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ABSTRACT

An efficient semiempirical computational methodology is developed for the simulation of Tip-Enhanced Raman Spectroscopy (TERS), by combining the discrete-
dipole approximation (DDA), the bond polarizability model (BPM), and density functional theory (DFT) to describe the vibrational properties of the material system.
The method is illustrated for Cy, whose TERS spectra are determined for different frequencies of incident illumination and for different tip shapes. The information
on the local properties of the structure is correlated with the computed TERS signature, which is obtained by scanning the tip over the molecule. The method
is versatile and is found to have a modest computational cost while allowing one to highlight the main features differentiating TERS from conventional Raman

spectroscopy.

1. Introduction

Raman spectroscopy is an analytical tool used to study intrinsic vi-
brations for the identification and characterization of materials. Each
material has its own unique Raman spectrum that therefore constitutes
its specific fingerprint. Additionally, a Raman spectrum can be used to
track structural or chemical changes since the vibrations are sensitive
to the various modifications of the way atoms are bonded and arranged,
at local or global scales. Although Raman is a powerful nondestructive
tool, its signal is very weak. As a result, research has been performed
to develop ways to enhance the signal intensity. Raman spectroscopy
involves the coupling of a material’s intrinsic properties (i.e., atomic
and electronic structures) with an external electromagnetic field (i.e.,
laser light). One way to increase the intensity of the signal is to cre-
ate a nanocavity in the vicinity of the material system by placing it in
the proximity of a noble-metal nanoparticle. In the Raman scattering of
a molecule, the intensity of the photonic absorption process is directly
proportional to the intensity of the local electric field [1], and the en-
hancement is essentially due to a local increase in the electric field. In
general, there exist two distinct enhancement mechanisms: electromag-
netic and chemical. In electromagnetic enhancement, the excitations
of the nanoparticle plasmons amplify the local field, resulting in an
increase in the photon absorption process, which in turn leads to an
enhancement of the Raman signal, while the chemical enhancement is
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due to charge transfer [1]. Here, we will focus on the electromagnetic
enhancement process.

When the target molecule is adsorbed onto a metal nanoparticle,
the physical enhancement process is known as surface-enhanced Raman
spectroscopy (SERS) with a reported enhancement factor of 10! — 104
[2]. Alternatively, the target molecule can be placed in the vicinity of
a nanoparticle used as a probing tip, leading to a distinct technique
known as tip-enhanced Raman spectroscopy (TERS) with a reported en-
hancement factor of 10 — 10° [2]. The enhancement factor provided by
TERS is generally weaker than that of SERS. This can be understood
as follows: In TERS, there is only one single nanoparticle that is the
source of enhancement, while in SERS there are multiple nanoparticles
and multiple gaps between them called hot spots, and these hot spots
contribute more to electromagnetic enhancement [2]. Additionally, the
chemical enhancement in SERS is greater than that in TERS due to the
possible adsorption of the molecule on the nanoparticles in SERS [2—4].
In TERS, Raman spectroscopy is combined with a scanning probe tech-
nique such as scanning tunneling microscopy (STM) [5] or atomic force
microscopy (AFM) [6]. The electric field generated from the tip is en-
hanced and localized, which provides high spatial resolution. Moving
the tip, which is the enhancement source in TERS, allows for control
of the localization of the field acting on the target, which provides ad-
ditional information beyond a conventional Raman spectrum, including
knowledge related to the local density of the phonon states [7]. The first
TERS experiment was demonstrated in 2000 by Stockle et al. [8] using
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AFM-TERS, followed by a number of other studies including those of
Anderson [9], Pettinger et al. [10] and Hayazawa et al. [11].

Under a homogeneous electric field, the selection rule for Raman-
active vibrations is due to non-zero changes in the polarizability of the
molecule or solid with respect to the normal modes of vibration. The
selection rule assumes a homogeneous electric field and, as a result,
can be solely determined based on the symmetry of the Raman tensor
(which is itself obtained from inspection of the character table of the
structure’s point group symmetry). In contrast, in the case of TERS,
these selection rules are no longer valid as the field generated at the
tip is spatially inhomogeneous, which means that different atoms in
the molecule are subjected to a different field [12,13]. This leads to
changes in the relative Raman cross section of the normal modes, and
even sometimes to a modification in the normal modes themselves.

To simulate TERS, one needs to compute the optical response
of the molecule and the nanoparticle, in addition to their coupling.
This involves the interplay of several degrees of freedom: electromag-
netic, electronic, vibrational, and dielectric. In a recent publication
(Ref. [14]), the authors developed a general method to compute the
TERS of single molecules. They calculated the optical response of the
nanoparticle and the polarizability of the target molecule separately,
and then combined them to obtain the Raman intensities under an in-
homogeneous electric field. Calculating the localized near-field of the
nanoparticle at the tip apex requires the implementation of a method
that takes into consideration the atomic nature of the nanoparticle and
the target molecule [14]. To tackle this, here we choose to adopt the
classical discrete-dipole approximation (DDA) [15,16]. Additionally, for
the calculation of the TERS cross section, we use the bond polarizabil-
ity method (BPM) to calculate the polarizability derivatives with respect
to the normal modes, since this method has shown to compare qual-
itatively favorably with more advanced methods [17,18]. Finally, a
finite-difference scheme (as implemented in Phonopy [19]) is used to
calculate the normal modes and their corresponding frequencies using
density functional theory (DFT) to calculate the force constants. In this
work, we have developed this theory to compute TERS spectra for buck-
minsterfullerene (Cgqy) placed in the proximity of a silver tetrahedron-
shaped nanoparticle. We also show how the method is used to raster
the silver nanoparticle around the molecule to produce TERS scans of
Cq for different normal modes.

2. Theoretical formulation

There are a number of different properties involved in the calcula-
tion of a TERS spectrum. First, let us outline the semiclassical formu-
lation of Raman scattering (that is, where the electromagnetic field is
treated classically). In the usual Raman scattering, where the field act-
ing on a target molecule with A atoms is homogeneous, the familiar
semi-classical expression of the intensity of the Stokes Raman process
[17] is given by

3N
2
I(w) cxwmcwg Z((n (w,,)) +1) |,]/ .afam JEe|" 5 (w—wv) , @
v=1
where
o _ 1 (08
N <aQU >OQ”°' @

Q, = Qg cos(w,t +6,) is one of the 3N normal modes of vibration with
displacement Q,, phase shift §,, and frequency w,,. The frequencies of
incident and scattered monochromatic lights are w;,. and wg, respec-
tively. {n(w,)) = 1/(exp(hw,/kgT) — 1) is the Bose-Einstein occupation
of mode v at temperature 7. n’ is the direction of polarization of scat-
tered light; E™ is the incident electric field; and af"‘"‘ is the Raman
tensor of mode v, which is defined by the derivatives of the polariz-
ability of the molecule with respect to the vibrational mode v. When
evaluating a TERS spectrum within the semiclassical theory, the only
term that needs to be modified is the one between the || symbol. This is
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due to the fact that in TERS, the incident electric field E is no longer
homogeneous over all of the atoms in the molecule, in contrast to con-
ventional Raman. Note that in normal Raman scattering, the electric
field strength can be factored out and the selection rules are directly
related to the symmetry of the Raman tensor (Eq. (2)).

The workflow of the calculation of the TERS spectrum includes the
computation of the vibrational modes and the corresponding frequen-
cies of the molecule, the polarizability derivatives with respect to the
normal modes, and the inhomogeneous field at the tip (due to the ap-
plication of an external electric field).

In this work, we use a combination of approaches to evaluate the
salient properties needed to describe TERS. First, we carry out the
phonon calculation using Phonopy [19]; an open source package to
calculate phonons within the harmonic and quasi-harmonic approxi-
mations. Phonopy is paired with a calculator for the computation of
the atomic forces obtained within a finite displacement scheme. Here,
we use DFT to evaluate the forces, using the Hellman-Feynman theo-
rem. Specifically, we employ the GPAW package [20,21], which is a
Python code based on the projector-augmented wave (PAW) method
and the atomic simulation environment (ASE) [22]. In this study, we
approximate the exchange-correlation potential with the Perdew-Burke-
Ernzerhof (PBE) functional [23] and we expand the wave functions on
a plane-wave basis with an energy cutoff of 450 eV. The molecule is
relaxed to the point that all atomic forces are below 0.01 eV/A before
proceeding with the calculation of the phonons. Second, we use the
bond polarizability method (BPM) [17,18] to calculate the derivatives
of polarizability with respect to the normal modes. Third, we compute
the localized near-field at the apex of the nanoparticle (modeled as a
tetrahedron of silver atoms) at the tip apex using the discrete-dipole
approximation (DDA) [14]. Finally, we obtain the TERS spectra of the
target molecule using Eq. (1).

Before moving on to the application of this scheme to the TERS
spectrum of the Cq, molecule, we will first describe the DDA and BPM
methods.

2.1. Discrete dipole approximation

According to Maxwell’s equations, when a nanoparticle is subjected
to an incident electric field E™, the free carriers in the particle rear-
range to minimize the effective field inside the metal. This can lead to
a very large increase in the local field right outside the tip, especially
for sharp protrusions, as predicted by classical electromagnetic theory.
There are several different ways to account for this effect. Here, we
calculate the induced electric field from the tip within the DDA [14],
which can be used to obtain the absorption, scattering, and enhanced
field around a nanoparticle of arbitrary shape and composition [24].
This method was initially proposed by Purcell and Pennypacker for the
calculation of the absorption and scattering of dielectric grains in in-
terstellar matter [16]. In DDA, a cubic mesh is created to represent the
nanoparticle, such that it is divided into M nanocubes. Each cube rep-
resents a point dipole such that the nanoparticle is described by a set of
M point dipoles that interact with each other [16,24]. The electric field
acting on each dipole is the superposition of the incident electric field
and the field generated by the other M — 1 dipoles [15,16,24]. The po-
larizability of each dipole is given by the Clausius-Mossotti relation by
using the experimental dielectric constants of the bulk material.

DDA allows for the calculation of the induced dipole moment p;,
for each dipole i in the nanoparticle for an external electric field E,
from which we obtain the scattered electric field generated by the M
dipoles. Since the target molecule is placed in close proximity to the tip,
the near-field expression EN' of the scattered electric field is used [14].
The electric field generated from the nanoparticle at position r is thus:

M
BNy =) <3(r_r")(r_r").p"— - ) ®)

& 4ne |r—1;|5 [r—r,3
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Fig. 1. (a)-(c) Atomic structures of tips A, B, and C of the nanoparticle. (d, g), (e, h), and (f, i) are plots of the electric field distribution in the x — z plane for tips A,
B, and G, respectively. (d)-(f) and (g)-(i) are plots of the electric field distribution at distance s =2 A below the tip for an off-resonance frequency ,,. =2.00 eV and

the in-resonance frequency w;,. =

=3.075 eV, respectively. The maximum field amplitudes at the in-resonance frequency observed from the color bars (727.9, 124.9

and 67.2|E™| for tips A, B and C respectively) show more amplified values than those at the off-resonance frequency (25.0, 12.1, and 10.4|E™| for tips A, B and C

respectively.)

Additionally, the absorption cross-section of the nanoparticle is calcu-
lated using the induced dipole moments and the incident field E™ at

frequency w;,. as:

|nc pl i 2 3 2
Cabs Emclz [ ( ; > 3c 2.3 mclpll :|7 (4)

where ¢; is the polarizability of the dipole p;, computed using the
Clausius—Mossotti relation.

2.2. Raman polarizability tensor and bond polarizability method

The final key quantity needed is the Raman polarizability tensor
for mode v, expressed in Eq. (2). In a recent publication, Zhang et al.
[14] have proposed to evaluate the Raman response under an inho-
mogeneous electric field, since it corresponds to the situation where a
molecule is positioned in the vicinity of a plasmonic nanocluster. In this
real-space approach, the Raman polarizability tensor is expressed as a
sum over the atomic displacements rather than over the normal coordi-
nates. The Raman polarizability tensor of the molecule (N atoms) can
be expressed as a sum over atomic contributions:

@ =3 (aQU> Qo ®

\/ Z (au(,)> 1,10) 6

)

i
M=
cal\

=xy2 I=1,.,N, v=1,..,3N),

where m; is the mass of the /th atom, u, () is the yth Cartesian displace-
ment of the /th atom and g, (/|v) is the yth component of the unit vector
of the vth vibrational mode for the /th atom. We can now define &E,l) as
the atomic Raman polarizability tensor of the /th atom for the vth vi-
brational mode. It follows that we can express the spectrum intensity in

Eq. (1) as

2

3N N
DAl Eap || b (0-o,). ®
=1

1(®) x vy, 0 2((11 o, ) +1)|n

where E(r)) = E™ + ENF(r,)) is the total electric field, which is the super-
position of the incident field E™ and the near-field ENF(r;) generated
from the nanoparticle on atom / of the sample located at position r,.

Different methods are available to calculate the derivatives of polar-
izability in Eq. (6). For example, Zhang et al. obtained the polarizability
derivatives using a quantum chemistry package [14]. Here we adopt the
bond polarizability model [17,18], as it allows for a fast and quite ac-
curate description of the polarizability. In the BPM, the polarizability of
the system @ is approximated as a sum over bond polarization contribu-
tions [17]:



M. Fadel, L. Henrard and V. Meunier

1 ay(B)+2a,(B) -
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where B points to the chemical bond connecting atom / with its neigh-
boring atom /' and R(/, B) is the corresponding unit vector from atom /
to . a,(B) and «, (B) are the static polarizabilities associated with di-
rections parallel and perpendicular to bond B, respectively, and I is the
identity tensor.

Let Ry(/, B) be the bond vector at equilibrium, such that R(/, B) =
R (I, B) — u(l), where u(/) is the displacement vector of the /th atom.
From the BPM, the atomic Raman polarizability is given by

ah=_L [h 1 g :

s
q(B)+2d (B)\_ )

X{(f T+ (o (B) - o (B) )

«(B)—ay(B)
Ry(1,B) >

(10)
x (Ro(l, BIR(1, B) - %1) b+ <
x {Ry (1. B)x(I|v) = x(I|)Ry(l. B)

=2 (Ro(1, B) - x(I|v)) xRy (1, BYRo(1. B)}] .

where al’l(B) and o/ (B) are the radial derivatives of (B) and a,(B)
respectively, for which we use the values from Ref. [17,18] for carbon

sp” bonds: ! (B)+2a, (B)=755 &, of (B) ~/,(B) = 2.60 A" and a(B) -
a,(B)=032A".

3. Results
3.1. Inhomogeneous electric field of silver tips

A tetrahedron of 202,742 silver atoms obtained from the FCC crys-
tal structure is used as a tip model for the TERS calculations performed
in this study. The lattice constant of the structure is a = 4.09 A and
the tetrahedron is subjected to incident illumination E™ at frequency
;. in the +y direction (Fig. 1.a). In DDA, the nanoparticle is sampled
with a cubic mesh, where the side length of each cube (the dipole) is
d. For the tetrahedron, a cubic mesh of d = 6.063 A is used along with
the experimental optical properties of silver from Ref. [25], to calculate
the polarizability «; of each dipole i using the Clausius-Mossotti equa-
tion, where its fit is plotted in Fig. 2.a. The absorption cross-section
of the tetrahedron is also computed and plotted in Fig. 2.b, where
the tetrahedron is found to be in resonance with the incident field at
Wi =3.075 eV.

Figs. 1.d and 1.g show the magnitude of the electric field in the x — z
plane at a distance s =2 A away from the tip apex at the resonance fre-
quency w;,. = 3.075 eV and an off-resonance frequency w;,. =2.00 eV.
It can be observed that the field generated in the in-resonance case is
much greater than that of the off-resonance case, with maximum magni-
tude of 727.9|E™| vs. 25.0|E™|, respectively. Additionally, we compute
the enhancement factor (£, = (|E™ + ENF|/|E™|)%), which is the 4th
power of the amplification of the field. The field at the center of the
apex 2 A away is found to be around &, =10"" (Fig. 1.g) and &, = 103
(Fig. 1.d) for w;,. =3.075 eV and w;,. =2.00 eV, respectively. As ex-
pected, the enhancement factor in the in-resonance case is much higher
than the enhancement factor in the off-resonance case. Next, we eval-
uate the localization of the field; in other words, we calculate how fast
the field decays around the tip apex. To do this, we compute the full
width at half maximum (FWHM) in the x — z plane 2 A away from the
apex. The FWHM values are 6.731 A (Fig. 1.g) and 7.993A (Fig. 1d.)
for w;,. =3.075 eV and w;,. =2.00 eV, respectively. This indicates that
the field is more localized around the tip in the in-resonance case. In
conclusion, shining a monochromatic light at the plasmonic resonance
frequency of the nanoparticle makes the field around it amplified and
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Fig. 2. (a) Real and imaginary parts of the polarizability «; of each dipole i as
a function of the incident frequency w;,.. (b) The absorption spectrum of the
tetrahedron nanoparticle as a function of the incident frequency w,,., where
the in-resonance frequency is w;,. = 3.075 eV. (a) and (b) are computed using a
cubic mesh of d = 6.06267 A and the experimental optical parameters of silver

from Ref. [25].

localized. In addition to the perfect tetrahedron tip morphology (we
will call it tip A) shown in Fig. 1.a, the nanoparticle is modified by re-
moving one and three layers from the apex of tip A to obtain tip B
and tip C, respectively, whose atomic structures and the corresponding
near-field magnitude plots are shown in Fig. 1. We also observe that the
field is more amplified in the in-resonance case, with a maximum mag-
nitude of 124.9|E"| for tip B and 67.2|E"| for tip C, compared with the
field magnitude at the off-resonance frequency of 12.1|E™| for tip B and
10.4|E™| for tip C. Moreover, the magnitude plots show three-fold sym-
metry due to the atomic symmetry of the apex, which is different from
the symmetry of the tetrahedron (four-fold symmetry), proving the im-
portance of the atomic structure at the tip in describing the near-field.
These modified tip models will allow investigation of how the sharpness
of the tip affects the TERS spectra.

3.2. TERS of buckminsterfullerene (Cg)

We now compute TERS spectra using the methodology outlined
above. A Cq, molecule is placed s =2 A below the tip, where s is the dis-
tance between the tip apex and the surface of Cg treated geometrically
as a perfect sphere. The TERS spectrum is averaged over all possible ori-
entations of Cg relative to the tip, where the polarization direction of
the scattered light #/ is in the +y direction. Finally, the incident electric
field that polarizes the nanoparticle is in the +y direction.

The simulated TERS spectrum of Cg, is shown in Fig. 3 along with
its Raman spectrum computed for a homogeneous illumination, where
we compare both with the experimental results. Compared to Raman
under homogeneous illumination, more modes have nonzero intensity
in TERS due to the inhomogeneity of the electric field acting on Cg, this
can be seen from Fig. 4 where the simulated TERS and Raman spectra
are plotted. This highlights that Raman selection rules no longer hold
in TERS as we observe nonactive Raman modes become active. The
peaks corresponding to some of the nonactive Raman modes are shown
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Fig. 3. (a) Raman spectrum of Cg, where the incident electric field is homogenous. The calculation uses BPM to evaluate the polarizability derivatives, compared
with the experiment in Ref. [26]. (b) TERS spectrum of Cy, using DDA and BPM vs. experiment [27]. The frequency of the incident field is w;,. =3.075 eV and s =2 A.
(c) Cq, placed near the tetrahedral tip. The axes of the coordinate system and the direction of the incident field are also indicated.
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Fig. 4. Simulated TERS at w,,, =3.075 eV and s =2 A. vs. Raman spectra of C,, where three of the Raman non-active modes of frequencies 327.0 cm~!, 341.0 cm™!
and 576.6 cm™! are highlighted. These modes are shown to have non-zero intensities in the TERS spectrum, proving that the Raman selection rules are broken.
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Fig. 5. (a) TERS of G4, at s =2 A for frequencies of the incident electric field ;. =3.075 eV and w;,. = 2.00 eV, where the red spectrum is the Raman spectrum with

homogeneous field for reference. (b) TERS spectrum when Cy is placed s =2 A away from the different tips shown in Fig. 1. (c) TERS spectra for different distances
from the tip: s = 1.0, 2.0, 4.0, and 50 A compared with the Raman spectrum under homogeneous illumination.
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in Fig. 4, at frequencies 327.0 cm™!, 341.0 cm~! and 576.6 cm~!, where
their TERS intensities are nonzero.

In Fig. 5.a, TERS is shown for different frequencies of the incident
electric field. When the incident frequency is in resonance with the tip,
the intensity of the modes that become active in TERS is more clearly
seen. Fig. 5.b compares TERS spectra using the different tips shown in
Fig. 1. As the tip becomes less sharp, the spectrum converges to the
conventional Raman spectrum. It can be observed that tip A is best for
computing TERS, since the field generated from it is the most localized
on the individual atoms in the molecule, so the Raman nonactive modes
have larger relative intensities.

Furthermore, as the tip-molecule distance increases, the intensity of
the electric field becomes more homogeneous. As a result, we retrieve

Table 1

Carbon Trends 12 (2023) 100286

the conventional Raman spectrum when calculating the TERS when the
molecule is sufficiently far from the tip. Fig. 5.c shows TERS at differ-
ent distances from the tip. At s =50 A, the TERS signal is found to be
essentially identical to the conventional Raman result: the field is ho-
mogeneous and the selection rules apply.

Finally, note that the calculations shown in Fig. 5.a indicate that
compared to the conventional Raman intensities computed, the TERS
spectra with tip A are enhanced by a factor of 4 x 10* and 10 for the in-
and out-of-resonance laser frequencies. These values are in good agree-
ment with the reported experimental results [2]. It is also noteworthy
that the enhancement factor is not simply linked to the increase in the
electric field to the fourth power, again highlighting the fact that local-
ization plays a major role in the physical processes of TERS.

Raman scans of Cg, for multiple vibrational modes, where ;. =3.075 eV and s =2 A using tips A, B, and C shown in Fig. 1. Each plot shows the intensity as the tip
scans Cqy. 2D and 3D plots are shown for tip A, where only 2D plots are shown for tips B and C. Each row contains the plots for a different mode, labeled by the

mode index and frequency.

Tip A

Tip B Tip C

v=16, ®,=341.0cm™!
v =16, w, = 341.0em™"

2.7e+03
150 —
2
£
o 100 z B
g
g 50 £
% 100 200 300 15003
0

v=133, w, =496.3cm™!

)
2
%
3
Intensity (an) 2

=
i
&

%
o
=4

v=109, ®, = 1077.6cm™"

v =109, w, = 1077.6cm™"

Tntensity

150403
150 :
o 100 , o, 100
z 50
e
% 100 200 300 9-4c-06
P

v=155, , = 1420.9cm™"
v =155, w, = 1420.9cm™!

3.00+03
150 R
| — :
o 100 -

o 3 o 100

E ©
I 50 |
% 100 200 300 18002
P

v=161, , = 1430.0cm™"

Intensity (a..)

v =161, w, = 1429.9cm™"

e

v=163, @, = 1469.2cm™!

i,

2.8e+02

v =16, w, = 341.0cm ! v =16, w, = 341.0cm™"

IS
o
g
3
)
3

Intensity (a.u.)

*
=3
¢

=3
=4

v =33, w, = 496.3cm ™"

9.1e+03 2.6e+03
E) B
3 s
£z &
£ E
& E
8.5e+03 2.6e+03

Intensity (a.u.)

Intensity (a.u.)

o
g
?

o
&

0° 0°

v =155, w, = 1420.9cm™" v =155, w, = 1420.9cm™"

1.4e+02 2.9e+01

Intensity
Intensity (a.u.)

2
i
i
o
=
W
=
3
I3
=

0° 0°

v =161, w, = 1429.9cm ™"

5
B
I
:
2

7.7e+00

Intensity (a..)

2.7e-05

v =163, w, = 1469.2cm ™!

3.9e+01

&
&
i
<
S

Intensity (a.)
Intensity (a.1.)

o
>
g
3
=)

9.9

©
i
&

i
S




M. Fadel, L. Henrard and V. Meunier

We can also use the tip in a nano-Raman mode of operation, i.e.
as a scanning probe that moves around the molecule while tracking
the TERS intensity of a specific normal mode. The recorded intensity
is then plotted in 2D and 3D surface plots. Table 1 shows 2D and 3D
scans of Cg for different tips of the nanoparticle, where w;,. =3.075 eV
and s =2 A. There are two nondegenerate modes with symmetry A -
The first is the radial breathing mode (w, = 496.3 cm™!), where all of
the 60 carbon atoms vibrate radially in-phase with equal displacements
[26]. The second is the pentagonal pinch mode [26] (w, = 1469.2 cm™),
where the displacements of the atoms are tangential with the expansion
of the hexagonal rings and contraction of the pentagonal rings for a set
of displacements [26]. From Table 1 and due to the specific symmetry
of those modes, it is observed that these two modes are the ones that
show the structure of Cg4, the most clearly, and they do not change much
qualitatively for different tips.

4. Conclusion

We have presented a computational methodology to simulate TERS
spectra in carbon nanostructures with the explicit description of the
plasmonic response of the metallic tip. To calculate the local near-field
at the tip apex, we used the DDA which takes into account the dielectric
properties of the nanoparticle. The chosen nanoparticle is a tetrahedron
with 202,742 silver atoms. By calculating the enhancement factor and
the FWHM for different excitation frequencies, we observe that shining
a monochromatic light with frequency in resonance with the nanopar-
ticle generates a more localized electric field with larger enhancement.

The method is illustrated and applied to buckminsterfullerene. Com-
paring the TERS spectrum of C4, with the usual Raman spectrum, one
notices that some nonactive Raman modes become active in TERS. This
is due to the inhomogeneity of the field generated at the tip, which
breaks the Raman selection rules. Additionally, as we remove layers
from the tip, the TERS spectrum becomes more similar to the Raman
spectrum, where the Raman non-active modes that can be observed
in the TERS spectrum now have much lower relative intensities com-
pared to the other peaks, confirming the advantage of using a tip with
atomic-scale sharpness. The radius of curvature of tips used in TERS
experiments is typically around 10 nm. This is sufficient to provide
enhancement of the intensity of Raman active mode, but usually not
sufficiently sharp for non-active modes to be observed. This also pro-
vides evidence of the sensitivity of the TERS spectra to the exact atomic
shape of the tip at the atomic level, which further supports the pico-
cavity effect observed experimentally [28].

We observe the convergence of the TERS spectrum with Raman as
we place Cg, far enough from the tip, where the field is no longer en-
hanced and localized, thereby recovering the usual Raman spectrum.
Finally, multiple scans of Cq, for various normal modes are shown,
from which we gain information about the topography of the structure,
which is not accessible in the usual Raman spectrum.

One key advantage of the proposed method is that it has a rela-
tively low computational cost, in spite of the need for several computed
properties such as the response of the tip to the application of an ex-
ternal field and the calculation of polarizability derivative. The model
is found to show good accuracy and could be applied to a broad ar-
ray of nanoscale systems. Note that regarding the order light interacts
with the sample and the tip [29], we only consider S (Sample) and
TS (Tip-Sample) terms and not the potential influence of the sample
(molecule) on the tip. Moreover, spatial field interference is not con-
sidered in our treatment since we are interested in computing Raman
for small molecules. It can be included by adding a position-dependent
exponential term in Eq. (8) to consider the interference between the
Raman sources. This effect is more important in extended systems such
as graphene, where the spatial field interference is crucial in evaluat-
ing TERS, as it causes different field enhancements depending on the
symmetry of different modes [30,31].
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