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Abstract
Tip-enhanced Raman spectroscopy (TERS) of a single molecule is commonly
described by considering the change in the polarizability of the molecule with
respect to a normal coordinate induced by homogeneous illumination. However, the local fields induced by nanoscale and atomic-scale features at the surface of metallic clusters and nanogaps show strong inhomogeneities in their
spatial distribution, which induces breaking of Raman selection rules. In this
context, the spatial extension of the molecular electronic states subjected to
strongly varying local fields challenges the validity of the point–dipole approximation as an adequate description of TERS in such configurations. Here, we
introduce a general treatment to simulate single-molecule TERS spectra and
their energy-filtered vibrational fingerprints maps, in which the polarization
properties of the single molecule and that of the optical enhancing nanoresonator can be calculated separately and then conveniently combined to
obtain the total Raman cross section of the molecule under the strongly inhomogeneous field. We apply the general method to study tip-enhanced scanning
0

Raman picoscopy of a 4,4 -bipyridine and biphenyl molecules in the proximity
of a silver icosahedral cluster with a few atoms at the tip apex mimicking an
enhancing picocavity. The polarization of the molecules is calculated within
density functional theory (DFT), and the optical response of the tip is calculated
within a classical atomistic discrete–dipole approximation. The Raman spectra
are found to be extremely sensitive to the spatial distribution of the local fields
and to the orientation of the molecule. Our calculations show that the spatial
mapping of molecular vibrational fingerprints, as probed by a tip with atomic
protrusions, is capable to reveal intramolecular features of a single molecule in
real space and thus establish a robust basis for scanning Raman picoscopy.
KEYWORDS
nanoantena, picocavity, plasmonics, scanning Raman picoscopy, surface-enhanced Raman
spectroscopy, tip-enhanced Raman spectroscopy

Additional supporting information related to the detailed derivation of the molecular polarizability expressed in terms of the atomic contributions and
the vibrational modes of the biphenyl molecule with their corresponding electric field distributions may be found online in the Supporting
Information section at the end of this article.
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1 | INTRODUCTION
Since the concept of tip-enhanced Raman spectroscopy
(TERS) was first proposed in 1985[1] and experimentally
demonstrated in 2000,[2-5] this technique has become a
powerful tool to obtain chemical identification of molecular species in the nanoscale, showing both high spectral
sensitivity and exquisite spatial resolution when combined with scanning tunneling microscopy (STM) or
atomic forced microscopy (AFM),[6-13] particularly when
operated at ultrahigh-vacuum and low-temperature conditions.[14-16] These unique properties are originated from
the nanometric localization and enhancement of local
electromagnetic fields at the apex of a metallic probing
tip, which often forms a cavity between the metallic tip
and the substrate, leading to the excitation of localized
surface plasmons (LSPs).[17] A target molecule or molecular layer located beneath the tip or inside the cavity experiences the enhancement of the local field both from the
incoming radiation, as well as from the outgoing radiation; thus, the enhancement of the Raman signal is found
to scale with the fourth power of the local field enhancement.[18-20] This electromagnetic field enhancement can
be intensified or decreased due to other effects connected
with chemical polarizations of the molecule-substrate
system[21] or optomechanical feedback mechanisms,[22-25]
which have been recently explored as additional enhancing mechanism of molecular Raman scattering in
plasmonic cavities.
The Raman signal is extremely sensitive to the spatial
distribution of local fields induced by the incoming light
that probes the molecules; therefore, it turns to be of paramount importance to develop an accurate quantitative
estimation of the optical near-field response in specific
TERS configurations. A variety of theoretical methods
including classical and quantum approaches have been
adopted to estimate the local field and the corresponding
Raman signal enhancement.[26-28] Both classical and
quantum methods often adopt a smooth and continuous
description of metallic interfaces and molecular objects
to obtain the distribution of local fields based on the solution of Maxwell's equations or of the Schrödinger equation, respectively. Among the classical methods to obtain
local fields, the finite-element method (FEM),[29,30] the
finite-difference in time-domain (FDTD) method,[31,32]
and the boundary element method (BEM),[33-36] among
others, have been commonly applied to metallic
nanoantenas and tips. In all of these methods, the local
field properties are usually determined by the smooth
boundaries of a nanoscale morphology of the nanostructure (tip or tip-substrate cavity) with a more or less
sophisticated description of the roughness. Even in quantum descriptions of the optical response of metallic
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cavities, a jellium model[37-41] of the electron gas, which
relies on a smooth description of the electronic density at
the metal-vacuum interface, is often considered as a valid
approach to obtain the optical polarization of metallic
nanoresonators within the use of the time-dependent
density functional theory (TDDFT). Beyond these continuous approaches, atomistic models that refer the optical
response of matter to its atomic constituents provide a
roadmap to reveal the role of subnanometric features in
metallic cavities and tips that introduce significant differences in the local field distributions around the
nanoresonators (tips and/or gaps) and thus on its action
onto the molecules deposited nearby.[42-45]
Recent studies have shown the ability of TERS to
achieve submolecular resolution in the Raman signal of
different vibrational fingerprints of a single molecule at
low temperature and ultrahigh vacuum[16] and even
identify two different adjacent molecules.[46] The spatial
resolution of single-molecule TERS has now reached
the Ångström level, driven by the development of the
scanning Raman picoscopy (SRP) technique,[47,48] which
relies on the exquisite control of the localization of near
fields at a few atoms on the apex of the metallic scanning tips, the so-called picoresonator or picocavity,
capable to resolve the vibrations of a single chemical
bond. Remarkably, this extreme level of field localization does not only occur at the apex of a tip in scanning probe microscopy configurations but is also
present in standard surface-enhanced Raman spectroscopy (SERS) of molecules located in narrow gaps.[49]
Atomic-scale protrusions in such plasmonic gaps are
also capable of producing picocavities that localize the
induced near fields to the atomic scale and thus probe
single bonds of molecules and induce breaking of
Raman selection rules.[25,50,51]
In order to address this extreme localization of light,
it is necessary to implement a methodology that considers the atomistic nature of both the metallic
nanocluster and the single molecule in order to account
for the strong inhomogeneity of the near-field distribution in the description of the Raman signal. Recently,
Barbry et al. proposed a full quantum atomistic calculation of the plasmonic response of a metallic cavity based
on TDDFT,[28] which showed the possibility of localization of plasmonic local fields below 1 nm3 at atomic-scale
vertices and edges, similar to those existing in scanning
tips. Interestingly, it has been shown that these atomicscale features of the plasmonic response can be reasonably well reproduced with the use of a “classical”
atomistic approach that follows the quantum mechanical
electron density profile of the surface atoms,[52] thus validating the optical near-field response obtained for metallic clusters and nanoparticles by other classical studies
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such as those based on the discrete–dipole approximation
(DDA).[43-45]
A single molecule positioned in a plasmonic field
localized at the atomistic scale shows a behavior of the
polarization totally different from that of a molecule
located in an homogeneous field. If the spatial distribution of the local field is comparable or even smaller than
the size of the probed molecule, the different atoms
within the molecule will be subjected to different local
field amplitudes and directions, resulting in the breakdown of Raman-active criteria and selection rules based
on molecular symmetries.[53] Different strategies have
been adopted to describe the influence of local fields on
the polarization of a molecule, which include evaluating
the integrals between the molecular wavefunctions and
the local field amplitudes to describe the Raman interaction. In this context, we can cite for instance the
Gaussian-type field representation[54] or the locally integrated Raman polarizability density method.[45] However,
these methods often require a complete calculation
whenever the molecular system or its relative configuration within the cavity is modified, jeopardizing the possibility of obtaining massive Raman maps of molecular
systems with generality.
Here, we introduce a simplified general treatment of
single-molecule Raman scattering in the presence of a
general nanoresonator that localizes light, including the
extreme case of localization induced by a picoresonator.
Within this treatment, the optical response of the nanostructure is first calculated by standard classical electromagnetic simulation methods (e.g., FEM, BEM, or
TDTD), and the polarization of the single molecule is
calculated with the use of quantum chemistry packages
(e.g., Gaussian, VASP, or QChem). We first calculate the
Greens function and local electric field of the nanoresonator of choice, considering the particular incident
illumination used in the Raman scattering process. The
molecular polarizability derivatives are calculated from
the atomic contributions of the molecule in order to
compose the Raman dipole moment, and from the total
Raman dipole, one can obtain the Raman scattering
cross section. The Raman spectra are then obtained by
summing up the contribution from all the vibrational
modes. As an example of the procedure, here we adopt
a fully atomistic model to describe both the optical
response of a metallic probing tip and that of the Raman
dipole moment of the molecule. This approach allows
for exposing the effect of atomic-scale features and interactions through the output of the Raman signal, revealing extreme spectral and spatial dependencies of the
vibrational fingerprints on these features. The tip is
described as an Ag1415 nanocluster with the use of
an atomistic DDA method to reproduce the strongly
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inhomogeneous fields around the atoms of the tip apex.
Two different single molecules (4,40 -bipyridine [44BPY]
and biphenyl) are considered, and their chemical composition is described at a quantum atomistic level within
DFT. The molecules are located under the strongly inhomogeneous local fields of the silver apex with specific
realisitic orientations. The Raman signal of the single
molecules can be retrieved from the full atomistic calculation that considers the inhomogenous illumination
induced by the local fields of the silver apex. We analyze
the Raman spectra for different molecular orientations
and simulate the real-space energy-filtered Raman maps
of single molecules and molecular dimers as obtained by
theoretically scanning the tip over the molecules. This
treatment of Raman scattering for single molecules near
a picocavity can be generalized to any molecule and any
nanostructure shape as it relies on the separate calculation of their optical properties independently. Such a
general procedure can enable systematic and massive
calculation of experimental Raman images of a variety
of molecules as obtained with SRP and thus allows for
interpretation of single-molecule Raman scattering at
intramolecular level.

2 | THEORETICAL TREATMENT
We introduce here the general theoretical treatment to
=dΩ,
address the Raman scattering cross section, dσ Raman
k
under inhomogeneous illumination in a system composed by a generic nanoresonator and a molecule. The
flow chart of the overall simulation procedure is shown
in Figure 1. In short, the optical response of the nanoresonator can be calculated by any method of electromagnetism, from$which we can obtain the two-point
Green's function G ðr, r0 Þ of the system relating positions
r and r 0 as well as the local electric field Eloc ðrÞ induced
by the external illumination at position r. The optical
properties of the molecule can be obtained from a variety
of methods of quantum chemistry, from which the derivatives of the atomistic molecular polarizability, ∂αmol/∂ξn,
corresponding to each atomic coordinate ξn of atom
n can be obtained. These two separated calculations can
then be combined to provide the atomistic Raman
dipole contribution of each atom n to the total Raman
. The emission of the Raman dipole
dipole moment pRaman
k
moment corresponding to a given kth vibrational mode
of the molecule, scattered out by the nanoresonator to
the far field, can be described through the corresponding
$
Green's function, Gk ðr∞ , rn Þ . The total Raman spectrum
can be obtained by adding up the contribution from all
the vibrational peaks. The details of this model will be
explained in the following sections.
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2.1 | Atomistic classical
electrodynamical calculation of the probe
local near field
We first focus on the optical response of a metallic nanoparticle as a probing nanoresonator that produces the
local distribution of near fields. We consider a classical
atomistic approach to calculate the nanoresonator's
response, but any other method that properly accounts
for the atomic-scale features at the surface of the nanoresonator is equally valid. In this atomistic description,
the plasmonic response of the nanoresonator can be
related to the polarization of each constituent atom,
including the dipole–dipole interactions between the different atomic dipoles. This method is the so-called
DDA.[55] The atomistic polarizability of each ith atom, αi,
depends on the particular material, and the electromagentic interaction between two atoms is estimated
from their point–dipole interaction for simplicity. The
polarized atomic dipole moment at each ith atom of the
nanoresonator, pi, induced by the electric field acting on
the atom, Ei, can be expressed as pi = αi Ei . The electric
field that each atom experiences not only contains the
but also includes the field proincident electric field Einc
i
duced by the other atomic dipole moments as
Ei = Einc
i −

X

Aij pj = αi− 1 pi ,

ð1Þ

j≠i



where Aij = − 3^rij^rij −I =r 3ij denotes the dipole–dipole
interaction between atoms i and j and rij is the distance
between those atoms, with the direction of the distance

F I G U R E 1 Flow chart for the
procedure for simulation of single-molecule
Raman scattering. See the text for an
explanation of the magnitudes calculated
within each step of the approach

denoted by the unit vector ^rij . We define the diagonal
term Aii = αi− 1 , and the above equation can be written as
a linear set of equation for each ith atom of the total
number of atoms of the nanoresonator, N, as
N
X
Aij  pj = Einc
i :

ð2Þ

j=1

Equation (2) can be solved numerically to obtain the
self-consistent atomistic polarizations, pi, and hence, the
absorption cross section, σ abs, of the nanoresonator can
be expressed in terms of these induced atomistic dipole
moments as
(
)
N
X

2
4πω
inc
pi  E
Im
=Einc  ,
σ abs =
c
i=1

ð3Þ

where Im{} is the imaginary part of {}, N is the total number of atoms in the nanoresonator, ω is the frequency of
the incident field, and c is the speed of light.
The local electric field, Eloc(r), induced at a generic
position r can be estimated from the sum-up of the atomistic dipole contributions as
!
N
X
3½pi  ðr −ri Þðr −ri Þ
pi
,
−
E ðr Þ =
jr −ri j5
jr −ri j3
i=1
loc

ð4Þ

where ri is the position of each atom in the nanoresonator. The value of Eloc is one of the key ingredients
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to calculate the Raman cross section of a molecular fingerprint located in the vicinity of the nanoresonator, as
observed in the flow chart of the procedure in Figure 1.

2.2 | Calculation of the molecular
atomistic Raman polarizabilities
within DFT
In order to account for the inhomogeneity of the local
near fields acting on the different atoms of a molecule,
we will express the total Raman dipole of a molecule in
terms of the atomistic Raman polarizabilities. We first
consider the induced dipole moment of a single molecule,
pind, polarized by an incident electric field, which can be
written as
inc
+
pind = αmol Einc = αmol
0 E

X∂αmol 
k

∂Qk

 
Qk Einc + o Q2k ,
0

ð5Þ
where αmol is the polarizability of the single molecule,
Einc is the incident electric field, and Qk is the normal
coordinate of the kth vibrational mode. The second term
of Equation (5) corresponds to the Raman scattering process, from which we can define the Raman dipole
, and the Raman polarizability, αRaman
, as
moment, pRaman
k
k

pRaman
=
k

∂αmol
∂Qk


Qk Einc  αRaman
Einc :
k

ð6Þ

0

The detailed description of the derivation of the
molecular polarizability expressed in terms of the atomic
contributions can be found in the Supplementary Information. In brief, the Raman polarizability, usually
expressed in terms of normal coordinates Qk, can be
referred to the atomic coordinates ξ(n) of each atom n of
the molecule, by applying a coordinate transformation.
Hence, one can express the Raman polarizability as
αRaman
k


=



∂αmol
∂Qk 0 Qk

M
X

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ X
 mol 
M
ℏ
ðnÞ ∂α
=
ϕ
2μk ωk n = 1 k
∂ξðnÞ 0

ð7Þ

ðnÞ

αk
n=1

with M the number of the atoms in the molecule, μk and
ωk the reduced mass and wavenumber of the kth vibraðnÞ
tional mode, ϕk the normalized displacement of the nth
atom corresponding to the kth vibrational mode, and ξ(n)
the coordinate of the nth atom. From Equation (7), we

ðnÞ

define αk as the atomistic Raman polarizability of the
nth atom corresponding to the kth vibrational mode.
Under this transformation, we can understand the
Raman polarizability of a molecule as a result of the conðnÞ
tributions of the Raman polarization of each atom, αk .
The atomistic Raman dipole moment of the nth atom in
the molecule for the kth vibrational mode, pn, k, induced
by an incident electric field Einc, can thus be written as
ðnÞ

= αk Einc :
pRaman
n,k

ð8Þ

In order to obtain the derivative of the polarizability
corresponding to each atomic coordinate, as well as the
reduced mass μk, vibrational wavenumber ωk, and normalðnÞ
ized displacement ϕk to be used in Equation (7), we can
adopt any reasonable scheme within molecular quantum
chemistry calculations. In particular, we use here the
DFT package implemented in the Gaussian09 software[56]
with the hybrid functional B3LYP and the 6-31G(d) basis
set to calculate all the relevant vibrational parameters
and hence obtain the atomistic full Raman polarizability
tensor of each atom of the molecules under study.

2.3 | Calculation of inhomogeneous
field-enhanced Raman scattering
In this section, we outline the methodological approach that
allows for calculating the Raman cross section of a molecule
subjected to a strongly inhomogeneous field. If the single
molecule is located in an inhomogeneous local electric field,
the atomistic Raman dipole moment of the nth atom of the
molecule for the kth vibrational mode induced by the local
electric field Eloc ðrn Þ can be defined as
ðnÞ

= αk Eloc ðrn Þ:
pRaman
n,k

ð9Þ

The local field induced by the nanoresonator on each
atom of the molecule, Eloc ðrn Þ, can be obtained from the
solution of Equation (4), which, within the atomistic
description presented in this section, can be written as
Eloc ðrn Þ =

N $
N $ X
N
X
X
G ðr n , r i Þ p i =
Gni Aij− 1 Einc
j ðωÞ, ð10Þ
i=1

$

i=1
$

j=1

where G ðrn , ri Þ  Gni is the Green's function for the
dipole moment pi and ω is the frequency of incident
light. The value of Eloc ðrn Þ could be derived from any
other method to solve Maxwell's equation, as far as the
atomistic features on the surfaces of the nanoresonator
are properly described in the boundary conditions.[52]
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The action of the local field on each atom n allows for
determining the atomistic Raman polarizabilities
folllowing Equation (9). Hence, the field produced by the
contribution from all the atomistic Raman dipoles of the
molecule at an arbitrary position r can be expressed as
Emol ðrÞ =

M $
X
Gk ðr, rn ÞpRaman
,
n,k

ð11Þ

n=1
$

where Gk ðr, rn Þ is the Green's function for the atomistic
with radiation frequency
Raman dipole moment pRaman
n,k
(ω − ωk). In particular, the far-field radiation of the polarized molecule, Emol
far ðr∞ Þ, can be also expressed as a sum
of the contributions from each atom in the molecule:
Emol
far ðr∞ Þ =

M $
X
Gk ðr∞ , rn ÞpRaman
,
n,k

ð12Þ

n=1

which allows for determining the Raman scattering cross
section as

2
M $
X

dσ Raman


k
/  Gk ðr∞ , rn ÞpRaman
:
n,k
n = 1

dΩ

ð13Þ

In this expression, the nanoantenna effect induced
by the nanocluster is twofold. On the one hand, the
far-field Green's function in Equation (13) provides an
enhancement of the radiation of the molecular dipole.
On the other hand, the atomistic Raman dipole
moment is also enhanced by the local field according to
Equation (9). Both contributions provide the wellknown jElocj4 dependence on the local field of the final
Raman intensity. In the following section, we will show
the results of this method when applied to calculate the
Raman scattering of a molecule enhanced by a silver
cluster as a probing tip.

3 | S CA NN I NG R AM AN
P I CO SCO P Y OF A SI N GL E
MOLECULE
We show now the application of the method described
above to calculate the Raman spectrum of an exemplary
molecule in the strongly inhomogeneous field of a
picocavity produced by the few atoms in a metallic cluster. The Raman signal of such a system allows for performing SRP, as shown below. We first provide the
details of the optical response of both picoscale resonator
and molecule to later address its Raman scattering spectrum and picoscopy.

3.1 | Plasmonic response of a picocavity:
A silver nanocluster
We first consider the typical configuration of a picoscale
resonator composed of a few protruding atoms in an Ag
cluster. This type of configuration is similar to the one
often found in scanning probe microscopy tips, for
instance. As pointed out in the methodological section,
any methodology to solve Maxwell's equations in such an
atomic-scale system could be used to provide the solution
of the far-field and near-field response of the cluster.
Here, we choose the classical DDA to put the emphasis
on the atomistic aspects of the field localization. The cluster configuration is built up from a regular icosahedron
with 1415 silver atoms, where each atom is regarded as a
sphere with an atomic radius r = 1.598 Å, and a crystal
lattice constant (a = 4.0897 Å). The corresponding atomic
polarizability, shown in the inset of Figure 2b, is deduced
from the Clausius–Mossotti relationship with the experimental optical parameters of silver.[57] Figure 2b shows a
typical absorption spectrum for this nanocluster, as calculated from DDA calculations following the procedure
described in the methodological section. A resonant peak
can be observed at 3.47 eV when the electric field of an
incident planewave is polarized along the z-axis (see axis
in Figure 2a). The corresponding local electric field distributions are shown in Figure 2c–h for different energies
and evaluation planes. If the frequency of the incident
electric field is far from the resonant peak (off-resonant
condition, for instance at ω = 2.0 eV), the local electric
field in the yz-plane (cluster side cross section as shown
in Figure 2c) exhibits a general dipolar feature with
clearly visible field enhancement close to the apex of the
nanocluster, as “hot-spots.” The spatial confinement of
these hot-spots is at the atomic scale, clearly confined to
the last atom or pair of atoms in the apex of the cluster.
This effect has been identified in the literature as a lightning rod effect at the atomic scale, produced by the “curvature” of the atomic protrusions,[52] an effect validated
by atomistic ab-initio TDDFT calculations of such cluster's response.[28,58] This ultra-confined local field can be
observed more clearly from the field distribution in the
xy-plane (cross section below the nanocluster apex) at different distances from the apex. For the closest evaluation
distance (d = 0 nm denotes a xy-plane tangent to the surface of the apex atom), the lateral extension of the hotspot is smaller than 1 nm (see Figure 2d), whereas for a
xy-plane more distant from the apex atom (d = 0.5 nm),
the field distribution is more spread (see Figure 2e).
Under resonant incidence (ω = 3.47 eV), the atomic-scale
hot-spots are much more localized, as illustrated in
Figure 2f–h. Even for a xy-plane under the atomistic tip
as far as 0.5 nm away (Figure 2h), the local electric field
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FIGURE 2

(a) Atomistic structure of
a Ag1415 nanocluster with a regular
icosahedron structure. The orientation is
referred to the axis displayed on the
bottom-left corner. (b) Absorption
spectrum of the nanocluster in (a) for an
incident planewave with electric field
polarized along the z-axis, Ez. The inset
shows the real and imaginary part of the
atomic polarizability of the Ag atoms
forming the nanoscluster. (c–e) Induced
local electric field distribution in the
proximity of the nanocluster for an
incident optical planewave with offresonance energy (ω = 2.00 eV) in the
(c) yz-plane, in the (d) xy-plane at a
distance of d = 0 nm, and in the (e) xyplane at a distance d = 0.5 nm from the
apex of the nanocluster. (f)–(h) show the
same local field distributions as in (c)–(e),
for incident light in resonance with the
nanocluster dipolar mode (ω = 3.47 eV)

is still confined in a subnanometer region. The inhomogeneity and strong localization of the local fields as those
found here are thus excellent candidates to set atomicscale light sources enabling SRP,[16,46,48,59-61] as well as
other atomically resolved molecular spectroscopies, such
as fluorescence.[62]

3.2 | Raman response of molecules:
4,4'-BPY and biphenyl
As shown in the methodological section, the treatment of
the Raman polarizability of the molecules is a key ingredient in the calculation of the Raman scattering cross section. We consider here the 4,4'-BPY and biphenyl
molecules to show the application of the methodology.
Their chemical structures are shown in Figure 3a, where
both molecules exhibit a similar double-ring geometry,
except for the replacement of the 4- and 40 -sites by N
atoms, in the 4,4'-BPY molecule. For homogeneous illumination, the Raman polarizability for a particular vibrational mode can be retrieved from the derivative of the
molecular polarizability, as directly obtained from DFT
calculations. The results of the Raman spectra for both
molecules show very similar features, as shown in
Figure 3b, because of the similar molecular structure.

Three main peaks are dominant, and labeled as v12, Ω
and v8a modes, following the Varsányi's symbols.[63,64]
Figure 3c shows the schematics of the vibrational motion
corresponding to these three vibrational modes for the
4,4'-BPY molecule.
We show now the main differences in the Raman
polarization of the three relevant modes when the molecules are inhomogenously illuminated. To that end, we
first obtain the atomistic Raman dipole of each atom in the
molecule, induced by the particular distribution of the illumination, following Equation (9), and hence, calculate the
corresponding electric field produced by the Raman polarized molecule, as given by Equation (4), but with the atomistic dipole pi replaced by the atomistic Raman dipole of
, for each kth mode. We first apply
each n atom, pRaman
n,k
this procedure to the case of homogeneous illumination.
The induced field intensities jEmolj from the polarized
molecule, as obtained from Equation (11), are calculated
for the three relevant modes for an incident electric field
polarized along the z-direction, exhibiting the relationship between the atomic vibrations and electric field distributions for each of them. The fields are calculated on
the two pyridine ring planes of the 44BPY molecule
rather than on the xy-plane. The field distributions in
Figure 3d show that mostly the vibrating atoms within
each mode contribute to the polarized Raman dipole, as
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F I G U R E 3 (a) Schematics of the
0
chemical structures of 4,4 -bipyridine
(44BPY) and biphenyl molecules from
side and top views. (b) Calculated
Raman spectra of 44BPY and biphenyl
molecules within density functional
theory (DFT) under homogeneous
illumination. The three main
vibrational peaks are labeled as v12, Ω,
and v8a modes, respectively.
(c) Vibrational motion of the three
dominant vibrational modes (v12, Ω,
and v8a) of the 44BPY molecule,
associated with ring motions. The red
and blue arrows highlight the
characteristic motion of each mode.
(d) Normalized electric field
distribution within the two pyridine
ring planes for the three different
vibrational modes of the 44BPY
molecule polarized by a plane wave
polarized along the z-direction, as
indicated by white arrows. The dashed
lines indicate that the two pyridine ring
planes are not coplanar. (e) Electric
field distributions for the same modes
as in (d), in response to a localized field
characterized by a three-dimensional
Gaussian profile with central
polarization and full width at half
maximum of 0.2 nm, centered 0.5 nm
away from the center of the molecule
along the z-axis. The maximum
magnitude of this Gaussian-like local
field at the original point is set to be E0

observed in the corresponding induced Raman electric
field. This introduces a way to distinguish different vibrational modes by specifying the corresponding local
responses from each atom. Furthermore, this effect of the
local induced dipole could be more efficiently produced
by a local electric field source and thus would enable
single-molecule imaging in real space. The vibrational
modes of the biphenyl molecule and the corresponding
electric field distributions can be found in the Supplementary Information. However, if the incident electric
field is not a plane wave but an extremely localized field,

the molecular response is different, as shown in
Figure 3e. In this case, the field distribution of the incident local field is considered to adopt an ad-hoc Gaussian
function in the three dimensions, of 0.2 nm full width at
half maximum, and located 0.5 nm away from the center
of the 44BPY molecule laterally (along the y-axis). Compared to the homogeneous illumination, this extreme
case of localized illumination makes each atom to experience a different field intensity, as observed in Figure 3e,
resulting in a very different total molecular polarization.
This effect will determine the final activation or not of a
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vibrational mode in the Raman spectrum, as we will see in
the next section. The Gaussian-like local field used here
has been adopted in order to show the main features of the
activation of atoms related to each particular mode in an
academic way. In the next section, we will detail this effect
in the Raman spectrum, as identified in the realistic case
of a molecule located in the local field of a picocavity generated by the atoms of a cluster, mimicking a tip.

3.3 | TERS of a single molecule in a
picocavity
3.3.1 | Inhomogeneous field-enhanced
Raman spectroscopy
Similar to the effect produced by an extremely localized
gaussian source of light shown in the previous section,
the apex of a metallic nanocluster mimicking the atomic
protrusions at the end of a tip can equally produce an
extremely confined local electric field distribution to
probe a molecule. This strongly inhomogeneous field will
make each atom in the molecule to experience a different
electric field intensity, that is, a different value of Eloc ðrn Þ
for each of its atoms (Equation 9), as visually shown on
the left panels of Figure 4a–d. The atomistic molecular

FIGURE 4

0

Raman dipole moment pRaman
induced by this inhomogen,k
neous near field can be calculated following the procedure described in Section 2.3 and in the Supporting
Information. These atomistic Raman dipoles act as
induced light sources whose electric field at the ith atom
of the nanocluster can be expressed in terms of the
Green's function as
=
ERaman
i,k

M $
X
Gk ðri , rn ÞpRaman
n,k
n=1

M $
N $
N
X
X
X
ðnÞ
=
Gin,k αk
Gni0 ,k
Ai−0 j01 Einc
j0 :
n=1

i0 = 1

ð14Þ

j0 = 1

This electric field thus further polarizes the atoms in
the nanocluster, resulting in an enhanced Raman emission, which can be described following Equation (2) as
N
X
ðkÞ
Aij  pj = ERaman
:
i,k

ð15Þ

j=1

And hence, the nanocluster-enhanced Raman scattering cross section of the molecule can be obtained:

(a) Left: schematic of a 4,4 -bipyridine (44BPY) molecule located on top of a Ag1415 nanocluster at a distance of 0.5 nm
under incident electromagnetic field with frequency ω = 2.00 eV. Right: calculated Raman spectra of single 44BPY molecule with different
orientations: upright standing (green spectrum), lying (brown spectrum), and flat lying (purple spectrum). The Raman spectrum of a 44BPY
molecule in free space is also shown in black for reference. (b) Schematic (left) and calculated Raman spectra (right) of a 44BPY molecule at
a distance of 0.5 nm from the apex of the nanocluster at a frequency ω = 3.47 eV for the same orientations as in (a). (c) and (d) Same as in
(a) and (b) for a biphenyl molecule
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N
dσ Raman
ω4k X
ðkÞ 
k
=
p

:
dΩ
16π 2 ε30 c4  j = 1 j 

ð16Þ

The expression above includes the information of the
Raman polarizability of the molecule via the atomistic
dipoles of the cluster pkj . In this way, the Raman spectra
under inhomogenous illumination can be calculated.
We apply this methodology to show how the effect of
extreme field localization at the apex of a metallic tip
results in a dramatic change of the Raman spectrum, often
referred to as Raman selection rules breaking. We first
consider the case of a single 44BPY molecule located on
top of the apex of a Ag1415 nanocluster at a distance of 0.5
nm under off-resonance illumination (ω = 2.0 eV). The
Raman spectrum for homogeneous illumination is displayed as a reference with a black line on top of the right
panel of Figure 4a, as directly calculated from the DFT.
However, when the molecule is located in the proximity of
the apex at a distance of 0.5 nm from the apex, but its relative orientation changes (see insets for the relative orientations of the molecule in Figure 4a); dramatic changes in
the Raman spectra occur. In addition to the three main

F I G U R E 5 (a) Real-space mapping images
0
of a single 4,4 -bipyridine (44BPY) molecule with
different orientations as shown on the top of the
mapping results. The schematics of the
vibrational mode v12 of the 44BPY molecule
selected for the Raman mapping calculation is
shown. The center of the molecule is located in
the xy-plane 0.5 nm away from the apex of the
nanocluster, although the orientation of
molecule is rotated differently according to the
molecular center. (b) Same mapping images for
the biphenyl molecule

vibrational modes, new modes emerge in the spectrum
(see green, brown, and purple lines in the spectra of
Figure 4a). The emergence of these new modes is a direct
consequence of the inhomogeneous local field distribution. Similar results can be observed for the biphenyl molecule with the same orientation (spectra in Figure 4c).
The influence on the selection rules is more pronounced if the incident field is in resonance with the
nanoresonator, and thus, more localized field is produced at the molecule. In Figure 4b,d, we consider the
44BPY and biphenyl molecule to be at a distance
d = 0.5 nm under a incident electromagnetic field in
resonance with the plasmonic cluster. The spectral features of the Raman intensities are further influenced in
this case: by comparing the corresponding Raman
intensities for the same molecular orientation in
Figure 4a,b, it can be found that although the Raman
peaks are generally enhanced, the relative intensities
change differently. For the upright-standing orientation
(green lines), the top N(C) and neighboring C atoms
experience more intense electric field than other atoms
for this particular configuration, resulting in an
enhancement of the corresponding modes. For the
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flat-lying and latericumbent-lying configurations (brown
and purple lines in Figure 4b), the atomistic Raman
spectrum is quite similar to the nonresonance illumination condition in Figure 4a, because for those particular
configurations, all the atoms are located in a region of
electric field with nearly homogeneous intensity distribution. This also coincides with the spectral features
observed in experiments for the 44BPY molecule in a
relatively homogeneous field.[65]

3.3.2

|

Scanning Raman picoscopy

The extreme localization of the local field in the proximity
of a tip apex at the atomic scale can serve for real-space
imaging purposes when scanned over the molecule. To
show this capability, we perform a simulation of the spatial distribution of the Raman peak intensity of the v12
mode of the 44BPY molecule, as it is always present for all
orientations. The v12 mode is related to the breathing mode
of the pyridyl rings; therefore, as shown in Figure 5a, the
mapping of the mode at different molecular orientations

FIGURE 6

and at different distances from the tip shows different patterns. For the flat-lying 44BPY molecule, the spatial
Raman map under off-resonance illumination at a separation of 0.5 nm reveals a “dumbbell” feature, which coincides with the chemical structure of the 44BPY molecule.
For the latericumbent-lying and flat-lying configurations,
the images change according to the geometries of the single molecule. If the frequency of the incident electric field
is resonant with the nanocluster, the corresponding
Raman images are shrunk because of a tighter confinement of the local field. The spatial mapping of the biphenyl molecule (Figure 5b) shows similar features as the
44BPY molecule, except for the upright-standing configuration that provides more confined images because of the
substitution of the N atoms into C and H atoms. This
makes the biphenyl molecule slightly longer and thus
closer to the apex of the nanocluster. These images clearly
show the capability of a tip with atomic-scale features to
map the Raman modes of a single molecule with atomicscale resolution.
Finally, we address the issue of distinguishability of
molecular species in the atomic-scale Raman maps.

0

Real-space Raman mapping of two adjacent molecules (4,4 -bipyridine [44BPY] and biphenyl) for configurations with
different separation distances, as described in the panels of the right-hand side: (a) 0.8, (b) 0.5, (c) 0.45, and (d) 0.4 nm with the N–H “bond”
lengths labeled in red. The corresponding Raman spectra are shown on the left panels for each configuration as obtained from DFT
calculations. The corresponding vibrational modes are displayed with red and green lines. The corresponding Raman maps for the the
labeled peaks (second column for red lines and third column for green lines) and the merged images (fourth column) are shown
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Because of the similarity of some molecules, such as
44BPY and biphenyl, it is usually hard to distinguish
them from the Raman spectra, especially when they are
mixed up together. However, with the aid of the ultrahigh resolution provided by the local plasmonic fields,
different molecules can be identified in real space from
the spatial maps of the modes, as demonstrated in
Figure 6. If the 44BPY and biphenyl molecules are separated far enough (e.g., 0.8 nm from each other as in
Figure 6a), the spatial maps of the v12 mode of both
biphenyl and 44BPY molecules are similar but rotated by
90 , as shown in Figure 6. As the distance between the
two molecules is reduced (0.5 and 0.45 nm, for instance),
the Raman peak of the v12 mode is still degenerated for
both molecules; however, the spatial map of the modes
exhibits asymmetric features. This effect is more pronounced as the 44BPY molecule approaches closer to the
biphenyl molecule, as observed in Figure 6b–d. If the distance between two molecules is close enough (0.4 nm),
they cannot be distinguished as two isolated entities in
the map because the vibrations are no longer confined
into one single molecule because of the strong interaction. If we consider that the distance between the N atom
in 44BPY and the neighboring H atoms can be as small
as 0.23 nm, it is likely to speculate that a hydrogen bond
might be formed; that is, the two molecules get linked
together and vibrate as a whole. The strong interaction
between two molecules also results in the split of the
Raman peaks, indicating that at such close interaction
distance, the 44BPY and biphenyl molecules cannot be
regarded as individual molecules anymore. The study of
these effects shows the enormous potential of Raman
picoscopy as a tool to formally distinguish different
molecular species and their mutual interactions.

4 | C ON C L U S I ON S
We introduced a general treatment to calculate inhomogeneous field-enhanced Raman spectra from single molecules within a simplified calculation procedure. The
Raman signal from molecules subjected to extremely
localized plasmonic fields such as those produced at the
atomic protrusions of scanning tips (picocavities) can be
theoretically obtained within this approach. Furthermore, the calculation of the Raman signal when the
picocavity-on-a-tip scans the molecule allows for reproducing and interpreting chemical maps of single molecules, as obtained in SRP. Within the method presented
here, the Raman intensity of a vibrational mode can be
calculated by adding up the contribution from the atomistic Raman dipoles associated with each atom of the
molecule. The effect of the inhomogenous field on the
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Raman dipole, and thus on the Raman signal, is
accounted for by conveniently weighting each calculated
atomistic Raman dipole by the value of the local field at
the corresponding atomic position. We applied this methodology to the case of an atomic-scale apex at the tip of a
silver cluster probing 4,4'-BPY and biphenyl molecules.
The enhanced Raman spectra were found to be sensitive
to the orientation of the single molecules and to the distance between the single molecule and the apex of the
tip, mainly due to the localization of the local fields at
the atomic scale. This sensitivity can be exploited to perform spatial chemical mapping of single molecules with
intramolecular resolution and to distinguish two adjacent
similar molecules in real space. The methodology proposed here proves the importance of fully accounting for
the atomistic features in plasmon-enhanced Raman scattering processes, which turns to be crucial to interpret
single-molecule Raman mapping, as well as to exploit
structural chemical information and reactivity of single
molecules at the atomic scale.
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