ab initio data reproduced

Nanoscale Adv, 2022, 4, 2294-2302 | 2295



Open Access Article. Published on 18 April 2022. Downloaded on 5/26/2022 9:48:44 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Nanoscale Advances

from ref. 63; the agreement between the two methods is
impressive, thus demonstrating the level of reliability of the
classical wFQ method. Only a minor discrepancy is observed for
Z7-77 with D = 2 nm gap. This is probably due to edge effects
which cause an increase of the field confinement in the prox-
imity of the gap and, as a consequence, a slight increase in the
field enhancement. Such edge effects become negligible by
increasing the gap (D = 4 nm). In line with ab initio results,*
wFQ predicts the maximum field enhancement for the smallest
gap (D = 2 nm) and a rapid decrease as the width of the
nanojunction increases. Additional comparison between wFQ
and ab initio results for selected circular and triangular
graphene-based arrangements are reported in Sec. S3 of the
ESLt showing again almost perfect agreement. These findings
confirm the reliability of wFQ to describe the electric field
enhancement in graphene-like structures.

3.2 Pristine graphene sheets

We now take advantage of wFQ favourable computational
scaling,* to study electric field enhancement in several gra-
phene disks of increasing size (see also Sec. S4 in the ESIt), with
a diameter D from 2 nm (112 atoms) to 200 nm (more than 1.1
million atoms). In Fig. 2, the electric field is computed at the
center of the disk, at d = 3.5 A from the substrate (in line with
the average adsorption distance of molecules on graphene”**”°),
and at distance s = 3.5 A from the side of the disk. Both
enhancements are computed at the PRF of the dipolar plasmon
mode of each disk (see inset in Fig. 2). We first focus on the
enhancement computed at the center of the disk. I'* decreases
as the disk size increases, however, for small diameters, I"*
increases due to edge effects, which become negligible for D =
20 nm. Remarkably, for diameters typically exploited in GERS
experimental setups (ie. D > 50 nm), the enhancement is
strongly reduced and tends to I'* ~ 40 for D = 200 nm. On the
other hand, I* calculated at the edges is three orders of
magnitude larger than the values at the center (see right axis in

1.2-10° 1.0-10°

8.0-10°

Y*(center)

4.0-10°

® Center (d=354) |
® Side (s =3.5A)

0 0 80 120 160 200
Diameter D (nm)

Fig. 2 Calculated ¥ for pristine graphene disks as a function of the
diameter D. Values are computed at the dipolar plasmon mode (see
inset for a graphical representation) at two specific points: the center
of the disk (blue dot) at distance d = 3.5 A (red dot), and at a distance
s = 3.5 A from the edge (green dot). The Fermi energy is equal to
Er = 0.4 eV in all calculations.
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Fig. 2). In particular, I'* increases with the dimension of the disk
and converges to I'* = 8.0 x 10° for D = 120 nm. However,
notice that such large Y'* values rapidly decay by receding from
the edges, bringing no benefit to potential spectral enhance-
ments in case of adsorbed molecular systems, which are
generally placed away from edges.

3.3 Graphene tips

We focus on graphene tips based on 3D bow-tie antennas ob-
tained by pairing two hollow carbon nanocones forming
a nanocavity (see Fig. 3a). Such structures are inspired by the
graphene 2D bow-tie antennas which we studied above to vali-
date the method.®*”"”> Hollow graphene nanocones have been
experimentally reported.””® In addition, graphene nanocones
are currently exploited for the encapsulation of gold tips in
atomic force microscopy (AFM) experiments to increase their
mechanical stability.”” The studied geometries are constructed
by removing a slice of « angle from a circular graphene sheet,
and welding together the two parts, for a given height £ (see
Fig. 3a). By varying both « and A, the 8 angle defining the
sharpness can easily be tuned. Here we select § = 30° and 8 =
40° to study the dependence of I'* on the nanocone shrinking.
In fact, the nanocones have a very sharp, atomistically defined,
vertex, which is constituted of 3 (8 = 30°) or 4 carbon atoms (8 =
40°). The considered 3D bow-ties are formed by coupling two
facing nanocones at distance D; electric field is always polarized
along the axis connecting them.

Computed I values for the boundary dipolar plasmon mode
(see S5 in the ESIt) at the center of the gap as a function of D are
reported in Fig. 3b. The maximum value of |E|/|E,| (2.0 x 10%)
corresponds to D = 2 A for both configurations, and rapidly
decreases as D increases. |E|/|Eo| is larger for the structures with
6 = 30° due to the presence of a sharper tip, although
computed fields are of the same order of magnitude. Also, |E|/
|E,| is strongly reduced for D = 1 A, however the two monomers
are almost covalently bonded at this distance and thus
a dramatic change in their optical properties is expected.

In order to fully characterize the field enhancement, the local
character of the enhanced electric field can be quantified. Such
a feature is deeply connected to the actual resolution of surface
enhanced spectral signals. By following ref. 44 and 78, the
effective localization area A is defined as:

L[ |E(x, y, 2)f
A= | 2D Dy 3
hJV |Emax|” ©)

where E and E,,,, are the induced field and its maximum values
calculated in a thin slab of volume V and thickness & = 2 A
parallel to the field direction, centered in the middle of the gap
for each distance D. Computed A values as a function of D are
reported in Fig. 3b. The localization of the electric field rapidly
increases as the gap between the two cones increases (for both
@ angles), however A remains well below 1 nm?, i.e. much lower
than typical values for metal picocavities. The field locality can
be further appreciated by plotting the electric field values in the
plane parallel to the field direction (see Fig. 3b for the 3D bow-
tie with D = 5 13). Clearly, structures with 8 = 30° show the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Geometrical parameters of graphene-based nanocones, 3D bow-ties and graphene tip-disks. (b) 3D bow-tie electric field

enhancement factors (|E|/|Eq| and r'*) and localization area (A) for both 8 = 30° and 8 = 40°, as a function of the gap width (D) calculated at the
boundary dipolar plasmon (see left panel) in the center of the gap. 8 = 30° and 8 = 40° electric field enhancement factors color map for 3D bow-
tie nanostructure with D = 5 A. (c) Graphene tip-disk electric field enhancement factors (|E|/|Eo| and I'*) and localization area (A) for both g = 30°
and 8 = 40°, as a function of the gap width (d) calculated at the boundary dipolar plasmon (see left panel) in the center of the gap. 6 =30° and § =
40° electric field enhancement factors color maps for graphene tip-disk nanostructure with d = 5 A. The Fermi level is set to E¢ = 0.4 eV for each

configuration.

largest enhancement values, due to the higher cone sharpness,
which, as stated above, is responsible for a larger plasmon
confinement. However, for both 8 angles, I'* is of the order of
10", thus a huge electric field enhancement comparable to
what can be obtained with MNPs is expected. Also, notice that
the obtained I is four orders of magnitude larger that the value
we obtained for the monomeric moiety, thus demonstrating the
relevance of creating a subnanometric junction (see Sec. 5 in the
ESIY).

An alternative geometrical arrangement can be designed by
coupling a tip and a sheet, where a molecular system can
potentially be deposited, similarly to what is done in case of tip
enhanced spectroscopies.****° Therefore, plasmonic picocav-
ities can be created by placing a graphene sheet (in our case,
a graphene disk with radius 10 nm) at close distance from the

© 2022 The Author(s). Published by the Royal Society of Chemistry

apex of a nanocone (see Fig. 3a). Also in this case, we perform
the same simulations as for the 3D bow-tie system, by varying
the gap between the sheet and the apex (d) from 1 to 10 A. The
electric field enhancement is calculated at the boundary dipolar
plasmon resonance frequency, which is associated with
a dipolar mode involving both the cone and the graphene disk
(see Fig. 3c). |E|/|E,| rapidly decreases as the gap increases,
while the opposite trend is observed for the effective localiza-
tion area 4, which is in this case computed for a slice centered in
the middle of the gap. The same also holds for small gaps, for
which the two structures are bonded. Finally, I'* is graphically
reported for both § =30 and 8 =40° and d =5 A, as computed
in the plane parallel to the electric field direction. For both
angles, I'* is about 10, thus one order of magnitude lower than
for 3D bow-ties. This behavior is expected, because in tip-disk

Nanoscale Adv, 2022, 4, 2294-2302 | 2297



Open Access Article. Published on 18 April 2022. Downloaded on 5/26/2022 9:48:44 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Nanoscale Advances

structures a single tip is responsible for the huge electric field
enhancement. However, this geometrical arrangement is
promising and could be exploited in GERS experiments. In fact,
it returns enhancement factors that, according to our calcula-
tions, could be up to seven orders of magnitude larger than
those commonly reached in current GERS experiments
exploiting pristine graphene as substrates. Also, it might
provide huge field localization, thus allowing excellent spectral
resolution. To conclude, for both 3D bow-ties and tip-disk
arrangements, we focused on the dipolar plasmon where
charges accumulate near the tips of both structures. Remark-
ably, the dipolar nature of these plasmon modes does not
change by increasing the size of these systems.

3.4 Bite defects

We now move to investigate structures bearing atomic-scale
defects. We first focus on AC and ZZ graphene nanoribbons.
Their geometries are constructed according to the experimental
structures reported in ref. 46 (see Fig. 4). In particular, the
number of missing rings forming the bite defects and the
relative distance between two adjacent defects resemble those
experimentally measured.*® There, atomically precise fabrica-
tion methods are exploited, which in principle allow for a deep
control of the system's geometry.”® However, the resulting
samples may contain a certain percentage of structural disorder
due to missing benzene rings resulting from the synthesis.*®*®

77

IE/IE,?

Fig. 4 Geometries and electric field enhancement factor (|E|?/|Eq|?)
color maps for ZZ (a) and AC (b) graphene nanoribbons with bite
defects. Color maps are calculated at distance d = 3.5 A from the
nanostructure. The Fermi energy is set equal to Ef = 0.4 eV.
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These defects are known as bite defects and affect charge
transport along the nanoribbon through charge
confinement.***’

Electric field enhancements (|E|*/|Eo|*) for both AC and ZZ
GNRs with bite defects are computed at their PRFs, on a plane
placed at d = 3.5 A (see Fig. 4). When the incident electric field is
polarized along the x-direction, i.e. the system main axis, the
plasmon excitation is associated with a localization of charge
around the bite, in both AC or ZZ configurations. Such locali-
zation is associated with I'* larger than 10° at d = 3.5 A. Thus,
bite defects strongly trap plasmons, leading to the formation of
hot-spots. Similar to the previous cases, we can quantify the
local character of the enhanced electric field by means of its
effective localization area A, which is reported in Fig. 4. The
induced electric field is localized inside the bite and the effec-
tive area is subnanometric. Interestingly, in this case the huge
atomistic localization of the electric field follows the presence of
a hole in the structure, whereas in more common nano-
structures tips/needles are exploited.

From the numerical point of view, the enhancement is much
lower than in the case of cone-based structures (see above). A
possible strategy to increase the induced fields would consist of
exploiting one of the most peculiar properties of graphene, i.e.
the Fermi level tunability. In fact, by increasing the Fermi
energy (Er), the number of electrons involved in the collective
excitation increases, and in turn also the electric field. Thus, we
vary Er from 0.2 eV to 1.0 eV (see Section S6 in the ESIt), which is
a range experimentally achievable.*” The enhancement factors
increase by increasing Eg, without any loss in the induced fields
local character. We finally notice that, similar to the corre-
sponding experimental setups, the systems are composed of
a relatively small number of atoms; therefore, even larger field
enhancement factors are expected for bigger nanostructures.

3.5 Strained polycrystalline graphene sheets

In this section we focus on a 40 nm x 40 nm polycrystalline
graphene (PCG) sheet, as shown in Fig. 5a. The interest in
studying such structure is driven by two reasons. First, PCGs are
experimentally accessible.”**%#* Secondly, as we have already

IEVIE,|
6

PRF = 0.185 eV

_ Ex=04eV. g

= d=35A |
\-

a) ' b)

Polycrystalline Graphene

yl E(w) N
* l

Fig. 5 (a) Graphical representation of the stretching process of a PCG
sheet of 40 nm of side. The black box highlights the region where the
maximum field enhancement for the stretched structure is computed.
(b) ¥ color map arising for the pristine PCG sheet at rest. The Fermi
energy is set to 0.4 eV.
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shown and discussed above, the generation of high field
enhancement and confinement, ie. hot-spots, in large
graphene-based systems is particularly challenging.?®

To create regions characterized by large electric field
enhancement and confinement, we apply a mechanical stress to
PCG in terms of an isotropic strain. Note that dimensions
comparable with those exploited in the present work (40 nm x
40 nm) have been used to model the cracking of experimentally
studied graphene sheets.”*** To simulate the stretching
process, we perform a reactive molecular dynamics (MD)

[EI/IE|
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calculation employing ReaxFF*”*® on PCG, where a strain rate of
. 1dL . . .

e(t) = [ T 2.161 ns™* is applied along the x and y direc-

0

tions for 56 ps (see Fig. 5a and Sec. S2 in the ESIf for more
details about the computational protocol). From the MD we
extract six snapshots (see Sec. S7 in the ESIt) at different strain
percentages €. Each geometry is then excited by an external
monochromatic electric field polarized along the y direction
and oscillating at the PRF of the considered geometry see
Fig. 5a. For all the snapshots, the maximum field enhancement

[EI/IE

D) PRF = 0.170 eV

40
30
e=3.69%
20
A = 1.13 nm? 0
Y4=4.8-10°
IEI/IE,|
70

)l PRF = 0.185 eV

A = 0.83 nm*
Y'=2.8-10"

PRF = 0.190 eV
d=35A

e=4.85%

A = 0.76 nm?
Y=12-10’

Fig. 6 Computed |E|/|Eo| color maps of PCG under isotropic strain € = 3.20% (a), 3.69% (b), 4.18% (c), 4.40% (d), 4.50% (e) and 4.85% (f). The
maximum enhancement is calculated in the region highlighted in the white box. The Fermi level is set to Er = 0.4 eV for all calculations.
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r* is computed in the region highlighted in the black box in
Fig. 5a, on a plane parallel to the PCG and placed at 3.5 A from
it. This region has been chosen because it corresponds to the
area where the first crack starts to form (see Sec. S7 in the ESIT).

To evaluate the effects of defects formation, we compare the
field enhancement computed for each geometry with those of
the structure at rest. Pristine PCG features a dipolar plasmon at
0.185 eV; the charge density is localized at the edge of the
structure (not shown), similarly to what we observed previously
(e.g. see Fig. 2). The field enhancement away from the edge is
low, i.e. I* = 1.2 x 10? (see Fig. 5b).

As a result of the application of a tensile stress, cracks are
first formed in the substrate, then they propagate across the
sample, in agreement with previous observations.”® Thus,
narrow gaps between adjacent regions appear and, by further
increasing the strain, the graphene sheet breaks completely (see
Sec. S7 in the ESIT). As soon as defects are formed, plasmon
confinement and field enhancement are observed in regions
away from PCG edges (see Fig. 6a—f). A clear dependence of the
enhancement upon the applied strain is not observed (see
Fig. 6), whereas plasmon charges are indeed confined on edges
and defects along the cracks. This suggests that once a crack
starts forming, the kinetics of the cracking process is correlated
to the reported enhancement more than the actual strain which
is applied. However, high field enhancement and sub-
nanometric localization are simultaneously reached in certain
surface regions for different € values. The highest enhancement
occurs for € = 4.18%, being I* = 3.9 x 10° and the effective
localization area A = 0.17 nm?® (see Fig. 6c). Therefore, the
isotropic strain deformation of PCG seems to induce the
formation of highly confined and enhanced fields, ie. hot-
spots, along the cracks. Moreover, it is known that graphene
edges and vacancies can act as adsorption sites for various types
of analytes.?*> Although this is not directly proven in this work,
our results suggest that morphological defects not only behave
as hot-spots, but can be ideal candidates for adsorption of target
analytes, in order to allow their probing through surface-
enhanced spectral signals. Therefore, common shortcomings
of graphene substrates in the context of surface-enhanced
spectroscopies might be solved through defect engineering.

4. Summary and conclusions

We have shown that high electric field enhancement and
confinements can arise in engineered graphene-based nano-
structures. The latter are designed by following two approaches.
The first mimics geometrical arrangements commonly exploi-
ted to create hot-spots with noble MNPs, such as 3D bow-tie
antennas. The second exploits graphene peculiar properties,
such as edge defects and cracks propagating in polycrystalline
substrates. Computed field enhancement and confinement
factors show that in all these structures hot-spots are induced,
which can be used as potential substrate for surface-enhanced
spectroscopies. Notably, in some cases the computed field
enhancement is comparable with the values which are observed
in widely-used metal nanosubstrates exploited in SERS, thus

2300 | Nanoscale Adv., 2022, 4, 2294-2302

View Article Online

Paper

suggesting that single-molecule detection is potentially acces-
sible also in graphene-based nanostructures. In addition,
computed confinement factors go down to the subnanometric
scale, thus also suggesting a huge potentiality of graphene to
strongly confine plasmon-induced enhancement. To conclude,
the findings of this study suggest that by proper engineering
graphene-based structures, the common shortcomings re-
ported for graphene when it is exploited as a substrate for
surface-enhanced spectroscopies can be solved. We hope that
our work can inspire further experimental investigations to
confirm our theoretical predictions.
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ABSTRACT: Terahertz spectroscopy is a perfect tool to investigate
the electronic intraband conductivity of graphene, but a phenom-
enological model (Drude-Smith) is often needed to describe
disorder. By studying the THz response of isotropically strained
polycrystalline graphene and using a fully atomistic computational
approach to fit the results, we demonstrate here the connection
between the Drude-Smith parameters and the microscopic behavior.
Importantly, we clearly show that the strain-induced changes in the
conductivity originate mainly from the increased separation between
the single-crystal grains, leading to enchanced localization of the
plasmon excitations. Only at the lowest strain values explored, a
behavior consistent with the deformation of the individual grains can
instead be observed.
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B INTRODUCTION

Extremely simple in its crystal structure, graphene has revealed
an outstandingly complex and rich spectrum of fundamental
physical phenomenologies, with unique perspectives toward
technological applications." One of such peculiar features is the
presence of an effective gauge field — analogous to the
electromagnetic vector potential — when a strain is applied to

coupling experiments, without the need for high magnetic
field environments."”” "> From the second, one may leverage
on the various THz spectroscopic techniques that proved
powerful in understanding the micro- and mesoscopic
structure of materials.>"?* Indeed, technologies to fabricate
graphene samples of sufficient quality and size with an
engineered strain are currently still challenging. On the other

Downloaded via SCUOLA NORMALE SUPERIORE DI PISA on March 25, 2023 at 15:46:37 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

an otherwise homogeneous, unperturbed graphene lattice.” If
an inhomogeneous strain belonging to a specific symmetry
class is considered, the effective gauge field can be linked to a
homogeneous pseudomagnetic field (PMF), capable — on par
with a real magnetic field — of reorganizing the electronic
states into discrete levels with a characteristic </#n energy
behavior.>* The possibility of controlling electronic properties
through strain, which gave birth to a whole field of research
usually named straintronics,”™” in graphene coexists with many
other appealing properties of such material, like high carrier
mobility, universal optical conductance, tunability by electro-
static and ionic gating, mechanical flexibility, and peculiar
plasmonic properties. It is especially in the terahertz (THz)
frequency range that graphene plasmonics and magneto-
plasmonics deserve special attention, thanks to the small
plasmon confinement length and high Faraday rotation power,
enabling applications such as modulators, nonreciprocal
elements, coherent absorbers, polaritonic components, detec-
tors, and metasurfaces.'””"> Considering strained graphene,
THz can be regarded both as an application domain and as a
diagnostic tool. From the first perspective, THz manipulation
can benefit from appropriate graphene strain engineering;'® in
addition, pseudo-LL could be employed for ultrastrong

© 2023 The Authors. Published by
American Chemical Society

7 ACS Publications

hand, the use of THz as a diagnostic tool has proven often
extremely powerful. In the present article we investigate the
THz conductivity of a variably strained polycrystalline
graphene sample, unveiling the origin of the observed
Drude-Smith behavior.”>”>* We analyzed our experimental
data by means of an atomistic technique, wFQ,>* >*
highlighting the presence of strain-induced carrier reflection
at the grain boundaries and strain-induced mutual separation
between grains. The ensuing localization of the plasmon
excitations confirms that the conductivity trend of the
macroscopic Drude-Smith model finds its roots in the creation
of actual atom-size gaps between graphene grains of realistic
size. Our study extends prior knowledge on the THz
conductance of strained graphene where uniaxial strain was
considered,””>° but, most importantly, reports for the first time
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Figure 1. Spectroscopic evidence of the Drude-Smith behavior observed in the far-infrared response of strained polycrystalline graphene. (a)
Experimental (black to gray dotted traces) and calculated (blue to cyan solid lines) relative transmittance spectra, defined as the ratio between the
transmittance of the investigated sample (graphene on polymer membrane) and a reference sample (bare polymer membrane). The spectral region
mostly affected by the Drude-Smith strain-dependent response is that between 0.2 and 3 THz. The inset shows a small effect mostly due to
membrane thickness reduction. (b, c) Real and imaginary parts of graphene conductivity giving rise to the calculated spectra in (a). The
suppression of Re(o) at low frequencies is a fingerprint of Drude-Smith behavior. (d, e) Strain dependence of the Drude-Smith model parameters ¢
(quantifying the carrier backscattering) and 7pg (effective scattering time). Large strain imply stronger backscattering and smaller effective

scattering time (more on this in the main text).

the application of a fully atomistic approach to quantify the
deviation from the Drude model and, at the same time,
provides a novel microscopic interpretation of the Drude-
Smith behavior, which is a widespread tool for the analysis of
THz conductance in nanostructured disordered materials.

B RESULTS AND DISCUSSION

To perform the aforementioned study, we have designed a
special sample and sample holder. Sample fabrication began
with chemical vapor deposition (CVD) synthesis of a
polycrystalline monolayer graphene film on copper foil (Alfa-
Aesar, 25 pm thick) using an Aixtron BM Pro cold-wall CVD
reactor. Wet transfer’' was used to deposit the graphene film
on a thin (~8 um thick) circular polyvinyl chloride (PVC)-
based membrane of about 20 mm diameter. The membrane
was cut from a foil by means of a hollow punch in order to
provide the desired geometry. The graphene sample was spin-
coated with a protective layer of poly(methyl methacrylate)
(PMMA), and the copper was etched away using iron chloride
(FeCl;). The remaining PMMA/graphene film was rinsed in
deionized water several times and was picked up from water
using the PVC membrane. The sample was dried under
ambient conditions. A reference sample consisting of the sole
PVC membrane was also fabricated. The sample holder is a
manual chuck with four jaws, on which the membrane sample
can be accommodated and fixed by means of glue. By actuating
the chuck, the four jaws move apart from one another, thus
applying a biaxial deformation field to the sample, as illustrated
in Figure SI in the Supporting Information (SI). The usage of
a four-jaw chuck allows to deliver a mostly homogeneous and
isotropic strain distribution, avoiding position-dependent strain
profiles that could give rise to specific PMF effects. In any case,
it should be highlighted that the polycrystallinity of our sample
prevents the creation of directionality-dependent effects, as the
unstrained sample is isotropic. The sample is then inserted in
the main optical path of two kinds of spectrometers: (i) a THz-
TDS instrument, operating in the 0.3—2 THz spectral range,
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(i) a FTIR instrument, operating either in the FIR (2—10
THz) or in the MIR (10—100 THz) spectral ranges depending
on the employed beam splitter and detector. In Figure la we
plot, as traces with black to gray color, the transmittance
spectra collected under different strain levels, from 0 to 12%.
For strained samples, only the 0.3—2 THz and 10—100 THz
regions have been characterized, owing to setup limitations.
The strain strongly affects the 0.3—2 THz region, while the
10—100 THz region is affected only weakly. All the spectra in
Figure la are of relative transmittance, in the sense that they
are the ratio between the spectra of a polymer+graphene
sample with respect to the reference polymer sample. To
interpret the spectra, we modeled the transmittance employing
the scattering-matrix method for electromagnetic wave
propagation through unpatterned layered media, following
the theory in ref 32 after reduction to a single spatial harmonic,
and generalization of the interface matrix to account for
graphene as a zero-thickness sheet with local conductivity.' As
a first attempt, we employed a pure Drude form for the
graphene conductivity; with this approach, however, it was not
even possible to fit the zero-strain spectrum with reasonable
parameters. The simple Drude form would be the (asymptotic)
form expected for the conductivity of graphene in the
frequency range below the onset of interband transitions, i.e.,
in the case of a sample grown with our technique, for
frequencies smaller than around 150 THz.*®> A deviation from
the Drude behavior is however expected in polycrystalline
samples; indeed, the Drude model is unable to capture the
backscattering of carriers at the grain boundaries, as it only
describes a time-domain Poissonian process of inelastic
scattering events that is suitable for describing bulk scattering
only. We thus moved to the Drude-Smith model, that, for
graphene, is given by the expression

Tpg 1 c
o(w) = 6 Ex— 1-
() b nl- inDS[ 1 - ia)TDS]

(1)

https://doi.org/10.1021/acsphotonics.2c01157
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where o, = 2¢*/h ~ 7.75 X 1075 Q7! is the conductance
quantum, Ep is the Fermi energy, 7pg is the Drude-Smith
scattering time (related, but distinct from the bulk scattering
time), and ¢ € [0, 1] is a parameter that quantifies the
deviation from the pure Drude model.”> The choice ¢ = 0
recovers the Drude model; the effect of ¢ > 0 is to suppress the
DC conductivity and to move the maximum of Re(s) from @
= 0 (as in the Drude model) to a finite value @ > 0. Such
effects are interpreted, in the original view of the model given
by Smith, as a “memory effect” experienced by the carriers,
whose velocity distribution is not fully randomized after the
first collision, and rather retains a net backward component.”
Otherwise, it can be interpreted as the consequence of a finite
reflectivity felt by the carriers while moving across the sample,
modeled as a disordered assembly of grains with partially
impenetrable boundaries.”*

The transmittance spectra following from the fit to
experimental data using our multilayer model and eq 1 for
the graphene conductivity are reported in Figure 1a as blue to
cyan lines. No data are shown for the strained samples above
30 THz since in that spectral region one only observes a shift
of the oscillations, an effect connected to the change of the
polymer thickness rather than to a modification of the Drude-
Smith parameters of graphene. More on this, and additional
information on the fitting procedure, are given in SI, section 2.
The slight increase with frequency in the 0.5—2 THz range (of
the order of just a few percent) in the experimental
transmission for the unstrained spectrum is likely due to
deviations from flatness of the membrane in the absence of any
applied tension (with possible formation of small bends and
wrinkles) or to residuals of the polymer absorption.
Consistently with the general behavior of the Drude-Smith
model with nonzero ¢, the real part of the conductance has a
maximum at finite values of the frequency (~3 THz, see Figure
1b). As the strain increases, the DC conductance decreases,
reducing absorption at low frequency. This is a consequence of
¢ shifting from 0.5 to 0.82, which means a strong deviation
from the Drude model at large strains (Figure 1d). A peculiar
trend is also observed in the g parameter (Figure le). Here,
the best estimates for 7pg first increase and then decrease;
however, especially when considering the data with error bars
(95% CI statistical error), the initial increasing 7pg trend is not
unambiguous and the data could also be consistent with a
global decrease, albeit with different slopes for strains below or
above ~3.5%. A microscopic interpretation of this effect is
given later. The data of Figure 1 complement literature reports
about the conductance in strained graphene, where either the
maximum strain was much smaller than ours®® or uniaxial
strain was employed.”

To move toward a microscopic interpretation of the trends
observed in Figure 1d,e, one can resort to the model proposed
by Cocker et al,** where the carriers motion in a multidomain
sample is studied by a Montecarlo approach and by
considerations on the diffusion current. In this model, new
parameters are involved: the diffusion time in each domain
(t,), the domain wall reflectivity (R), and the bulk scattering
time (7). However, the two models are connected, since
relatively simple algebraic relations between the above-
mentioned parameters and the “original” Drude-Smith
parameters (¢, 7pg) can be derived. Exploiting such relations,
we report in the SI (section 3.6) details on the analysis of our
data in view of the model by Cocker et al. In summary, the
domain diffusion time decreases with increasing strain, the
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reflectivity increases with increasing strain, and the bulk
scattering time remains almost constant. These observations
support the vision that the strain applied to the polycrystalline
sample leads to a progressive separation between the
monocrystals (connected to reflectivity increase) and to the
creations of cracks within each crystal (connected to diffusion
time decrease, assuming that diffusion time equals a drift
velocity multiplied by the domain size). Effects connected to
the stretch of carbon—carbon bonds seem instead negligible™*
(see section 3.8 in the SI), and the consequent opening of a
bandgap, yet expected at even larger strains, would rather affect
mostly the optical spectral region.”® It should be recalled,
however, that the model by Cocker et al. was derived for
massive charges, which is not the case of graphene.

To provide a more solid analysis of Dirac Fermions
dynamics in a multidomain graphene sample, we then exploit
a fully atomistic, yet classical, model, called a)FQLZé_Z&R’6 which
is able to correctly describe how the grain boundaries
morphology affects the electron conduction across the sample
(see also Methods).*” In @FQ, each carbon atom is endowed
with a net charge g;, which responds to an external oscillating
electric field. The conduction properties of graphene samples
are directly obtained from computed @wFQ charges, by
exploiting their complex (i.e, real + imaginary) nature. In
fact, the charge’s imaginary part enters the definition of the
dipole moment of the whole system and, as a consequence, the
calculation of the complex polarizability (a(w)), that can be
easily related to the conductivity (see section 3.1 in the SI).
Also, the charge exchange between nearest neighbor atoms is
described in terms of the Drude model of conductance, which
is further modulated by means of a Fermi-like damping
function, which introduces an exponential decay, typical of
quantum tunneling (see Methods section).”®*” In this work,
@FQ needs to be applied to graphene samples with a size of
tens of pm. Although @FQ can afford graphene sheets
constituted by more than 1 million atoms due to its low
computational cost,”® a fully atomistic modeling of graphene
samples of size of the order of ym is still computationally
unfeasible. However, it has been shown that by modulating the
graphene 2D electron density, or equivalently its Fermi level,
the plasmonic properties of a graphene sheet of arbitrary size
can be reproduced.®® Indeed, wFQ is able to correctly
reproduce the peculiar property of graphene-based materials
to yield plasmon degeneracy (i.e, the same Plasmon
Resonance Frequency - PRF) by modulating both the intrinsic
dimensions of the considered substrate and the Fermi energy
by the same numerical factor.””** In this scenario, a graphene-
based nanostructure showing a PRF in the THz regime, which
is unfeasible from a computational point of view due to the
prohibitive number of atoms to be described, can be modeled
as a smaller system by decreasing the Fermi level to make the
electron density equal to that of the real-size structure.
Remarkably, @FQ retains this important physical feature;*’
therefore, in the present work, we adopt a special para-
metrization, which is able to correctly describe the initial
experimental system at rest (see section 3.2 in the SI). In this
way, graphene samples characterized by a PRF in the THz
regime can be described by actually computing much smaller
structures (i.e., tens of nm) and the results of calculations can
be directly compared with experimental data. We model the
experimental unstressed polycrystalline graphene as a multi-
domain graphene sheet constituted of 6 grains of different size
as the starting geometry at rest (see Figure 2 a). Obviously,
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Figure 2. Polycrystalline graphene sheet composed of 6 grains at rest
(a) and under the effect of biaxial strain (b). ®FQ values for the real
(c) and imaginary (d) part of 6*® as a function of the external
frequency. Drude-Smith parameters ¢ (e) and 7pg (f) as a function of
the applied strain. Charge density plots for the system at rest (g) and
at 10% strain (h).

multiple starting structures could be exploited; additional
results obtained by using a multidomain graphene sheet
constituted of 12 and 17 grains are reported in section S3.7 in
the SI Such data show that similar trends are obtained
independently of the number of grains. Drude-Smith
parameters are extrapolated from conduction trends with a
fitting procedure (see section 3.3 in the SI). Also, in order to
allow for a direct comparison between our modeling and the
experimental data, we impose the Drude-smith parameter ¢ =
0.53 at 0% strain (see eq 1 and Figure 1 d), by tuning the free
parameter /3 (see sections 3.2 and 3.4 in the SI). ®FQ is then
tasked to explain at the microscopic level experimental
macroscopic trends as a function of the applied strain (see
Figure 1). We first assume that, by starting from the unstressed
polycrystalline graphene, in which all grains are linked
together, the grains start to drift away as the applied strain
increases. Thus, gaps between adjacent grains are first formed
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and then their size increases as a function of the applied strain,
so that cracks between grains appear (see Figure 2ab).
Computed wFQ real and imaginary parts of the conductivity
(6*) for each strained geometry (from 0% to 12% external
applied strain, with a constant step of 1%) are reported in
Figure 2c¢ and d, respectively.

The @FQ Re(6*') maximum for graphene at rest falls at
about 0.7 THz, which differs from the experimental result.
However, such a shift does not affect the overall description of
the behavior of the conduction peak as a function of the
applied strain. In fact, as reported in Figure lc,d, the
conductivity blue shifts as the applied strain increases,
coherently with experimental findings. In addition, @FQ
reproduces well the experimental decrease of the peak’s
intensity as the applied strain increases.

By exploiting the fitting procedure explained in section 3.3 in
the SI, the ¢ and 7pg parameters entering the Drude-Smith
model (see eq 1) can be obtained as a function of the applied
strain (see Figure 2e,f). Also in this case, the agreement
between wFQ results and the experiment is extremely good.
Indeed, not only the general behavior as a function of the
strain is correctly reproduced for applied strains >2—3%, but
also @FQ results are numerically comparable with experiments.
These findings are particularly relevant, because they confirm
the reliability of our modeling of the experimental strain
process. The decreasing of 7pg as the applied strain increases
can be explained by considering that for large strains, grains
tend to behave as independent islands and the electron
conduction between adjacent domains is strongly damped. As
a result, the plasmonic density is blocked inside each single
grain and the overall scattering time drops. In Figure 2gh, we
show that the charge density is diffused over the whole
unstressed sample, whereas a confinement of the plasmon
density arises when gaps originate in the structure. Although
we are able to mimic with very good accuracy the experimental
trends for strains >3.5%, our theoretical picture does not
capture the change in the slope of 7pg as a function of strain
occurring when we move to values below ~3.5%. Such a
discrepancy probably reflects that in weakly stressed graphene
an additional relaxation mechanism, more relevant than grain
separation, is playing an active role. In fact, the results reported
in Figure 2c—f are obtained by assuming the internal relaxation
of the C—C bonds within each grain to be instantaneous. This
is an approximation which may be valid for large strain values,
but may fail at low strain values (1—3%).

To support this vision, we consider the alternative situation
produced by the strain: the multidomain unstressed graphene
is elongated, stretching the chemical bonds without detaching
the grains (see Figure 3a and section 3.8 in the SI). At the
grain boundaries amorphous C phases could indeed be
present, and they might prevent a clear separation of the
islands until the strain is large enough, leading to a complex
interplay of mechanisms. If grains deform without moving
away from each other, an overall increase of the system size,
and, as a consequence, of the scattering time, is expected,
without major changes in the plasmon confinement. In fact,
the computed wFQ _trend of 75 as a function of the applied
strain shows in this case a small linear increase (see Figure 3b).
Such findings support the experimental observations that, for
strains lower than 3.5%, the values of 7pg are relatively
unchanged (within the errors).

In summary, two different mechanisms have been
investigated by our computational modeling: the elongation
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Figure 3. (a) Graphical representation of the elongation of a single
graphene ring under the effect of an increasing level of isotropic strain.
(b) Drude-Smith parameter 7pg as a function of the applied strain by
imposing a stretching of C—C bonds only.

of the C—C bonds in the whole polycrystalline structure and
the formation of different cracks across the grain boundaries of
the structure, leading to narrow gaps between adjacent grains,
providing a confinement of the plasmons within the different
grains. Opposite 7pg trends are obtained from the simulations
in the two cases, which allows interpreting the experimental
results as deriving from the interplay of the two processes:
while at low applied strains both elongation of the C—C bonds’
length and separation between adjacent grains may be
involved, at high levels of strain, the latter effect clearly
dominates the THz response.

Bl CONCLUSIONS

We have investigated the THz conductivity of polycrystalline
graphene as a function of isotropically applied strain by both
time domain/FTIR spectroscopy and theoretical atomistic
simulations. It is found that the dependence can be properly
described by considering two different effects: a uniform
deformation of the graphene lattice, which dominates for low
strain, and a progressive detachment of the individual
monocrystal grains at high strain. The latter affects the THz
conductivity through the progressive localization of plasmon
excitations in each grain.

Furthermore, by fitting both experimental and theoretical
spectra with a phenomenological Drude-Smith model, a
connection is drawn between the parameters accounting for
disorder in the formula and the microscopic physics they are
expected to convey.

The results highlight the potential of the @FQ_approach in
studying systems where macroscopic electro-dynamic theories
cannot cope with the presence of underlying micro/nanoscale
structures at the atomic scale, if not through the introduction
of average parameters of limited quantitative significance. They
also finally provide a clear picture of how polycrystalline
disorder affects graphene plasmon resonances, suggesting a
new interesting mechanism by which strain could be used as
the external control knob in the implementation of graphene-
based tunable THz devices.

B METHODS

In this work, we describe the optical properties of multidomain
graphene nanostructures, with an emphasis on structural
defects created by a biaxial strain applied to a sample initially
at rest. We model the optical response of such structures by
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using a classical, fully atomistic approach, called
wFQ.**7**%%373% 1n this method, a net complex charge g; is
placed at each atomic site, and atom—atom charge flow occurs
in response to a time dependent external electric field. Charge
exchange is described in terms of the Drude model of
conduction, modulated by quantum tunneling effects. In this
way, charge transfer is restricted to nearest neighboring atoms,
and the typical quantum tunneling exponential decay is
considered. wFQ_ charges (q) are determined through the

followmg equatlon
n2D Zf(ll]) (¢el iel)
()

where g,(w) is a complex-valued charge placed at atom i,
oscillating at frequency @. vg is the Fermi velocity, n,p, is the
2D-density of graphene, and 7 the scattering time. I; is the
distance between atoms i and j, whereas A; is the effectlve area
connecting i and j atoms. The electrochemical potential acting
on each atomic site is labeled as ¢°'. Finally, £ ) is a Fermi-like
damping function mimicking quantum tunnehng effects, which
reads as the following:

f(lij) =

. ZTVF
—iwq. =
! — iwT

1

)
} (3)

where [} is the equilibrium distance between two adjacent
carbon atoms at rest (ie, [f = 1.42 A*). The position of the
inflection point and the steepness of the step function are
determined by the parameters d and s, respectively.

1+ exp
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ABSTRACT: Optical properties of metal nanostructures are the basis of
several scientific and technological applications. When the nanostructure
characteristic size is of the order of few nm or less, it is generally accepted
that only a description that explicitly describes electrons by quantum
mechanics can reproduce faithfully its optical response. For example, the
plasmon resonance shift upon shrinking the nanostructure size (red-shift
for simple metals, blue-shift for d-metals such as gold and silver) is
universally accepted to originate from the quantum nature of the system.
Here we show instead that an atomistic approach based on classical
physics, wFQFu (frequency dependent fluctuating charges and
fluctuating dipoles), is able to reproduce all the typical “quantum” size |

. . . 510 15 20 1015 20
effects, such as the sign and the magnitude of the plasmon shift, the Distance d (A) Distance d (A)
progressive loss of the plasmon resonance for gold, the atomistically
detailed features in the induced electron density, and the non local effects in the nanoparticle response. To support our findings, we
compare the @FQFpu results for Ag and Au with literature time-dependent DFT simulations, showing the capability of fully classical
physics to reproduce these TDDFT results. Only electron tunneling between nanostructures emerges as a genuine quantum
mechanical effect, that we had to include in the model by an ad hoc term.

KEYWORDS: atomistic, interband, gold, silver, tunneling, field enhancement

1. INTRODUCTION Nonlocal corrections can be considered by exploiting
spatially dependent dielectric function based models® or
hydrodynamic models,**~** which are also able to account for
the electron spill-out effect that determines the near-field
generated in plasmonic hot-spots of d-metals.””*' However,
these models substantially discard atomistic details, which
could become relevant when studying surface-assisted
spectroscopic properties.*” It is also worth noting that electron
spill-out and nonlocal effects can effectively be treated by
means of surface response functions, which would need to be
specified for different surface planes.*”** Limitations of these
approaches for nanoparticles have recently been discussed.* In
this context, ab initio modeling, at the Time-Dependent
Density Functional Theory (TDDFT) level, is still considered
the most accurate approach to deal with these effects;**™>°
however, it can only treat relatively small metal nanoparticles
(NP; with diameter < S nm); therefore, real-size systems

The recent progress in nanoscience has allowed to
experimentally reach the atomistic detail in the geometrical
arrangement of metal nanoaggregates.' ™ This has paved the
way for many technological applications, including the creation
of local hot-spots featuring enormously enhanced electric field,
that has allowed single molecule detection, and even
submolecular resolutions, when coupled to surface enhanced
spectral techniques.””"> A deep understanding of the
peculiarities of these structures may benefit of an unavoidable
interplaying between theory and experiments. At subnano-
metric scales such as for atomistically defined needles/tips,
quantum effects play an important role in the plasmonic
response and therefore need to be considered.*™** As a result,
a unified theoretical approach to describe the plasmonic
properties of metal nanoaggregates under different regimes
needs to consistently take into account the physical
phenomena underlying the quantum and classical re-

sponse,' %2423 Received: May 20, 2022 (Phtonics
Large-size nanoparticles are typically described by means of Published: September 1, 2022

classical electrodynamics, such as the Mie theory,% the

Discrete Dipole Approximation (DDA),”” the electromagnetic

Finite Difference Time Domain (FDTD),*® or the Boundary

Element Method (BEM).>*~**
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cannot be afforded due to the prohibitively large computa-
tional cost. Such a situation naturally leads to the conclusion
that an explicit quantum mechanical treatment of electrons,
such as DFT and TDDFT, is mandatory to provide a realistic
picture of plasmonic phenomena in this size regime. Such a
conclusion is not really challenged by the existing classical
atomistic approaches to nanoplasmonics,s1_"7 that, while
delivering accurate results, are based on fitting very general
classical response expressions on TDDFT calculations,
retaining therefore the physical basis of the latter.

In this paper, we explore whether a classical atomistic
method based on essentially classical ingredients (Drude
conduction mechanism and classical polarizabilities to
reproduce interband polarization) can reproduce the optical
response of complex plasmonic nanostructures. To this goal,
we propose a physically robust approach to describe the
plasmonic properties of sizable metal nanoaggregates charac-
terized by the presence of interband transitions. Together with
collective electronic excitations, they determine the plasmonic
response of noble metal nanoparticles. The model is based on
the recently developed @FQ method,***™°" in which each
metal atom is endowed with a net charge, which varies as a
response of the external electric field. The charge-exchange
between atoms is governed by the Drude mechanism. As an
element of mere quantum mechanical origin that we found
essential to add to our classical atomistic picture, the Drude
charge exchange is modulated by quantum tunneling, which
guarantees a correct description of the optical response for
subnanometric junctions.l5’16’18’20’22’58’6 /63 Although the
method has been successfully applied to sodium nanostruc-
tures and graphene-based materials,*>*® the basic formulation
of wFQ_ overlooks interband contributions, thus, it is
unsuitable to describe the plasmonic properties of nanostruc-
tures based on d-metals.”*"®® Here, we substantially extend
@FQ_so to assign each metal atom with an atomic complex-
valued polarizability (i.e., a complex-valued dipole moment),
appropriately tuned to model interband effects. The resulting
approach is called @FQFu (frequency-dependent fluctuating
charges and fluctuating dipoles) by analogy with a parent
polarizable approach, which has been proposed by some of the
present authors to treat completely different chemical
systems.”” 7" The theoretical basis of the approach stems
from the evidence that d-states can efliciently be treated as
polarizable shells placed at lattice positions.®”

Notice that wFQFu was developed from a different
perspective compared to other classical atomistic ap-
proaches.SI_54 Indeed, ®FQFu is built from textbook bulk
metal physics rather than fitting of generic polarizability and
capacity frequency-dependent expressions. This provides
practical benefits as well. In fact, Drude-tunneling and
interband regimes are <perfectly decoupled in the two terms
that depend on ®FQs™® and wFus, thus allowing for a fine,
physically guided, tuning of the plasmonic response. In the
following, we show that @FQFy is able to correctly reproduce
the plasmonic properties of Ag and Au nanostructures as a
function of size and shape, and also their plasmonic response
when forming subnanometer junctions. Remarkably, the
favorable scaling of the method permits to afford large systems
(more than 10* atoms), which cannot be treated at the
quantum-mechanical level. Also, the ability of @FQFu to fully
retain the atomistic detail is crucial to reproduce not only the
plasmonic response but also near-field enhancements, which
play a key-role in near-field enhanced spectroscopies.””””
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2. THEORETICAL MODEL

wFQFu is a fully atomistic, classical approach which
substantially extends wFQ, which assigns to each metal atom
a time dependent charge. Under the action of a time
dependent external electric field, metal atoms exchange charge
via the Drude conduction mechanism, which is further assisted
by quantum tunneling, which limits the charge transfer among
nearest neighboring atoms and makes the interaction decrease
with the typical exponential decay.*® In particular, ®FQ charge
equation of motion in the frequency domain (@) reads:*®

ﬂ’i el el
T(lﬁ, -¢°)

y

2nyT

72 [1- f(lij)]
j

— iwg(w)

1 —iwt

Z Kij(quel _ ¢iel)
j
(1)

where g,(w), a complex-valued quantity, is the Fourier
component at the frequency @ of the oscillating atomic charge
on atom i. ng is the metal density, 7 the friction time, .?(i] is the

effective area connecting ith and jth atoms, and [; is their
distance. ¢ is the electrochemical potential acting on each
metal atom, which takes into account the interactions between
the different atoms and their interaction with the external
electric field, which oscillates at frequency . 8f(lﬁ) is a Fermi-
like function mimicking quantum tunneling:’

1
i) = 1
—d( T — 1]]

sl (2)
where [ is the equilibrium atom—atom distance, whereas d and
s are dimensionless parameters that determine the sharpness
and the center of the Fermi function f(l;), respectively. Their
values can be determined by comparing computed results with
reference ab initio data (see also Section S1 in the Supporting
Information (SI)). In eq 1, Drude and tunneling terms are
collected in the K matrix. The parameters entering wFQ all
have a clear microscopic physical meaning. Therefore, their
values can be either chosen by an independent experiment or
fitted to reproduce higher level results, and then the soundness
of their values can be judged. We took the latter perspective, as
discussed in the SI.

Due to its physical foundations, @FQ_cannot describe the
specificity of metals featuring d-electrons, which contribute to
interband transitions and that substantially affect the plasmon
response.éd'_é8 Therefore, we here extend wFQ_ into a novel
method, @FQFy, in which each atom is assigned a charge and
an additional source of polarization, that is, an atomic
polarizability (to which an induced dipole moment is
associated). The presence of the dipole moments is included
in eq 1 by taking into account the interaction between charges
and dipoles in the electrochemical potential. The induced
dipole moments p; are instead obtained by solving the
following set of linear equations:

1+ exp

= o (B + El + E) 3)
where, E™, E¥#, and E1 are the external electric field and those
generated by the other dipole moments and charges,
respectively. a” is the atomic complex polarizability, which is
introduced to describe interband transitions. Remarkably, a®
can easily be obtained by extracting interband contributions

https://doi.org/10.1021/acsphotonics.2c00761
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Figure 1. (a) Computed @FQFyu and TDDFT 6™ for Ag,,; (~0.8 nm radius) and Agss; (~1.4 nm radius). TDDFT results are reproduced from
ref 87 and obtained by exploiting different basis sets (LCAO optimized, def. DZ (double-{), def. DZP (double-{ polarized)) and on a real-space
grid (GRID). (b) @FQFyu and TDDFT*’ plasmon densities for Agss,. TDDFT plasmon densities adapted with permission from ref 87. Copyright
2015 APS Publications. (c) @FQFu and TDDFT® 6™ for Au,,,—Auyy;s (~1.9 nm radius). (d) @FQFu and TDDFT® plasmon densities for
Au,, 5. TDDFT plasmon densities adapted with permission from ref 88. Copyright 2014 ACS Publications. @FQFu isovalues are set to 0.002 and

0.0005 au for Ag and Au, respectively.

from the experimental permittivity function (see Section S1 in
the SI), with no need to introduce a posteriori adjustable
parameters.

To effectively couple charges and dipoles, that is, to
simultaneously account for Drude and interband transitions,
egqs 1 and 3 need to be solved simultaneously. By explicitly
indicating all terms, the problem can be recast as the following
set of linear equations:

Z Z K(T3 = ) + iwd g,
j=1 \k=1
+ Z Z Ky (T — T}
j=1 \k=1
N
= Z Kik(Viext - VISXt)
k=1 4)
ZT”qq +Z " + - I=Ef"t
i i ()
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where T, T%, and T define charge—charge, charge—dipole,
dipole—dipole interactions, respectively. By imposing T/
diagonal elements to correspond to 1/a”, eqs 4 and S can
be written in a compact matrix formulation as

A A \(a) (£
(T’“’ T""][l‘)_[f”] 6)

where the complex A matrices include interaction kernels and
the K;; terms (see Section S1 in the SI for more details). The
right-hand side of eq 6 accounts for external polarization
sources, that is, the electric potential and field calculated at
atomic positions:

f,‘q = z Kxj(Viext -V
j

exty

£ = B
Notably, any kind of plasmonic materials can be modeled by
@FQFpu because it integrates all relevant physical ingredients
(i.e, Drude conduction, electrostatics, quantum tunneling and
interband transition) via eq 1 and eq 3. Also, once complex-
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Figure 2. (a) Ag and Au PREF for cTO, Ih, and i-Dh NPs as a function of the number of atoms. (b) Ag densities calculated at the PRF for cTO
(top), Ih (middle), and i-Dh (bottom) geometries. Charge and dipole contributions are plotted together with @FQFyu plasmon densities. Isovalues

are 0.002 and 0.0005 au for Ag and Au, respectively.

valued charges and dipoles are computed, the absorption cross
section 6* and the induced electric field can easily be
calculated (see Section S1 in the SI for more details).

To conclude this section, it is worth noting that other
atomistic, classical models, belonging to the Discrete
Interaction Model (DIM) class, have been proposed to
describe the plasmonic response of noble-metal nano-
particles.”*”* Among them, the coordination-dependent—
Discrete Interaction Model (cd-DIM)”* is able to properly
describe the size dependency of the Plasmon Resonance
Frequency (PRF) for Ag NPs and the plasmonic response of
Ag dimers, which is governed by quantum tunneling. Within
this model, both effects arise from a modification of the
coordination of surface atoms and the consequent modification
of the atomic polarizability that is considered to be a
parametrized function of the coordination number. In our
approach the first effect genuinely originates from the
screening effect of d-electrons, which is physically modeled
by the presence of the a” term. A correct description of the
plasmonic response of dimers arises from the phenomeno-
logical introduction of the quantum tunneling via the Fermi
function in eq 2.

3. RESULTS AND DISCUSSION

3.1. Optical Response of Metal Nanoparticles: o FQFu
versus TDDFT Results. Here the capability of @FQFu at
describing typical plasmonic response properties of single
metal nanoparticles is discussed.” Although the model is
completely general, it is here applied to Ag and Au
nanoparticles (NP), for which a® values are obtained from
the permittivity functions reported by Etchegoin et al. in ref 76
and fitted in ref 77 (see also Section SI in the SI). For both
metals, we first consider NPs with three different geometrical
arrangements, namely, truncated cuboctahedron (cTO),
icosahedral (Th), and ino-decahedron (i-Dh), which are all

characterized by atomistically defined edges.** Their plasmonic
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properties are studied as a function of the size (from a
minimum of 85 atoms, ~5 A radius, to a maximum of 43287
atoms, ~65 A radius).”*"* Note that geometry relaxation is
not considered, because it only slightly affects optical
responses.23’81_86

Although sizable NPs cannot be afforded by ab initio
methods, they can indeed be treated by wFQFu,® at a
reasonable computational time (on average, S9 min on
Intel(R) Xeon(R) Gold 5120 CPU @ 2.20 GHz, 28
processors, for each frequency given in input for the structure
composed of 43287 atoms). As an example of the performance
of wFQFy, Kuisma et al.*” have reported that the calculation
of the optical spectrum of Agss; (~1.4 nm radius) in Ih
geometry with the time-propagation (TP) approach to
TDDFT requires a wall time of 42.0 h with 512 cores.”” For
the same system, wFQFy only requires 25 s on the
aforementioned platform. Remarkably, @FQFu and reference
TDDFT data are very similar (see Figure la, bottom panel).
Slight discrepancies in the PRF and band broadening among
the two models can be justified by considering that TDDFT
results substantially vary as a function of the basis set; this is
demonstrated by the data shown in Figure la (top panel),
which are taken from ref 87. Clearly, reference ab initio data
display large variability of almost 1 eV when moving from
linear combinations of atomic orbitals (LCAO) with different
basis sets to real space grid calculation (GRID) results. We also
remark that the width of peaks is chosen arbitrarily in TDDFT
calculations.

A similar comparison can be performed for Au Ih NPs.
TDDEFT absorption cross sections reproduced from ref 88 and
calculated at the wFQFu level are reported in Figure lc,d.
Also, in this case, ®FQFu can correctly reproduce PRF trends
as a function of the NP size and the relative intensities of the
bands for the different NPs.

One of the most peculiar features of noble metal NPs and, in
general, of d-metals is that the PRF blue shifts as the size of the

https://doi.org/10.1021/acsphotonics.2c00761
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system decreases, in contrast to what happens for simple
metals (and correctly reproduced by @wFQ>"). The physical
origin of this blue-shift has been studied in the past.”” The
screening of the Coulomb interaction among conduction
electrons (that determines the plasmon frequency) by the
localized d-electron core interplays with conduction electrons
spill-out at the cluster surface. In short, the d-electron core
screens electron—electron repulsion, thus decreasing the d-
metal plasmon frequency compared to what is expected on the
basis of the free-electron density of the metal. At the surface,
conduction electrons spill out of the structure; in @FQ_and
@FQFy, the finite size of each atomic distribution accounts for
this effect. In parallel, the d-electron core, which is localized on
the metal atom (described by a point dipole in wFQFu)
cannot effectively screen the electron—electron repulsion. As a
result, the plasmon frequency moves back to the nonscreened,
free-electron value. Remarkably, ®FQFu can indeed describe
this mechanism because it provides the right result for the right
reason. In fact, if the d-electron core response is artificially
switched-off (ie, @’ — 0 in eq 3), the plasmon frequency
(which is overall increased), red shifts for metal nanoparticles,
as it is expected based on spill-out effects only.’*** This is
demonstrated by the plots reported in Figure S3 in the SIL

The dependence of computed PRFs on the number of atoms
is reported in Figure 2a for different geometries; the plots
clearly demonstrate that wFQFu can indeed correctly
reproduce the previously reported trends. Also, the linear fit
of Ag Th PRFs as a function of the inverse of the NP diameter
permits to linearly extrapolate PRF = 3.47 €V for an infinite
diameter. This value is in almost perfect agreement with the
mesoscopic limit of 3.43 eV, as obtained at the quasi-static
FDTD (QSEDTD) level,®” and in excellent agreement with
the extrapolated ab initio value of 3.35 eV (see also Figure S4
in the SI).*’

The investigation of plasmon densities (i.e., the imaginary
part of the charge density induced by a monochromatic
electromagnetic field oscillating at the PRF) is of fundamental
importance for correctly characterizing the plasmon resonance.
Computed densities at the PRF for the largest structures in
each geometrical arrangement are depicted in Figure 2b. In all
cases, they represent a dipolar plasmon. Our result can be
compared with reference ab initio data for Ags,; (~1.4 nm
radius, see Figure 1b) and Auy4 5 (~1.9 nm radius, see Figure
1d). In both cases, the agreement is almost perfect.

For the purpose of a deeper theoretical analysis, ©FQFu can
also be used to decouple the contributions of Drude and
interband transitions to the total plasmon density. Charge and
dipole contributions are graphically depicted in Figure 2b for
selected Ag NPs (see Figure SS in the SI for Au NPS). Clearly,
the two plasmon densities are associated with dipole moments
in opposite directions. This finding remarks the screening role
of the d-electrons response.*"” As explained above, this results
in the typical blue shift observed for d-metals.

To further demonstrate the ability of WFQFu to correctly
take into account screening effects in d-metal NPs, we can
compare density distributions in inner regions. Computed
@FQFyu and TDDFT densities for Au,, s Th NP (~1.9 nm
radius), in the central region of the cluster (defined for —2 < z
< 2 A), are depicted in Figure 3. Notice that densities are
computed at the corresponding PRFs, which only differ by
0.01 eV. Coherently with the results reported in Figure 1d,
positive and negative charges are located at the top and bottom
surface regions, respectively. However, oFQFu and TDDFT
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Figure 3. wFQFu and TDDFT®*® Au,y,5 (~1.9 nm radius) plasmon
densities in the central region of the cluster (=2 < z < 2 A). TDDFT
plasmon densities adapted with permission from ref 88. Copyright
2014 ACS Publications.

densities are mainly characterized by a local charge distribution
around each Au atom, which is polarized along an opposite
direction with respect to the polarization of the surface density.
Such a behavior is related to screening effects, which are
correctly taken into account by our atomistic, yet classical
model.

In Figure 4a,b the total enhanced electric field (IEI/IE,|,
where E, is the external electric field intensity) at the PRF is
reported. Such quantity (elevated to the fourth power) is
related to field enhancement factors that are measured in SERS
experiments.'® The dependence of [El/IE,| factors as a function
of the number of atoms and the NPs radius is reported in
Figure 4a and b, respectively. Notice that enhancement factors
are computed at a distance of 3 A from the tip of each
structure; according to many previous reports, it corresgonds
to the typical adsorption distance of molecular systems.* |EI/I
E,yl color maps at the PRF for each geometrical arrangement
are graphically displayed in Figures 4c. As expected, |El/IE|
maximum values correspond to tips, and are reported for cTO
geometries (for both gold and silver), where edges are the
sharpest. Interestingly, for all arrangements, |El/IE| follows a

3N trend (N being the number of atoms) and, thus, a linear
trend with respect to NP radius, because the difference in the
electric potential linearly increases with the NP intrinsic size.
Remarkably, @FQFyu is also able to quantify the differences
between Ag and Au NPs, being the latter associated with much
lower enhancement factors as compared to the former, as
expected in this frequency range.

As a final comment, it is remarkable that @FQFyu is able to
describe nonlocal effects. To demonstrate that, we artificially
changed the total electric potential and field acting on a
specific atom placed at the surface or at the centroid of Ag,,
(~0.8 nm radius) and Agss;; (~2.7 nm radius) structures in
the Th configuration. As a result, independently of the atom
position, not only charge and the dipole of the perturbed atom
are modified, but also those of other atoms (see Figure S6 in
the SI).

3.2. Subnanometer Junctions. In this section we will
show that @FQFu has the potential to describe hot-spots in
subnanometer junctions in a physically consistent manner.
This is possible due to the account for quantum tunneling (eq
1), which dominates the plasmon response in these systems.
To showcase @wFQFu performances, we study Ag,gso/Alygeo
(~2.6 nm radius) cTO dimers. In particular, we select two
different morphologies obtained by approaching two NPs so to
obtain surface—tip or surface—surface geometrical arrange-

https://doi.org/10.1021/acsphotonics.2c00761
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ments (see Figures 5 and 6).”° Note that for both structures
the structural relaxation effects are not taken into account,
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Figure S. Ag (a) and Au (b) cTO,ge dimers in surface—tip
geometrical arrangement. Color maps of 6* and |EI/IE,| as a function
of the PRF and the distance between the two NPs are reported in the
middle and bottom panels, respectively.

similarly to previous studies.*’ However, to study the effects of
structural relaxation we have modeled surface roughness as
derived from an atomic adjustment on the surface of one of the
two ¢TO NPs in the surface—surface arrangement (see Figure
S7 in the SI).

For the ideal cTO dimers, we investigate both o™ and |EI/I|
E,l calculated at the gap’s center as a function of the distance d

3030

a) CTOxg69
d

o™ (Arb. Units)

5 10 15 20
Distance d (A)

6% (Arb. Units)

5 10 15 20
Distance d (A)

1100 50

Ag Au
40
- 60 30
20
20 10

E/E,| IE/IE,|

5 10 15 20
Distance d (A)

5 10 15 20
Distance d (A)

Figure 6. Ag (a) and Au (b) cTO,go dimers in surface—surface
geometrical arrangement. Color maps of 6* and IEI/IE,| as a function
of the PRF and the distance between the two NPs are reported in
middle and bottom panels, respectively.

between the two monomers, in the range 1—24 A. Computed
spectra (Figure Sa,b) are characterized by a high energy peak
(~3.5 eV for Ag and ~2.2 eV for Au), which red-shifts as d
decreases. However, a clear discontinuity occurs at around 4 A,
where quantum tunneling plays a relevant role; in fact, such a
distance is close to the Ag—Ag and Au—Au equilibrium
distances.

https://doi.org/10.1021/acsphotonics.2c00761
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For Au dimers, a second peak at lower energies is visible (d
< 2 A, PRF < 1.5 eV), which blue-shifts as d decreases (see
Figure Sb). This band is not present for Ag, because its PRF
falls below the investigated frequency range. Highest energy
PRF corresponds to the typical Boundary Dipolar Plasmon,
BDP, whereas the low-energy peak is associated with a Charge
Transfer Plasmon, CTP, where a dipole moment arises in the
whole structure (see Figures S8 and S9 in the SI). Note that
for distances at which the CT mechanism takes place (for d < 4
A), the high energy peak is associated with a high-order charge
transfer plasmon, usually called CTP’. The clear discontinuity
highlighted in o™ plots is also evident in the case of the
computed |El/IEg| values, which are reported as a color map as
a function of the distance in Figure 5, bottom panels. For Ag,
the maximum [EI/IE,| is depicted before the two NPs enter in
the CT regime, whereas the opposite holds for the Au dimer,
for which it corresponds to the CTP peak.

The surface—surface arrangements show similar plasmonic
features, independently of the metal nature (see Figure 6a,b).
In fact, both spectra are characterized by the presence of two
bands when d < 4 A: a CTP and a CTP’ peak (very low in
intensity for Ag and fused with CTP for Au), which blue-shift
or red-shift as d decreases, respectively. For d > 4 A spectra are
instead dominated by the BDP mode. The associated [El/IE|
factors are plotted as a function of the distance in Figure 6,
bottom panels. The computed values are of the same order of
magnitude as for the previous case. Also, the maximum
enhancement for Ag is shown at about 3.3 eV, for a distance of
about 4 A, that is, when CT effects start to dominate the
plasmonic response. For Au, the maximum [El/IEyl occurs at
lower distances (d ~ 3 A), however it is associated with the
CTP’ plasmonic mode, differently from the tip—substate
arrangement. Interestingly, in case of Ag, a clear additional
region of enhancement is displayed at energies larger than 3.5
eV, for d > 4 A. This region is associated with a high-order
plasmon, which is indeed dark in the o,

Finally, note that, for both studied geometries, the maximum
[EI/IEyl is 3—5 times larger than the corresponding factor
obtained for the Ag monomer and even 10 times for Au.

4. SUMMARY AND CONCLUSIONS

We have discussed the prediction of a classical physics based
model for nanoplasmonics, @FQFu. wFQFu is a general
atomistic approach to describe the plasmonic features of
complex metal nanostructures characterized by interband
transitions. In the model, which is formulated in the frequency
domain, each atom of the structure is endowed with both a
complex-valued charge and dipole, which are determined by
solving response equations to an external monochromatic
electric field. The two polarization sources conceptually
describe the two fundamental mechanisms occurring in d-
metals, that is, Drude conduction (charges) and d-electrons
polarization (dipoles). Remarkably, charges and dipoles
mutually interact; therefore, all physical features of metal
nanostructures are considered. wFQFyu is fully classical,
therefore nanostructures of realistic size can be computed
with accuracy comparable to full ab initio calculations, but with
enormously lower computational cost. Note that the interband
polarizability in eq 3 arises from the quantum nature of the
system; however, in our approach it is modeled without
explicitly considering the quantum nature of the constituting
atoms.
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From a conceptual point of view, demonstrating that
@FQFypu is able to reproduce the findings of a fully quantum
description of the system is clearly questioning the notion that
an explicit quantum mechanical treatment is needed to
describe the change in plasmonic properties upon shrinking
of the nanostructure size. From the results presented in this
work, it turns out that only quantum tunneling (relevant for
nanoaggregates and nanojunction) is inaccessible by such
classical physics, and we had in fact to phenomenologically
include the tunneling in @FQFy. It is finally worth noting that
another relevant quantum effect, Landau damping, is not
included in this classical modeling and would in principle
require adding a phenomenological correction to wFQFu.

From a computational perspective, the developed method
paves the way for an investigation of the plasmonic properties
of realistic metal nanoparticles, characterized by complex
shapes that require an atomistic detail.
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Abstract

We present quantum mechanics (QM)/frequency dependent fluctuating charge (QM/@FQ) and fluctu-
ating dipoles (QM/@wFQFu) multiscale approaches to model Surface-Enhanced Raman Scattering spectra
of molecular systems adsorbed on plasmonic nanostructures. The methods are based on a QM/classical
partitioning of the system, where the plasmonic substrate is treated by means of the atomistic electro-
magnetic models @FQ and wFQFpu, which are able to describe in a unique fashion and at the same level
of accuracy the plasmonic properties of noble metal nanostructures and graphene-based materials. Such
methods are based on classical physics, i.e. Drude conduction theory, classical electrodynamics, and
atomistic polarizability to account for interband transitions, by also including an ad-hoc phenomenolog-

ical correction to describe quantum tunneling. QM/@FQ and QM/@wFQFu are thus applied to selected



test cases, for which computed results are compared with available experiments, showing the robustness

and reliability of both approaches.

Keywords: Aromistic simulations, SERS, Gold, Silver, Graphene, QM/MM, DFT



1 Introduction

Surface-enhanced Raman scattering (SERS) takes advantage of the giant enhancement of the Raman scatter-
ing cross section of a target molecule in the proximity of plasmonic nanostructured materials. ! Enhancement
factors (i.e. the ratio between the Raman intensity for the nanoaggregate and the isolated/solvated target

10-11 24
0 ;

molecule) can reach values up to 1 thus allowing single molecule detection, down to submolecular

resolution. > For this reasons, SERS has gained popularity and is widely used in a plethora of applications,®!!
because it inherits the general advantages of classical Raman spectroscopy, solves its main weakness, con-
sisting of generally low scattering amplitudes and add, possibly, spatial resolution on the nanometer scale and
below. 12714 From the physico-chemical point of view, it is generally accepted®'>~17 that SERS enhancement
results from the combination of two factors: the so-called electromagnetic (EM) effect (yielding enhance-
ments up to 107~8), which is caused by the excitation of surface plasmons in the substrate which lead to
a strong induced electric field in its proximity; and the so-called chemical (CT) enhancement, for which
a holistic theoretical explanation is still missing. CT is associated with 10>~ enhancement factors and is
mainly ascribed to charge-transfer excitations between the analyte and the substrate.

Metal nanostructures, such as metal nanoparticles (NPs), have been the most used substrates for SERS

because they provide highly confined plasmons and huge enhanced electric field on their surfaces, 131824

also thanks to a substantial advancement in experimental techniques for manipulating the nanoscale.?~%°
Indeed, specific morphological arrangements can be designed, giving rise to hot-spots, i.e. regions in space
where the electric field is extremely confined and enhanced.>!%!3-30 Recently, there has been increasing
interest in designing novel substrates characterized by high chemical inertness to be used in the investigation
of biochemical species. In this context, recent developments of SERS substrates based on carbon allotropes
such as graphene and carbon nanotubes (CNTs) are worth being mentioned.3!-33

A theoretical understanding of the SERS mechanisms can be particularly useful not only for the in-
terpretation of experimental spectra but also for the in-silico design of novel materials and morphologies
which can maximize spectral enhancement factors for a specific analyte. For this reason, in the past years,
various methodologies have been proposed to simulate SERS signals.3**® The huge dimension of typical

SERS substrates (tens/hundreds of nanometers) make a full quantum mechanical (QM) description of the

molecule-substrate system unfeasible, although small-size model systems can be exploited to deal with spe-



cific features of the SERS phenomenon (mainly related to the CT mechanism).*’=Y To solve this problem,
multiscale approaches can be used, where the analyte is described at the QM level, while the substrate is
treated classically. 3+3%-37-41.31-59 1 particular, the nanostructured material can be modeled as a continuum
medium, defined in terms of its complex-valued permittivity, or by retaining its atomistic nature. Remarkably,
in the latter case a precise description of complex geometries, even characterized by geometrical defects,
is obtained.®"®! Note that both approaches neglect CT effects; however, for usual SERS substrates, EM
enhancement is several orders of magnitude higher than CT.5?

In this paper, we present QM/wFQ and QM/wFQFu fully atomistic multiscale QM/classical approaches
to simulate SERS spectra, where the analyte is treated quantum-mechanically. To describe the nanostructured
materials, we exploit a family of atomistic models that we have recently developed, which are able to correctly
reproduce experimental and ab-initio plasmonic features of metal nanoparticles (wFQ and ®FQFu),' and
graphene-based nanostructures (wFQ).%3%* These approaches are based on classical physics and text-book
concepts, such as Drude conduction theory, classical electrodynamics, and atomistic polarizability to account
for interband transitions. In addition, ad-hoc phenomenological correction to describe quantum tunneling is
included in the model, so to deal with nanojunctions and aggregates in which hot-spots may originate. Within
wFQ and wFQFu, each atom of the nanostructure is endowed with a frequency-dependent complex-valued
charge and supplemented by a complex-valued dipole in @FQFu, which respond to the external radiation,
thus mimicking the oscillating electron density.

Differently from previous classical atomistic approaches,3*-3642-46-39 Drude conduction, i.e. intraband
transitions, is taken into account by means of the equation of motion of the charges placed on each atom,
while induced dipoles are included so as to model interband transitions.®! This permits us to correctly
catch the physics underlying the plasmonics of generic s, p,d metallic systems, by also allowing for a
physical dissection of the two contributions. Moreover, @FQ(Fu) is the only atomistic classical method that
can treat quantum tunneling in plasmonic materials, which is particularly relevant for nanoaggregates and
nanojunctions, where plasmonic hot-spots are created.%!-6% Finally, it is worth noting that ®FQ is the only
atomistic classical approach able to physically describe graphene plasmonics in terms of its fundamental
physical parameters, such as the Fermi energy, relaxation time, and two-dimensional electron density. 506466

Here, ®FQ and wFQFu are coupled to a density functional theory (DFT) treatment of the QM portion



and the resulting QM/wFQ and QM/@wFQFu methods are further extended to the calculation of complex
molecular polarizabilities through the linear response theory. The robustness of the approaches is showcased
through their application to pyridine adsorbed on noble metal NPs. Thanks to the generality of both
approaches, we also apply them to the simulation of Graphene-Enhanced Raman Spectroscopy (GERS),
by exploiting graphene-based nanostructures as enhancing substrates. For large pristine graphene sheets,
the absence of sharp edges is usually connected to the low enhancement factors reported for GERS. 6768
Nevertheless, suitably engineered graphene-based nanostructures may enhance several orders of magnitude
both the induced electric field and its spatial confinement. ®

The manuscript is organized as follows. The first section recalls the theoretical foundations of ®FQ and
wFQFLu, and presents their coupling with a DFT Hamiltonian for the ground state and linear response theory.
We note that the EM field associated with the induced density in the nanoparticle is neither a purely real
nor a purely imaginary perturbation. Therefore, we exploit a general complex linear response formulation.
QM/wFQFu is then applied to simulate SERS spectra of pyridine adsorbed on different plasmonic substrates
(silver, gold, and graphene). Finally, GERS of a widely used anticancer drug, i.e. methotrexate, adsorbed on
a graphene disk, is taken as a case study to showcase the potentialities of the method. Summary, conclusions,

and future perspectives end the manuscript.

2 Theory

21 oFQ and oFQFu

wFQ endows the atoms of the nanostructure with a charge. In the presence of an external monochromatic
electric field E*'(®), the charge can be exchanged with nearest neighbor atoms as a result of Drude
conduction® and quantum tunnelling effect.®> For a system composed of N atoms, charges q can be

calculated by solving the following set of linear equations: 3

(A? —z(0)D)q = R. (1)



where A7 is a real nonsymmetric matrix, which reads:

N
A% =Y K(T — T, )
ki

T4 is the charge-charge interaction matrix,’? while K is defined as:

(1= fOip) 2L i
K;j= ! ; 3)

0 otherwise

Quantum tunneling effects are taken into account by means of the Fermi damping function f(r;;), which
exponentially decays as a function of the interatomic distance r;; = ’ri —r j| ( r; is the position of the i-th
atom). <7 is an effective area connecting atoms i and j. Its value is based on the geometry of the system and
has been chosen to best reproduce reference ab-initio values.®:9364 It is worth noticing that the AY matrix
only depends on the geometry of the @WFQ system, because it is a function of the interatomic distance r;;
only.

The frequency-dependent complex-valued factor z(®) in eq. (1) is defined as:

Z(w) = —2ZT(wr+i), 4)

where ny is the electron density of the system and 7 is the scattering time. The electron density depends on

0y/T
m*

the composition and the morphology of the nanostructure. In general, for 3D systems ny = where oy

is the static conductance of the material and m* is the effective electron mass, which for metallic systems is
usually approximated to 1.7 For graphene-based structures, this approximation is no longer valid, therefore

the electronic density can be written as: %*72

ngraphene _ no _ n2p - ag (5)
0 m*  \/Tnop/vr
N
nop = 0 (6)

where nyp is the 2D numeral electronic density of the system, ag is the Bohr radius, vr is the Fermi velocity,



S is the total surface of the graphene system, while « is the fraction of doping electrons per carbon atom.
Such number, and thus graphene plasmonic properties can be tuned by varying the external gating, which is

directly related to the Fermi energy (Ef), which determines the numerical value of nyp (and thus ) by:

Er = hvp/Tnyp (N

Finally, the right-hand side in eq. (1) is defined as: %8

b4

Ri=) (V' =V)Ky, ®)
=1

where VX! is the electric potential associated with the external oscillating field evaluated at position r;, that
implies we are assuming the quasistatic approximation to full EM equations. %3

wFQ has successfully been applied to the simulation of the plasmonic response of sodium nanostructures
and graphene-based materials.®>%> However, the underlying Drude conduction mechanism is not able to
reproduce the plasmonic response of d—metals, as for instance silver and gold nanoparticles, because

737717 @FQFu correctly models such effects.®! There, each

interband (IB) transitions play an essential role.
atom is endowed with both an oscillating charge ¢; and an oscillating dipole p;. The plasmonic response is
then assumed to originate from two different mechanisms: the Drude conduction, taken into account by the
charges, and the aforementioned IB transitions, which are treated by means of the dipoles, which account
for the polarizability of the d-shell. By taking into account both terms, and their interaction, the plasmonic

response of metal nanostructures, made by Ag/Au, could be correctly described.®! The resulting @FQFpu

equation reads:
A1 AH Z(w)I 0 q R

_ = ©))
THA THH 0 ZI)|\p —EX

where A9, z(®) and R have been already introduced by eq. (1). T*9 and T** are the dipole-charge and



dipole-dipole interaction tensors,’? whereas A* and /() are defined as follows:

N
Ag. = k; Ki,-(Tk‘_ll.“ — Ti‘}.“) (10)
, 1
Z(w):_aIB((D) (11)

where oqp () is the IB polarizability, which is extracted from the experimental permittivity function (after
removing the Drude part, see Ref. 61 for further details). Similarly to wFQ, all the frequency-dependent
terms are collected into a diagonal shift through the z,7' functions, and the other terms depend on the

geometry of the system only.

2.2 Coupling to a QM Hamiltonian

®FQ and wFQFp can be coupled to a QM description of a molecular system in a QM/MM fashion. 788

owFQ and wFQFu describe the response to an external oscillating electric field; thus, they can naturally be
translated into a linear response formalism. However, to achieve a physically consistent description of the
molecule/substrate system, their interaction needs to be modeled also in the ground state (GS). To this end,
the analogous frequency independent force fields, FQ and FQFu, %3993 can be exploited. In the following,
we first briefly recall FQ and FQFu for the GS; then, we present the linear response formalism for the novel

QM/wFQ(Fu) approaches.

Description of the ground state

The total energy of a two-layer QM/FQ(F ) system can be written as

& = Equ + Eqm/rq(en) T ErQ(Fu)s (12)

where Eqm and Egq gy, are the self-energies of the QM and FQ(Fu) portions, whereas Eqn /rq(Fy) indicates

their interaction energy. The latter term is described as the electrostatic interaction energy between the QM



charge distribution and the classical fluctuating multipoles of the FQ or FQFu force fields: 7

N
Eqm/rq = Y., 4pV M (1)
p=1
y M M
Eqm/roFu = Z [CIPVQ (rp) _NP'EQ (rp)] )
p=1

(13)

where the sums run over MM atoms, g, and p,, indicate the p-th FQ and Fu which are located at position
r,, while VM and EM are the electric potential and field generated by the QM portion, respectively.

If we exploit a DFT description of the QM portion, the ground state density can be determined by means
of the effective Kohn-Sham (KS) equations, which are expressed in terms of the KS operator /igs. In this
work, we use the current implementation of QM/FQ and QM/FQFu in the Amsterdam Density Functional
(ADF) module®* of the Amsterdam Modeling Suite (AMS) software package.”?> There, the solution of KS
equations is performed through a numerical integration scheme, in which the KS operator is built over a grid

of points r in the molecular space of the QM portion, i.e.:

hKS( hKS r)+ Z qpT
(14)

hks(r) th r)+ Z (‘Ip p)FHp T )(dp))7

In eq. (14) hOKS(r) indicates the KS operator associated with the isolated QM system, and the QM/FQ and
QM/Fpu interaction tensors are introduced. They are defined in terms of the distance d,, between the p-th

atom and the grid point (d, =r —r)) as follows:
1 d
T(O)(dp) = d—erf <p>
p
(15)
d d 2d d,
T ()= ——L2 |erf[ 22 ) = =22 |
=" |1*"\ 0 )~ Va2

where d), = ‘d » ‘ and a = 0.2 a.u.% Since the molecular grid is constructed independently of the MM portion,

in order to avoid numerical instabilities in eq. (15) a screened interaction tensors between the QM grid points

and the MM positions is considered, by analogy to what is reported in Ref. 97.



Linear response theory and SERS spectra

By following the approach reported in Ref. 35, SERS spectral intensities can be evaluated through the
frequency-dependent complex polarizability tensor Oy (w; ). To this end, the first-order variation of the
molecular density under the effect of a time-dependent perturbation is required, which can be accessed by
means of the linear response theory. In particular, as a perturbation, we consider a monochromatic uniform
electric field E**'(®), linearly polarized along the direction & = x,y,z. The perturbation operator which acts

on the electronic density can be written as:
Vpert(r’ w) — Vext(r’ w) + VIOC (r7 0)), (16)

where V! is the electric potential associated with the external field E*' and V!¢ is the local field operator,
which takes into account the electric field generated by the plasmonic substrate (PS) as induced by the

external field.3® Within @wFQ (Fu), the local field operator reads:

(LOFCQ qu dy)
(17
V Z ext )+ ext( ) T(l)(d )
wFQF,u qp Ky p

g (@) and p5* (@) can be calculated from egs. (1) and (9) by using V*' as source potential. In the following,
we use the common notation for identifying the molecular orbitals (MOs): indices i, j for the occupied, a,b
for the virtual and r, s, ¢, u for general MOs; moreover, given a quantity X we will indicate its variation at the
first order with respect to the external electric field component o with X*. Given that, the first order density

p%(r,®) can be written as:

Z ¢z (r) + Pyt 9 () ;" (r), (18)

where P (®) is the first-order density matrix expressed on the basis of the KS MOs. The non zero elements

of P*(w) are the off-diagonal ones, which are associated to the occupied-virtual and virtual-occupied MOs.

10



They can be computed through the Time-Dependent Kohn-Sham (TDKS) equations, which read: 8

A B ) -1 0 X Q
B* A* 0 I Y Q*
where X;, = PY and Y;, = P%. Also, the phenomenological damping factor I', that takes into account the

finite lifetime of the QM excited state, is introduced.®® In addition, the following quantities are defined:

. . M/ 0FQ(F
Adipj = (€a— &) a8+ (ailb ) — exlabli) + i fiy;+ Coy T
N s M/ ©FQ(F
Baipj = (ailbj) —cx(a]\lb)JrCibJ(w QW) (20)

Qia = ($i[V P (r, ©)[9a) ,

where ¢ indicates MO energies, (rs|tu) two-electron integrals, and ¢, and ¢; define whether a pure (¢, = 0)
or hybrid (c¢x # 0) DFT functional is exploited. Two additional contributions to TDKS equations arise for
QM/®wFQ and QM/wFQFu: the local field in the right-hand side (see the definition of Q, and eq. (17)),
and the so-called image field or direct contribution to the left-hand side (ceM / OFQ(F1)) 82 The Jatter is also
introduced in the context of polarizable embedding, such as FQ and FQFu for non-absorbing media, and
determines the response of the MM variables to the perturbed density. Its expression for both QM/FQ and
QM/FQFpu methods can be found elsewhere.3%9¢190 On the other hand, the explicit contribution to the
right-hand side is associated with the surface plasmon resonance and is responsible for the EM enhancement
mechanism in surface-enhanced properties.

Once eq. (19) is solved for the input frequency w, the frequency-dependent polarizability tensor
Otgp(@; @) is obtained as: '*!

Gp (03 0) = —tr [H“(m)Pﬁ(m’)] , 21)

where H*(w) is the dipole matrix of the QM system, which involves both the dipole and the local field

operator along the direction ¢, i.e.:

H(0) = (9:|Ha + V1 (0)[¢) (22)
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From the physical point of view, the presence of the local field operator in eq. (22) can be explained by the fact
that the total scattered field from the molecule-nanostructures composite system contains two contributions:
the scattered field from the molecule and the reflected field, which is generated by the molecule and reflected
on the plasmonic nanostructure. In order to calculate Raman intensities, both fields need to be taken into
account.3>37

Given the frequency-dependent polarizability tensor & (®), Raman intensities can finally be evaluated by
resorting to Placzek’s theory of Raman scattering. %193 By assuming the perturbation field to be linearly
perpendicular-plane polarized and the scattered light to be collected perpendicularly to the incident direction,

the Raman intensity associated to the k-th normal mode can be calculated as: !%4

(0 —ay)

o " sl (@ o) + 7@ o)), 23)

@y
where @ and wy are the frequencies of the external field and of the k-th normal mode, respectively, while
o/ and ¥ are the isotropic and anisotropic polarizability derivatives with respect to the k-th normal mode

coordinate Oy, i.e.:

2
' n2 1 A;i(w; ')
; == NN hadd 24
[og (@3 )] = 5 i:xZW 90, (24)
np L3 20;j(w;0")  Jdaji(w; o) 2 , N2
; =—|- -9 ; . 25
Y(@:0) =5 <4U§N T o (w50 ©3)

The functional form of eq. (23) has been obtained under the assumption that the frequency difference
between the incident and scattered light is negligible.3*194105 In the general case, the Raman intensity can

be calculated as:

o @9 0 o) 4 T 0 a0l +Sil0-aco)), @)

Wy,

in which [§(®)]? is the square of the antisymmetric anisotropy of the polarizability tensor derivative, i.e.:*!

(o = (e ! |2
[6,2<w;w'>12=§ y [fGul@e) o%(o:)

ij=x,y,2 J Qk an

(27)
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In the case in which the incident and scattered frequencies are the same, the latter term is exactly zero and
the Raman intensity is reduced to the one reported in eq. (23). If the difference between the frequencies is
large with respect to the broadness of the plasmonic absorption peak, this approximation may induce some

34,35

differences in the final computed SERS intensity. In this work, similarly to other approaches, we have

relied on this approximation, and its implications will be topic of future communications.

3 Computational details

Silver and gold NPs’ geometries are constructed by using OpenMD. 1% In particular, cuboctahedron (cTO),
icosahedron (Ih) and ino-decahedron (i-Dh) morphologies are considered. Graphene disks’ (GDs) geometries
are generated by using VMD package !°7 by cutting a graphene sheet in a circular shape with radius r and
removing dangling bonds, which only marginally affect GDs” plasmonic response.®® For both metal NPs
and GDs, we study SERS signals as a function of the PS size. To this end, we consider GDs with radius
20<r <160 A and metal NPs composed by a maximum of 10179 atoms (see also Tables S2-S3 in the
Supporting Information — SI). The dipolar plasmon resonance frequency (PRF) of each PS (see Table S2-S3
in the SI) varies from 3.64 to 3.42 eV for Ag, and from 2.31 to 2.17 eV, for Au. In the case of GDs, the
PRF varies from 0.61 to 0.24 eV. In QM/wFQ (Fu) calculations, pyridine (PY) is described at the QM level
by using BP86 or B3LYP DFT functionals, as coupled with a double—{ polarized (DZP) or a triple—¢
polarized (TZP) basis sets. !°® To simulate Raman/SERS spectra, frequency-dependent polarizabilities & ()
are calculated 109110 by setting I' (see eq. (19)) to 0.10 ev,. 3 o (w) geometrical derivatives are obtained
by means of a numerical differentiation scheme,'!'~!!3 by using a constant step size of 0.001 A. Similar
results are obtained by using a step size of 0.0005 A (see Fig. S1 in the SI). In this first application, normal
modes displacements are calculated on the isolated QM molecule, because we expect vibrational frequencies
shifts induced by the nanostructure to be negligible, as shown by previous studies (see for instance Refs.
35,40,105). Frequency-dependent polarizabilities and SERS spectra are calculated by setting the frequency
o as the PRF of each plasmonic substrate (see Tabs. S2-S3 in the SI); moreover, the final SERS spectra are
obtained by convoluting raw data with Lorentzian band-shapes (full width at half maximum — FWHM- of 4

cm™!). @FQ parameters for GDs are taken from Ref. 64, whereas @FQFu parameters for silver and gold are

13



taken from Ref. 61. All QM/wFQ and QM/@wFQFu calculations are performed by using a locally modified
version of the AMS software. %%
In the following, we evaluate the Raman enhancement associated with the k-th normal mode in terms of

the enhancement factor (EF):

(28)

where I (@) and 7%

vac (@) are the Raman intensities of the k-th normal mode evaluated for the molecule-PS

and the molecule in gas-phase systems, respectively (see eq. (23)). Since EF clearly depends on the selected

normal mode, it is convenient to define a spectrally averaged enhancement factor (AEF) as follows: *°

k
AEF() — 2tles(@) (29)

Zl I\l/ac(w) 7

where the indices k, [ run over the normal modes of the target molecule (in the selected spectral region). As
an additional measurement of calculated enhancement, we also introduce the maximum enhancement factor
(MEF), i.e.:

MEF () = max EF (). (30)

4 Numerical results

In this section, we first discuss the capability of QM/@FQ and QM/®wFQFu to correctly describe the physico-
chemical features of the molecule-plasmonic substrates system. To this end, QM/®FQ and QM/wFQFu
approaches are first applied to the simulation of SERS spectra of pyridine (PY, see Fig. 1a), which has been
the first molecular system for which SERS was experimentally observed. '8114 Also, thanks to its small
size, PY is a perfect prototype to test our novel approach. PY is adsorbed on two PS: metal NPs and graphene
disks (GDs). We first validate our novel approach, by studying the dependence of Raman enhancements
on the morphology and the PS chemical composition, the molecule-PS distance and spatial arrangement.
Finally, we present an application of the approach to the simulation of a real-case scenario, i.e. methotrexate

(MTX - see Fig. 1b), adsorbed on a graphene disk.
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Figure 1: Pyridine (a) and methotrexate (b) molecular structures. In panel b, we highlight the position §
(red), which indicates the center of MTX aromatic rings, the N8 atom (blue) and the OH (green) of the
Y-carboxyl group.

4.1 Model testing
4.1.1 Metal nanoparticles

Dependence of enhancement factors on the nanostructure properties In this section, we study how the
morphology, the size and the chemical composition of the PS affect the SERS signal. To this end, PY is
adsorbed on silver and gold cTO, Th and i-Dh NPs with a radius varying from about 6 to 40 A (see Figs. 2a
and 4a and Tab. S2 in the SI). PY is adsorbed standing on the vertex of each structure along the y axis, by
setting a distance of 3 A between the Nitrogen atom and the NP vertex, similarly to previous studies.?> The
results obtained by treating PY at the B3LYP/DZP level of theory are graphically reported in Figs. 2 and 4,
for Ag and Au NPs, respectively (see Fig. S2 in the SI for their analogous calculated at different levels of
theory). In particular, in Figs. 2b and 4b SERS spectra of the three different configurations as a function of
the NP radii are reported, whereas in the corresponding c¢ panels, the dependence of both AEF and MEF on
the NP radii is graphically depicted. Note that the introduction of such a screening function guarantees the
stability of the results by changing the DFT integration grid (see Fig. S3 in the SI).

Let us first discuss the results obtained for Ag NPs. By focusing on Fig. 2b, it can be noticed that SERS
intensities strongly depend on the NP size, increasing as the NP size increases. The enhancement is not the
same for all normal modes. Indeed, the vibrations modulating the components of the electronic polarizability
orthogonal to the NP surface are associated with larger SERS intensity, because both the incident radiation
and the scattered field benefit from the EM enhanchement. For instance, this is evident for the ring breathing

mode at 1008 cm™! (see Fig. S4e in the SI) and the symmetric bending modes of the a-hydrogen atoms at
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Figure 2: a) Graphical depiction of PY-Ag cTO (left), Ih (middle) and i-Dh (right) systems; (b) color plot
of normalized SERS spectra as a function of the NP radius; (c) normalized SERS spectra of PY adsorbed
on the largest NP structure for each shape; (d) AEF and MEF as a function of the NP radius. The incident
field frequency for the computation of the SERS signal has been set equal to the PRF of each Ag NP, and
the numerical ranges are 3.54-3.42 eV (cTO), 3.64-3.51 eV (Ih) and 3.52-3.42 eV (i-Dh), respectively.
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1510 and 1622 cm™! (see Figs. S4n and S4p in the ST), which are characterized by the largest SERS intensities
(see also Fig. 2c where SERS spectra for the largest NPs are graphically reported). It is also interesting
to note that depending on the morphology of the NPs, a different SERS spectrum can be obtained. In fact,
fig. 2b shows that SERS spectra obtained by adsorbing PY on Ag Ih and i-Dh NPs display a significantly
different relative intensity patterns as compared to PY on Ag ¢cTO SERS spectrum. This is important to
remark, as it shows that the details of the local electric field distribution (such as electric field gradients) are
accounted for in the modeling and have a visible effect on SERS spectra. A selection of all enhancement
factors of PY adsorbed on selected PS is reported in Tab. S4 in the SI.

To further analyze such results, Raman enhancements can be quantified in terms of AEF and MEF (see
egs. (29) and (30)). Their dependence on the NP radius is reported in Fig. 2d, which shows that the shape
of the NP strongly affects their values. In particular, cTO-based structures yield to the largest enhancement
factors as compared to the other considered morphologies. Interestingly, for small nanostructures, the most
enhanced normal mode is the asymmetric bending of a-hydrogen atoms at 1388 cm™! (see Fig. S4lin the SI),
while for the largest structures the MEF is associated with the symmetric bending of the same ¢-hydrogen
atoms at 1510 cm™! (see Fig. S4n in the SI). In order to rationalize the differences between the three different

15,115

shapes, we can resort to the so called E* approximation, which states that Raman enhancements are

proportional to the fourth power of the electric field induced on the NP. Thus, we define Y‘Vtol as follows:
4
s _ 11 [E0)

=— | ——2(d 31
vol % V|EeXt((J))|4 r, (31)

where V is the molecular volume, E'°'(®) is the total electric field, whereas E**' is the incident external
electric field aligned with NP main axis. E*'(®) is computed on a box, with sides placed at a distance of
1 A from each PY atom. It is worth remarking that in ®FQFp the fluctuating multipoles are associated

61.68 which is taken into account in the calculation of the electric field

with a spherical Gaussian distribution,
intensity. % The AEF-Y‘V‘Ol correlation as a function of the NP radius is depicted in Fig. 3 for Ag cTO, Ih
and i-Dh substrates. Note that Yéol values are normalized to the largest AEF for each morphology. Absolute
AEF and Yéol values are reported in Tab. S4 in the SI. The two datasets quantitatively differ, probably due to

the high inhomogeneity of the electric field in the proximity of the NP surface, in agreement with Ref. 35.
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Figure 3: AEF (circles) and normalized Y4 . (solid line, see eq. (31)) for PY-Ag as a function of the NP
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radius and morphology (cTO, Ih and i-Dh). The incident field frequency for the computation of the SERS
signal has been set equal to the PRF of each Ag NPs, and the numerical values are 3.42 eV (cTO), 3.51 eV
(Ih) and 3.42 eV (i-Dh), respectively.

The agreement between AEF and Yﬂol is almost perfect, independently of the size and shape of the Ag
NPs. Also, we can justify the larger enhancement factors (AEF and MEF) reported in Fig. 2c for cTO with
respect to Ih and i-Dh arrangements. Indeed, they are due to a greater induced field, as shown in Fig. 3. This
is not surprising and is in line with the results recently reported by us in Ref. 61, which highlighted cTO as
the most effective morphology to provide near-field enhancement.

A similar analysis can also be performed by modifying the chemical composition of the NPs. To this
end, we consider the same NPs shapes, but made of Au atoms (see Fig. 4a). As recently reported in Ref. 61,
wFQFu predicts a dipolar PRF only for Au NPs with a radius larger than 15 A (see also Tab. S2 in the SI).
SERS spectra and the AEF/MEF of PY adsorbed on Au cTO, Ih and i-Dh arrangements as a function of the
radius are reported in Fig. 4b,c and d, respectively.

Similarly to the Ag case, the most intense SERS signals are associated with the normal modes involving

the PY ring (1008 cm!, see Fig. S4e in the SI) and the a-hydrogen atoms (1510 and 1622 cm!, see Figs.
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Figure 4: a) Graphical depiction of PY-Au cTO (left), Ih (middle) and i-Dh (right) systems; (b) color plot of
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field frequency for the computation of the SERS signal has been set equal to the PRF of each Au NP, and the
numerical ranges are 2.27-2.17 eV (cTO), 2.29-2.21 eV (Ih) and 2.31-2.17 eV (i-Dh), respectively.
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S4n and S4p in the SI, respectively). However, the computed SERS intensities are much lower as compared
to the PY-Ag case. By inspecting SERS spectra calculated by considering the largest Au NP (see Fig. 4c),
we can indeed notice that slight qualitative discrepancies are reported with respect to PY-Ag (see Fig. 2c).
In fact, the SERS spectra of PY on the selected morphologies are characterized by similar relative intensities
between the most intense peaks, and the differences between the three spectra are thus less accentuated than
the PY-Ag case.

Computed AEF/MEF indices (see Fig. 4d) are also much lower as compared to the PY-Ag case,
independently of the NP shape. In this regard, it is worth highlighting that Au PRF is lower than Ag PRF
(~2.2 eV vs. ~3.5eV), and this also numerically affects the Raman intensities of the molecule in gas-phase.
However, the noticeable decrease of AEF/MEF is primarily due to the fact that the electric field generated
by the dipolar plasmon of Au NP is much less intense than for Ag; therefore, a smaller enhancement of the
Raman intensities is observed. This is demonstrated by the numerical values of AEF, and by the fact that the
correlation between AEF and T‘V‘Ol worsens (see Fig. S5 in the SI). The reported behavior of Au nanoparticles
(see Fig. S5 in the SI) has also been previously reported by exploiting other QM/classical approaches.

In case of Au, the E* approximation is less accurate, probably because the local field is less intense. In
fact, AEF results from the mixing of vibrational normal modes which are enhanced according to different
powers of the electric field, up to E4. When the local field experienced by the molecular system is large, the
E*-dependent vibrational normal modes will dominate the AEF value, thus clearly complying with the E*

approximation (see Section S1 in the SI for further details).

Dependence of AEF on PY-NP distance As it has been stated in section 2.2, the local field plays a key
role in the enhancement of Raman intensities. In this section, we study how AEF behaves as a function of the
distance between the molecule and the PS. As a proof of concept, we consider again the case of PY adsorbed
on the largest Th Ag NP (10179 atoms, radius = 38.30 A, see Tab. S2 in the SI), for which we compute the
SERS spectrum by increasing the distance d between the Nitrogen atom and the PS tip. QM/@wFQFu results
are reported in Fig. 5 for 3 <d < 10 A. Analogous results for Au NP are given in Figure S6 of the SI.

As expected, Fig. 5 clearly shows that Raman intensities rapidly decay by increasing d (~ d~*). In

particular, AEF decreases from about 1000 at = 3 A to about 14 at d = 10 A. A similar behavior is observed
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for MEF. In particular, for d < 4 A, MEEF is associated with the symmetric bending of the a-H (1510 cm,
see Fig. S4n in the SI), while for d > 4 A the asymmetric bending of the same hydrogens (1098 cm™', see
Fig. S4h in the SI) yields to the maximum enhancement.

To rationalize these findings, AEF values as a function of d can be compared to the aforementioned E*
approximation. To this end, we compute the induced electric field in the molecular PY volume as a function
of the PY-PS distance. Such values are graphically depicted in Fig. 5c (see Fig. S6c in the SI for the Au
NP case). As also commented above for Fig. 3, both the approximated estimation Y‘V‘OI and computed AEF
rapidly vanish as the distance increases. Indeed, it can be noticed that the curves follow a different trend as
a function of the distance, which can be ascribed to the fact that AEF comes from the average of different
enhancement factors associated with vibrational normal modes according to different powers of the electric
field, up to E*. Also for Au (see Fig. S6c in the SI), small discrepancies are reported, probably related to
lower local field effects compared to Ag. AEF and unnormalized T‘V‘Ol values are reported in Tab. S7 in the

SIL.

Dependence of AEF on molecule-PS configuration In the previous examples, we have discussed how
SERS spectra might depend on the NP morphology and chemical nature of the atoms constituting the NP,
and on the mutual molecule-NP distance. In this section, we discuss how the relative configuration of
the molecule-PS system affect the SERS spectrum and enhancement. As a proof of concept, we consider
three different PY adsorption positions on Agig;79 Ih NP. The most representative points of the icosahedral
structure are selected (see Fig. 6, bottom): vertex (PY-V, red dot), edge (PY-E, green dot) and face (PY-F,
blue dot). In all configurations, PY is adsorbed perpendicularly to the NP surface at a distance of 3 A,
with the nitrogen atom laying closest to the NP. As for the previous cases, the Raman signal is computed by
means of eq. (23), by irradiating the PY-Agjo179 system with an external electric field polarized along the
x,y,z directions. Calculated QM/@wFQFu SERS spectra are graphically reported in Fig. 6, together with the
computed Raman spectrum of PY in the gas-phase.

As aresult of the PY-NP interaction, the Raman spectrum undergoes drastic changes when moving from
vacuo to the adsorbed case. This can be particularly appreciated by the changes in relative intensities between

the two most intense Raman peaks in vacuo, which are associated to the ring breathing (1008 cm™!, see Fig.
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of the SERS signal has been set equal to the PRF of the Ag NP (3.51 eV).
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S4e in the SI) and the symmetric bending of the a-H (1053 cm’!, see Fig. S4f in the SI), respectively.
Indeed, for all the selected absorption sites, the relative intensity of the bending mode (1053 cm™!) decreases
with respect to that of the ring breathing mode (1008 cm'), almost vanishing in the case of PY-V (red).
Other major differences for PY-F (blue), PY-E (green) and PY-V (red) are reported, for which the relative
intensity between the most intense peaks (1000-1100 cm™!) and the other dominant bands completely differ
with respect to the gas-phase.

The spatial PY-PS arrangements not only affect the spectral shape, but also enhancement factors. In this
respect, AEF for PY-V is two orders of magnitude larger than the values computed for both PY-F and PY-E
configurations. The same trend is also observed for MEF, which is interestingly associated with different
normal modes depending on the relative PY-PS position. In fact, normal modes involving o-H atoms feature
the maximum enhancements for all cases (graphically highlighted in Fig. 6 with a star). More in detail, the
symmetric bending (PY-V case, 1588 cm’!, Fig. S4n in the SI), the asymmetric bending (PY-F case, 1388
cm’!, Fig. S41 in the SI) and out-of-plane vibrations (PY-E, 956 cm’!, Fig. S4b in the SI). Such differences
are directly related to the relative PY-PS arrangements and are intuitively associated with normal modes
providing the largest polarizability variation.

All the reported differences, in both computed SERS spectra and AEF/MEF values, can be related to
the inhomogeneity of the electric field induced by the geometrical shape of the Ag NP, which clearly differs
by moving for the vertex (PY-V) to a face (PY-F) of the Ih morphology. In fact, the largest changes with
respect to the gas-phase spectra/values are predicted for the PY-V configuration (red), for which we observe
the largest AEF (~ 10°) and a drastically different Raman spectrum. Such findings are perfectly explained
by the tip effect,®® which characterizes most plasmonic materials. In fact, in the PY-V configuration, PY is
adsorbed to the sharpest region of the Ih NP.

In order to show the effect of the inhomogeneity of the electric field in the surroundings of metal nanopar-
ticles, we have performed additional calculations on the pyridine/Agjp;79 system in the Th morphology by
changing the relative position of the molecular substrate with respect to the tip of the Ih nanostructure (see
Fig. S7 in the SI for more details). For each of these configurations, SERS spectra and AEF values have

been computed, and the results are reported in Figs. S7 and S8.
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Comparison with available experiments To conclude the discussion we compare our QM/@WFQFu cal-
culations with experimental data available in the literature (Fig. 7 (a-Ag, b-Au).!'®!'7 We note that our
calculations are based on an ideal representation of experimental conditions. Instead, measured spectra result
from the interplay between several effects which are not necessarily accounted for in the modeling, such as
solvent effects, the coating of the metal electrode, external bias applied, impurities and the roughness of the
metal surface. For these reasons, similarly to previous computational studies,>> the comparison between our
results and experiments may only be qualitative.

Let us first focus on PY SERS on Ag electrode, for which experimental spectra at different bias potential
have been measured (see Fig. 7).'1% The experimental spectrum at zero bias (0.00 V) is dominated by two
bands at about 1000 and 1050 cm™', whose relative intensities are inverted at higher voltages (see bottom
panels). Remarkably, the same bands are also the most intense in computed QM/@wFQFu SERS spectra, for
all investigated PY-PS configurations. Another relevant feature of experimental SERS spectra, is the band
at about 1200 cm™!, which only becomes visible by increasing the external bias (see bottom panels in Fig.
7). For this reason, such a band has been commonly associated with a CT mechanism. As stated above,
QM/®wFQFu only accounts for the EM mechanism. Remarkably, and differently from previous models, >
our approach is able to predict such a feature, because the 1200 cm™! peak is almost absent in the SERS
spectrum of the most intense configuration (PY-V, top panel), thus confirming previous hypotheses assigning
that band to CT effects.

Similar qualitative trends hold for the Au substrate. Indeed, the experimental SERS spectrum (which
refers to an unbiased electrode) is dominated by the bands at about 1000-1050 cm™. A similar behaviour
is observed in the computed spectrum. In addition, the band at about 1200 cm™! is almost absent in both

experimental and theoretical SERS spectra.

4.1.2 Graphene disks

In order to show the versatility of QM/wFQ(Fu), here we extend the previous study to PY adsorbed on 2D
graphene-based substrates. 8119 To this end, a set of 8 GDs with a radius 20 < r < 160 A (see also Tab. S3
in the SI). PY is assumed to be adsorbed on the GD center of mass, parallel to the GD surface at a distance of

3 A(see Fig. 8a). Such a distance is chosen because it is close to the equilibrium PY-GS distance reported in

26



the literature. '?° For each PY-GD, GERS spectra are calculated at the B3LYP/DZP level of theory, and the
results are reported in Fig. 8b. Note that, in all calculations, Er = 0.4 eV, according to typical reported Fermi
energy values. 1122 We note however that the PRF of graphene-based materials can be tuned by varying
the external bias, thus affecting Er. When applied to GERS, such a feature can be exploited to make the
PRF coincide with a molecular excitation of the system under investigation, thus resulting in a pragmatical
method to yield resonance Raman assisted by graphene plasmons. Although our approach is general enough

to account for such an effect, this is not investigated in this first work.
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Figure 8: a) Graphical depiction of the PY-GD system; (b) Color plot of normalized SERS spectra as a
function of the GD radius r (A); (c) Normalized SERS spectra of PY adsorbed on a GD with r = 40A; (d)
AEF and Téol as a function of r. The incident field frequency for the computation of the SERS signal has
been set equal to the PRF of each GD (0.61-0.24 eV).
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From the analysis of GERS spectra, we first note that Raman relative intensities are different from those
reported in the case of PY-metal NP systems(see Figs. 2 and 4), with the presence of additional peaks. The
latter are mainly related to normal modes involving the vibrations of f and y H atoms of the pyridine ring
(1181 and 1274 cm™, see Fig. S4i and S4k in the SI). This is the result of the PY-GD morphology under
investigation. In fact, the parallel configuration of PY ring with respect to the GD plane allows for a large
variation of the polarizability associated to the aforementioned normal modes. Nevertheless, GERS spectra
are still dominated by the PY ring breathing and the asymmetric bending of the & hydrogens (1000-1100
cm’!), as already reported for the case of metal NPs. The most relevant dissimilarity between the two
substrates is the dependence of GERS spectra on the GD r. In fact, Fig. 8 clearly shows that for large r
(> 120 A) the Raman signal vanishes as compared to small r (< 40 A), thus reporting the opposite trend as

compared to metal NPs (see Figs. 2b and 4b).

4
vol

To rationalize this trend, AEF values as a function of r are reported in Fig. 8d. Absolute AEF and T
values are given in Tab. S5 in the SI. Differently from metal NPs, in this case the two datasets are almost in
perfect agreement, even quantitatively. This is related to the absence of inhomogeneitiesin the induced field
in the center of the graphene disk.

A local maximum is observed for r = 40 A, which rapidly decays for larger r values. As for the metal
NPs, the electric field generated by the GD increases with the radius, therefore a larger enhancement of the
Raman intensity is expected. However, for the specific configuration of the GD system, the electric field is
much more intense on the edges (see Ref. 60). Since the distance between PY (adsorbed on the GD center
of mass) and the GD edges increases with r, the enhancement factor and the Raman signal decrease as
compared with small r (see Fig. 8b). The combination of such effects is responsible for the local maximum
in the 40 A case, in which the electric field at the center of the GD is large enough to substantially increase
Raman intensities and therefore PY enhancement factors. Indeed, the trend of AEF as a function of GD r
can be explained by means of the Y* approximation, analogously to metal NPs. The correlation between
AEF and Y301 is shown by Fig. 8d; the agreement is almost perfect, thus justifying the reported behavior in
terms of EM enhancement. We finally remark that our methodology can in principle simulate all possible
PY-GD configurations. However, in this work we have restricted the analysis to the selected geometry

because it better represents, from the physico-chemical point of view, the most favorable configuration of
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a target molecule adsorbed on a graphene sheet, i.e. far from the edges. Within this picture, in fact, we
aim to mimic the common experimental setup that is generally constituted of a graphene substrate with
intrinsic dimensions much larger than those considered in this work.%” We point out that different PY-GD

configurations can provide higher enhancements, as we have recently reported in Ref. 60.

4.2 Increasing the chromophore complexity: methotrexate adsorbed on graphene

disks

In this section, we discuss the application of the model to a realistic case, i.e. methotrexate adsorbed
on a graphene disk (see Fig. 1b for the molecular structure). Differently from PY, MTX is a flexible
molecule, therefore reliable modeling needs to account for the different conformations. To this end, we
perform molecular dynamics (MD) simulations by using ReaxFF, 23124 within its dedicated engine'?> in
the Amsterdam Modeling Suite (AMS).”> The ReaxFF force field developed in Ref. 126 and which has been
reported to reliably describe graphene-based systems is employed. !2” Temperature is maintained at 300K by
using a Nosé-Hoover chains (NHC) thermostat, 28 with a damping constant of 100 fs. In NPT simulations,
constant pressure is enforced by using the Martyna-Tobias-Klein barostat with a damping constant of 100
fs.12% 20 layers of graphite, composed of 50 atoms each, are prepared in a 3-D hexagonal periodic cell with
lattice parameters a = b = 12.3 A and ¢ = 67.1 A. A 100 ps NPT calculation is then run, by imposing a
pressure of 1 atm in all directions. At this point, the simulation box is enlarged so that a = b = 62.52 A and
¢ =100 A and only 10 layers of graphite, formed by 1250 carbon atoms each, are kept. Then a 50 ps NPT
simulation is performed by imposing a pressure of 1 atm in the planar directions. No substantial changes
in the values of a and b are detected during pressure equilibration. After this, MTX is thermalized in an
empty 3-D hexagonal periodic box with lattice parameters a = b = 62.52 A and ¢ = 100 A by means of a
62.5 ps NVT simulation. Thermalized MTX is then placed at a distance of ~ 10 A from the equilibrated
graphitic surface and a production NVT simulation of 375 ps is performed. After 125 ps, the temperature
is equilibrated and the center of the aromatic rings of MTX ({-point in Fig 1b) is adsorbed at an average
distance of ~ 3.42 A from the first graphitic layer, in agreement with previous studies. '>* Notably, during the
adsorption process, we observe the intramolecular hydrogen transfer between the y-carboxyl group (green

circle in Fig. 1b) and the N8 atom (blue circle in Fig. 1b).
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After MTX adsorption, we extract 5000 snapshots from the remaining 250 ps of the production run.

MTX geometries are processed by means of the GROMOS 13!

clustering approach as it is implemented in
the 2020.3 version of the GROMACS 32133 software. As a result, only two MTX geometries are selected,
representing 68.7 % (MTX1) and 28.8 % (MTX2) of the total configurational space. The two structures are
reported in Fig. 9b (see also Fig. S9 in the SI).

To simulate MTX GERS, we remove the graphitic substrate, and we substitute the first layer by a perfect
GD with r = 16 nm on the center of which MTX is adsorbed. MTX1 and MTX2 Raman (in gas-phase) and
GERS spectra are finally computed at the B3LYP/DZP level of theory, by setting Er = 0.4 eV (PRF = 0.24
eV). Spectra are reported in Fig. 9a.

MTX1 and MTX?2 Raman spectra, both in gas-phase and adsorbed on GD, qualitatively differ, as they are
characterized by a shift in vibrational frequencies, and in relative intensities of the main bands. Indeed, while
MTX1 Raman spectrum is dominated by the presence of intense bands in the low energy region (between 600
and 800 cm™), MTX2 spectrum reports diverse intense peaks in the whole considered spectral range. The
different MTX1 and MTX2 spectral fingerprints reflect the intrinsic dissimilarity in MTX conformations, as
expected from the clustering process. When moving from the gas-phase to the adsorbed configuration, both
MTX1 and MTX2 Raman spectra are enhanced by an AEF of about 900. However, Raman spectra undergo
small qualitative variations. Such findings can be rationalized by considering that the plasmonic electric field
generated by the GD is strongly inhomogeneous at the GD edges, while at the GD center it is almost uniform.
Therefore, we expect that the electric field felt by each normal mode is essentially uniform, although more
intense than in vacuo. To analyze from a quantitative point of view this hypothesis, we compute for both
structures the EFs associated to each normal mode (see eq. (28)), which are graphically depicted in Fig.
10a. In particular, for each normal mode, EFs are plotted with a color scale that follows the intensities of the
corresponding Raman peak.

Except for a few outliers, all computed EFs are almost equal independently of the normal mode, and fall
around AEF (about 900). The normal modes featuring the highest EF are depicted in Fig. 10b. However,
these modes are associated with rather low-intensity bands. On the contrary, EFs computed for the most
intense Raman peaks, which dominate the computed spectra, are almost constant at a value of around 900.

As it can be noticed, it is difficult to find a correlation between the most intense normal modes of both
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Figure 9: (a) Normalized MTX1 and MTX2 Raman spectra as computed in vacuo (solid line) and adsorbed
on GD (dashed line). (b) MTX1 and MTX2 normal modes associated with the highest Raman intensities.
The incident field frequency for the computation of the Raman/GERS signal has been set equal to the PRF
of the GD (0.24 eV).

conformers, because they are localized on separated regions of the MTX structure, independently of the
distance with respect to the GD surface. In light of the above discussion, this is not surprising. In fact, the
presence of GD yields an almost uniform increase of the Raman bands as compared to the case in vacuo,
without greatly affecting their relative intensities. Thus, the most intense peaks are related to the same

normal modes which provide the most intense bands in the gas-phase Raman spectrum.
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Figure 10: (a) Computed QM/wFQ MTX1/GD (top) and MTX2/GD (bottom) normal modes’ EFs and AEF
reported as horizontal black lines. The darkness of each bar is proportional to the Raman intensity. (b)
MTX1 and MTX2 normal modes associated with the largest EFs.

To conclude the discussion, in Fig. 11 we report the MTX/GD GERS spectrum as obtained by averaging
MTX1 and MTX2 spectra, which are also graphically depicted.

The most important contribution to the Raman spectrum is due to the MTX1 structure (68.7%), therefore
only the most intense peaks of MTX2 arise noticeably in the averaged spectrum. MTX2 bands, however,
drastically affect the final GERS spectrum, which do not present anymore the spectral fingerprints related

only to MTX1 or MTX2. Moreover, the final spectrum is particularly noisy, especially in the high-frequency
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is also displayed (bottom panel). The incident field frequency for the computation of the GERS signal has
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region. This is essentially due to mall differences between the vibrational frequencies of the two conformers.
Finally, it is worth pointing out that, for the system under consideration, graphene is able to provide

significant EM enhancement, comparable to specific metal NPs, such as Au surfaces. 34

S Summary, Conclusions and Future Perspectives

In this work, we have presented a new methodology to simulate the Raman spectrum of molecular systems,
described at the QM level, adsorbed on plasmonic substrates, treated in terms of the @FQ and wFQFu
classical atomistic and frequency-dependent force fields. The resulting multiscale approach is particularly
versatile because the underlying @MM approach is able to accurately describe the plasmonic response of
both metallic nanostructures and 2D graphene-based substrates. 3368 The performance of QM/wFQ(F )
has been tested on PY adsorbed on Ag/Au nanostructures and graphene disks. The enhancement factors of

the Raman intensities have been studied as a function of the PS size, the PY-PS distance, and the relative
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PY-PS orientation, and the qualitative trend has been compared with the E* approximation. The largest
enhancement has been obtained for silver cTO structures, with an average enhancement factor of about
5000. Such an analysis has allowed confirming that the developed approach is able to correctly describe
the EM enhancement in SERS/GERS spectroscopies. Thus, as a final application, we have presented an
application of the approach to a realistic case, i.e. methothrexate adsorbed on a graphene disk, for which
we also investigate the configurational populations as computed by means of ReaxFF MD simulations. The
computed GERS spectrum shows that, although GD is able to enhance the Raman bands by a non-negligible
factor of about 900, GD substrate is not able to discriminate between vibrational normal modes.

Our approach has the potential to become a reliable and efficient tool for the simulation of optical
properties of molecular systems adsorbed on plasmonic substrates, and might become a viable tool for the
experimental design of innovative nanostructured materials able to maximize the enhancement of Raman
intensities of a target molecule. To this end, it is worth noting that the current computational bottleneck in
QM/wFQFpu is the cost associated with the solution of @FQ/wFQFu linear systems (see eqgs. (1) and (9)),
which can be overcome by resorting to efficient approaches that have been recently tested by some of the
authors. %8 In particular, with the aid of on-the-fly iterative techniques, we can largely increase the size of the
treatable plasmonic nanostructures, up to reach the typical dimensions exploited in real experiments. The
latter would also benefit from taking into account the interaction of the molecular system and substrate with

a solvating environment.
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Table S1: List of abbreviations used in the manuscript

wFQ
wFQF i
EM
cT
NP
IB
PS
cTO
Ih
i-Dh
GD
PY
PRF
EF
AEF
MEF
MTX
PY-V
PY-E
PY-F

MTX1, MTX2

Frequency dependent Fluctuating Charges

Frequency dependent Fluctuating Charges and Fluctuating Dipoles
electromagnetic

chemical enhancement

metal nanoparticles

interband (transitions)

plasmonic substrate

cuboctahedron

icosahedron

ino-decahedron

graphene disk

pyridine

plasmon resonance frequency

enhancement factor

(spectrally) averaged enhancement factor

maximum enhancement factor

methotrexate

pyridine adsorbed on the vertex of a plasmonic substrate
pyridine adsorbed on the edge of a plasmonic substrate
pyridine adsorbed on the face of a plasmonic substrate
conformers of methotrexate

PRF (eV)
Shape Number of atoms Radius (A)
Ag Au
147 8.66 3.54 -
309 11.54 349 -
061 14.43 3.46 227
923 17.31 347 -
1415 20.20 3.45 2.23
cTO
2057 23.08 3.44 221
2869 25.97 3.43  2.20
3871 28.85 3.43 2.19
5083 31.74 3.43 217
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6525 34.62 3.43 217
8217 37.51 3.42 217
10179 40.39 3.42 217
147 8.23 3.64 -
309 10.98 3.58 -
061 13.72 3.56 -
923 16.46 3.54 -
1415 19.21 3.53 2.29
Ih
2057 21.95 3.52 2.26
2869 24.69 3.52 2.24
3871 27.44 3.51 2.23
5083 30.13 3.51 2.21
6525 32.87 3.51 2.21
8217 35.57 3.51 2.21
10179 38.30 3.51 2.21
85 5.770 3.52 -
207 8.655 348 -
409 11.54 347 -
711 14.43 3.46 2.31
1133 17.31 3.45 2.25
i-Dh
1695 20.20 3.44  2.22
2417 23.08 3.44  2.20
3319 25.97 3.43 2.19
4421 28.85 3.43 218
o743 31.74 3.43 2.18
7305 34.62 3.42 2.18
9127 37.50 342 217
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Table S2: Geometrical parameters (number of atoms and radius) of Ag and Au nanoparticles
used in this work. The associated plasmon resonance frequencies (PRF) are also given.

Table S3: Geometrical parameters (number of atoms and radius) of graphene disks used in
this work. The associated plasmon resonance frequencies (PRF) are also given.

Shape Number of atoms Radius (A) | PRF (eV)
469 20 0.61
1909 40 0.46
4294 60 0.38
7669 80 0.33

GD 11980 100 0.30
17269 120 0.28
23485 140 0.26
30724 160 0.24
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Figure S1: Dependence of AEF and MEF on the numerical differentiation step (d=0.001
A or d=0.0005 A) used in the calculation of complex polarizability derivatives. PY adsorbed
on Ag cTO systems.
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Figure S4: Vibrational normal modes of PY in vacuo calculated at B3LYP/DZP level of
theory.
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Table S4: Enhancement factors of PY adsorbed on Agigi79, Auigi79 and GD g—spm,.

B Ag Au GD
Wavenumber (cm™) ¢TO Th i-Dh | ¢TO Ih iDh| R=40 A
898.64 1.35 0.94 217 004 004 004| 224446
956.44 19771 14812 22637 | 1418 942 813 | 70093.32
999.92 0.90 0.78 1.55 001 000 0.0l 871.76
1007.84 34527.07  6705.84 8218.10 | 666.05 568.87 443.33 | 14329.97
1007.85 34828.44  6769.42  8297.90 | 769.05 573.70 512.51 | 10043.62
1052.58 1098.16  258.18  427.98| 1890 14.33 1556 | 10947.63
1078.03 416.86 57.03  114.94 926 101  1.47| 11209.79
1097.74 30026.28  5966.64  7533.43 | 714.95 539.00 485.58 | 8956.54
1181.17 136.27 34.49 53.14 344 314 2.84| 10502.80
1245.18 1718.09 37070 573.17| 3354 2359 24.20 | 9723.70
1274.20 201.59 32.92 55.93 270 193 1.99 | 9395.24
1387.78 1993.79  333.95  530.69 098  1.21 063 | 12150.37
1472.56 146.16 45.13 43.48 447 399  3.37| 12347.82
1510.30 58738.36  10286.44 11988.96 | 1106.07 776.91 671.46 | 10587.33
1615.76 253.79 60.30 93.51 411 385 341 1113433
1622.08 15235.88  2980.92  3850.27 | 360.65 268.83 242.29 | 11183.74
AEF 15218.65 20954.27 3681.90 | 334.26 249.00 222.84 | 10520.91
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Table S5: Average Enhancement Factors (AEF) and unnormalized T? | values associated
with the external field aligned along the pyridine molecular axis for the case of Ag nanos-

tructures.

Structure cTO Th -Dh
AEF T AEF T AEF T4
71.49 20842.90 33.48 11764.20 10.41 11764.20
270.54 32820.81 136.26  20015.08 | 43.61 20015.08
458.77 55400.45 28.86 3242523 | 136.97  32425.23
737.30 91651.60 135.04  50134.76 | 269.37 50134.76
1246.36  147054.50 | 377.41 76897.12 | 423.28  76897.12
2098.16  228347.38 | 567.14 114971.62 | 628.98 114971.62
3407.28  338220.33 | 733.55 170596.26 | 862.55 170596.26
4738.77  509599.52 | 1279.95 242233.09 | 1261.68 242233.09
6427.08  737693.47 | 1643.09 341402.32 | 1682.09 155968.96
8525.95 1032631.53 | 2074.32 466134.52 | 2203.65 222169.56
12646.52 1357815.07 | 2579.17 619243.56 | 3085.70 619243.56
16269.71 1819201.17 | 3163.13 803358.62 | 3936.84 803358.62

—_ =
DD ©o 10U kW

Table S6: Average Enhancement Factors (AEF) and unnormalized T? | values associated
with the external field aligned along the graphene plane.

Structure | AEF T,
1 9375.43 11260.83
2 10402.45 11876.37
3 6687.45  8079.50
4 4115.87  5417.91
) 3278.32  3696.09
6 2550.34  2153.59
7 1976.16  1666.88
8 1509.64  1605.28
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Table ST: Average Enhancement Factors (AEF) and unnormalized T? | values associated
with the external field aligned along the NP axis for different values of the N-Ag distance.

Distance (A) | AEF T4
3.0 3163.13 803358.62
3.5 1278.98 576391.98
4.0 71543  419288.14
4.5 448.03  309808.78
5.0 302.43  232696.42
5.5 214.56  177537.96
6.0 157.86  137394.02
7.0 9249  85348.18
8.0 58.66 55199.50
9.0 39.45  36888.75
10.0 27.81 25331.77
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Figure S7: Dependence of the SERS signal on the PY-Agip179 in the Ih morphology on the
relative position. Left panel: graphical depiction of the Py-Ag system with indication of the
polar coordinates system. Right panel: AEF of the PY-Ag system computed at different
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Figure S9: Superposition of MTX1 and MTX2 geometries (see main text).

S1 Dependence of AEF on electric field intensity

Let us consider a molecular system adsorbed on a plasmonic substrate, both interacting
with an external field aligned along the z direction. The Raman signal of the molecular
vibrational normal modes is enhanced by the presence of the plasmonic substrate as a result
of the increase of the incident and/or scattered fields. The vibrational normal modes can be

partitioned into three subsets:

e The vibrational normal modes @, (total number N,) whose intensity is dominated by

O (wiw) |2

0Qa

the incident and scattered fields, yielding a total enhancement factor of |E|*;

the contribution , which are enhanced by the plasmonic substrate via both

e The vibrational normal modes @} (total number N,) whose intensity is dominated

2
with ¢ # z, which are enhanced by the

0w » (w;w) 2

9Qy

00 i (w;w)

or Qs

by the contribution
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plasmonic substrate via the incident or the scattered fields only, yielding a total en-

hancement factor of |E|?;

e The vibrational normal modes Q. (total number NV.) whose intensity is dominated by

e (wiw) |

50, with 4,7 # z, which are not enhanced by the plasmonic

the contribution

substrate.

Therefore, the AEF can be computed as follows:

NJE[* + NJE + N, 1ep N,
AEF = Nl B NIBF + Ne o1 ps No
Na+Nb+Nc Na+Nb+NC

where the second equality is true when |E|? > 1, thus |E|* > |E|?>. Therefore, the AEF

follows the E* approximation for strong electric field intensities.
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Chapter 10

Summary, Conclusions and Future
Perspectives

In this Thesis, a theoretical framework and the related computational tools to describe the
optical properties of metal and graphene-based plasmonic substrates, and their interaction
with molecules adsorbed on their surfaces, have been developed, implemented, and tested.
The work has been divided into two main steps. First, oFQ?% has been applied to the calcu-
lation of the optical properties of metal and graphene-based nanostructures with complex
shapes and to the study of conductivity in polycrystalline graphene samples. Then, wFQ has
been improved to describe interband transitions in noble metals and to compute enhanced
Raman spectra of molecular systems adsorbed on plasmonic substrates.

The advantages of using a fully atomistic approach to describe nanomaterials have been
demonstrated in Paper 1, Paper 2, and Paper 3. These papers highlight how atomistic
models are suitable for describing finite-size nanostructures with surfaces defined by de-
fects, disorder, tips, and edges. Such structures cannot be described by continuum models.
Morover, these papers demonstrate that @FQ returns results in excellent agreement with ab
initio reference values for both metal and graphene-based substrates. Remarkably, the low
computational cost of our method permits us to afford real-size systems, which can not be
treated by ab initio methods. Therefore, atomistic models appear as a competitive approach
between continuum and ab initio models, able to combine their strengths in one method.
The extreme flexibility and reliability of @FQ in describing complex nanostructures pave
the way for its extensive application to even more complex structures, such as noble metal

nanostars NPg204-200 207H209

and graphene nanopores.
An important limitation of wFQ is solved in Paper 4, where wFQFy is first introduced.
It extends wFQ to account for interband transitions in noble metal NPs. The paper also
highlights the agreement between wFQFu results and ab initio data, while also showing
how the optical properties of the plasmonic substrate change with the size, up to real-size
systems. Another important feature of @FQ(Fu) resides in its ability to accurately model
the physics of metal nanojunctions, capturing the effect of NPs edges and gap’s width on
the overall optical response of the system and on the electric field enhancement at the hot

spots. Paper 4 also paves the way to further parameterizations, for instance for aluminum,
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10. Summary, Conclusions and Future Perspectives

iron, and copper. Furthermore, the description of interband transitions could be extended

to the case of graphene, so as to model the optical phenomena occurring in twisted bilayer

graphene 21V

Finally, in Paper 5 wFQ(Fu) is coupled to a quantum mechanical (QM) Hamiltonian 1%%

so to allow the calculation of Raman spectra of molecular targets adsorbed on plas-
monic substrates, in a multiscale QM/molecular mechanics (QM/MM) fashion 22172 A]-
though surface-enhanced Raman scattering (SERS) is nowadays one of the most used
techniques in biosensing, other spectroscopic techniques can exploit plasmons, such as the

)143

surface-enhanced infrared absorption (SEIRA and the surface-enhanced fluorescence

(SEF) 14419 They will all be treated with our model in future works.
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