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ABSTRACT: Advances in tip-enhanced Raman spectroscopy
(TERS) have demonstrated ultrahigh spatial resolution so
that the vibrational modes of individual molecules can be
visualized. The spatial resolution of TERS is determined by
the confinement of the plasmon-induced field in the junction;
however, the conditions necessary for achieving the high
spatial confinement required for imaging individual mole-
cules are not fully understood. Here, we present a systematic
theoretical study of TERS imaging of single molecules, using a hybrid atomistic electrodynamics−quantum mechanical
method. This approach provides a consistent treatment of the molecule and the plasmonic near field under conditions
where they cannot be treated separately. In our simulations, we demonstrate that TERS is capable of resolving intricate
molecule vibrations with atomic resolution, although we find that TERS images are extremely sensitive to the near field in
the junction. Achieving the atomic resolution requires the near field to be confined within a few ångstroms in diameter and
the near-field focal plane to be in the molecule plane. Furthermore, we demonstrate that the traditional surface selection
rule of Raman spectroscopy is altered due to the significant field confinement that leads to significant field-gradient effects
in the Raman scattering. This work provides insights into single-molecule imaging based on TERS and Raman scattering of
molecules in nanojunctions with atomic dimensions.

KEYWORDS: tip-enhanced Raman spectroscopy, single-molecule imaging, near-field confinement, gap plasmons, field-gradient effect,
resonant Raman scattering

Tip-enhanced Raman spectroscopy (TERS) integrates
the surface-enhanced Raman spectroscopy (SERS) with
scanning probe microscopy (SPM).1−3 The nanostruc-

ture of a noble metal SPM tip is optically excited to generate
localized surface plasmon resonances (LSPRs). The LSPR
induces a strong electromagnetic field that is confined within the
tip−substrate junction, which drastically enhances (∼108) the
Raman scattering signals of the specimen located in the junction.
Due to the extremely high sensitivity and spatial resolution,
TERS is very promising for applications in numerous fields,
including materials engineering,4−8 electrochemistry and
catalysis,9−15 and biotechnology.16−20

Precise control of the field within the SPM junction at
cryogenic temperatures has led to higher and higher spatial
resolution of TERS.21−29 Recently, TERS imaging of a single
meso-tetrakis(3,5-di-tert-butylphenyl)porphyrin molecule
(H2TBPP) with a subnanometer resolution was reported,
where the structural profile of the molecule was visualized by
mapping the TERS signals while scanning across the molecule.30

Later, it was demonstrated that TERS is able to distinguish
between different molecules with similar structures, adsorbed
adjacent to each other.31 Moreover, using a simultaneous TERS
and STM imaging technique, it is possible to resolve subtle
differences of adsorbates, such as conformational differences.32

In these studies, lateral resolutions of only a few ångstroms have
been achieved.
Along with the great strides in experiments comes an urgent

need for in-depth investigations of the physical mechanism
underlying the spatial resolution of TERS.31,32 Computer
simulation is a necessary approach to rationalizing experimental
findings and to a complete understanding of TERS imaging.
Since the spatial resolution of TERS imaging is determined by
the confinement of the field that is induced by the sharp
tip,22,33,34 it is crucial for TERS theories to accurately describe
this confined field in the junction.
One of the earliest efforts to model the TERS used an arbitrary

Gaussian-confined near field and described its interaction with
molecules using time-dependent density functional theory
(TDDFT).30,35 This model was later employed to visualize the
vibrational modes of water with submolecular features.36

Although this model was successful in reproducing the TERS
images obtained in experiments, it provides no mechanism for
generating the highly confined fields necessary for the TERS
resolution. Futhermore, in a typical TERS setup, the size of the
junction is within the quantum effects regime where the
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plasmonic responses are significantlymodified.37−41Microscopic
details of the metallic junction are needed for an accurate
description of the plasmon-induced near field in the quantum
size regime and thereby a complete and accurate description of
TERS.41−43 Both quantum mechanical models43 and classical
models44 have demonstrated that atomic features in the
junctions can lead to such high field confinement. Quantum
mechanical simulations have shown that such high resolution is
possible based on a chemical enhancement mechanism but did
not consider the localized near field, which typically dominates
the enhancement.45 Atomistic electrodynamics represents each
atom of a metallic nanoparticle by an atomic polarizability and,
thus, enables a precise control of the local environment of the
nanoparticle.46,47 As a result, the plasmonic properties due to
quantummechanical effects in a subnanometer gap are accurately
captured by the atomistic electrodynamics model.42,48 Therefore,
atomistic electrodynamics combined with a TDDFT description
of themolecules provides a consistent treatment of the molecules
and the nanojunction and, thus, is well-suited for describing high-
resolution TERS.
Herein, we present a systematic study of single-molecule

TERS imaging with atomic resolution using a hybrid atomistic
electrodynamics−quantum mechanical approach.42 We observe
in simulations that the atomic resolution of TERS imaging arises
from the extreme confinement of the near field, which is
determined by the incident light energy. The field maximum
height relative to themolecule plane, which we define as the near-
field focal plane, is found to have significant effects on the TERS
images, especially for nonplanar molecules. We show that a field
confinement of a few ångstroms and a near-field focal plane in the
molecule plane are necessary for generating high-resolution
images in TERS. The highly confined field also results in strong
local field gradient, which changes the selection rule of Raman
spectroscopy.49,50 We are able to visualize these field-gradient-
enhanced vibrations in the simulated TERS images. For resonant
Raman scattering, we are able to resolve different vibrational
modes of one porphyrin molecule with atomic features and to
distinguish similar vibrations associated with two different

porphyrins based on the transition dipole moment between
electronic states.

RESULTS AND DISCUSSION

In our simulation model (Figure 1 a), a water molecule is placed
flat on a silver plane (XY) with a vertical separation of 2.5 Å.
Previous simulations36 demonstrated high-resolution TERS
images for water, and thus this system provides a good
benchmark system. We consider the molecule plane to pass
through the origin of the Z axis (Z0 = 0.0 Å). The SPM tip is
represented by the vertex of a silver icosahedral nanoparticle
(Ag561). In the specific case of Figure 1, the tip of the nanoparticle
is ZTip = 2.5 Å above the molecule plane and is excited by an
incident light of 3.09 eV. The effects of the incident light energy
and the tip-to-sample height will be addressed later. The silver
nanoparticle is moved by a small step size (0.2 Å) across an area
covering the molecule. TERS intensities, represented by the
differential cross sections,51 are calculated at each step. Only the
zz component of the polarizability tensor is used for the intensity
calculations, as it resembles experimental setups of perpendicular
plane-polarized light and back scattering, and sample molecules
are assumed to exhibit no rotation. Mapping the intensities for
each vibrational mode (see Figure S2 for full spectra), we obtain
the TERS images of the water molecule, as shown in Figure 1b−
d. Our results qualitatively agree with the images presented in ref
36, but have a few nontrivial differences. For the bending mode,
the hot-spots are roughly elliptical instead of the dumbbell shape
reported in ref 36. Also, the hot-spots are located between the
two hydrogen atoms, with no prominent feature around the
oxygen atom. For the symmetric and antisymmetric stretching
modes, we observe slight symmetry breaking in the TERS
images. This is likely due to the difference in the curvatures of the
tip along the X and Y axes. Along the Y axis, the edge of the
icosahedron is in the +Y direction, while the facet is in the −Y
direction. Along the X axis both directions see an edge, but the
projection line of these two edges onto the imaging plane is not
parallel with the X axis. The variance in the tip curvature gives rise

Figure 1. (a) Ag561 icosahedron with a diameter of 2.9 nm is used as the SPM tip, and a water molecule sits flat on the silver XY plane. Simulated
TERS images of the water molecule at different vibrational modes: (b) bendingmode at 1600 cm−1; (c) symmetric stretchingmode at 3676 cm−1;
(d) antisymmetric stretching mode at 3776 cm−1. The dimensions of each TERS image are 6 Å× 6 Å. The plot dimension and the color scale bar
are shared by all TERS images of water in this work unless otherwise stated.
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Figure 2. TERS images of the symmetric stretching mode and field enhancement (|E|2/|E0|2) distributions with different incident light energies:
(a−c) 3.09 eV, (d−f) 3.41 eV, (g−i) 3.59 eV. For the field enhancement map in themolecule plane (b, e, h), the fwhm’s along the X and Y axes are
noted in ångstroms. For the field enhancement map in the YZ plane (c, f, i), the water molecule plane, Z0 = 0 Å, is represented by the white dashed
line on the left side; the maximum positions of the field on the Z axis are represented by the dashed line on the right side, noted as Zmax. The
dimensions of each field distribution plot are 20 Å × 20 Å.

Figure 3. TERS images of the symmetric stretching mode and field distributions with a tip-to-sample height of ZTip = 3.0 Å (a−c) and ZTip = 3.5 Å
(d−f). The same setup as in Figure 1a is used for the first two rows. The bottom row (g−i) corresponds to the large nanoparticle (Ag2057), with
Zlarge
Tip = 3.5 Å.
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to asymmetry in the near-field distribution on the imaging plane
and, consequently, asymmetric interactions with the molecule.
For the aforementioned junction structure, we examine the

effect of field confinement on TERS spatial resolution by varying
the energy of the incident light. Three energies are selected for
case studies: 3.09, 3.41, and 3.59 eV, which spans from the onset
of the nanoparticle absorption band to the peak (Figure S1). The
near-field intensity (|E|2/|E0|

2) is calculated from induced atomic
dipoles of the metal system on a numerical grid (step size 0.2 Å)
with a probe radius of 1.50 Å.48 To quantify the field
confinement, the full widths at half maxima (fwhm’s) of the
field enhancement along the X and Y axes are obtained directly
from the field grid without any curve fitting (see Figure S3 for the
line shapes of the field). For conciseness, only the symmetric
stretching mode is shown in the following discussions on water,
as the other modes exhibit the same trend (Figures S4 and S5).
As is shown in Figure 2, the TERS image of the best resolution is
generated by the incident light of about 3.09 eV. The distribution
of near-field intensity has fwhm’s slightly less than 5 Å, and the
field maximum is located exactly on the molecule plane (Zmax =
0.0 Å). With the 3.41 eV incident light, the near field is less
confined, of which the fwhm’s are about 6 Å. The TERS image is
blurred, relatively speaking, compared to the 3.09 eV case,
despite the fact that the field intensity is slightly higher. In the
3.59 eV case (plasmonic peak), the field is significantly less
confined and the intensity decreases by an order of magnitude,
which leads to the loss of atomic features in the corresponding
TERS image.

An atomically sharp tip, as modeled in this work, is found
experimentally to be able to trap optical fields in a subnanometer
cavity at cryogenic temperatures.52 Such extreme confinement of
the field is well reproduced in our model, represented by fwhm’s
in Figure 2. For an isolated plasmonic nanoparticle, the enhanced
field localized on the sharp points of the structure is caused by the
plasmonic resonance.53 However, for a plasmonic dimer with a
small gap (in this case, substrate and tip nanoparticle), the
strongest field enhancement within the junction occurs at a lower
energy than the single-nanoparticle plasmonic resonance,40

which arises from a metallic screening in the junction (“lightning
rod effect”).43,54 When the dimer system is excited at the single-
nanoparticle plasmon energy, the intensity of the induced near
field within the tip−substrate junction decreases and the
“effective localization area” enlarges (i.e., less confined).43

Consequently, the obtained TERS images under the single-
nanoparticle plasmonic resonance do not retain the desired
resolution (Figure 2g). In short, the resolution of TERS is
extremely sensitive to the confinement of the field. With a
carefully controlled incident light energy, an atomically sharp tip
is able to confine the field in an area of about 5 Å in diameter
(fwhm), which suffices to unravel atomic features for TERS
images. The confinement of the field cannot reach any
significantly smaller area according to the atomistic electro-
dynamics model.
Also shown in Figure 2, the height of the near-field maximum

(Zmax) in addition to the confinement area changes with the
incident light energy. For the TERS images of the best resolution,
the near-field maximum is exactly in the molecule plane (Zmax = 0

Figure 4. TERS images of the vertical water molecule. The oxygen atom is at the bottom, placed at ZO = 0.0 Å, and the height of hydrogen atoms
are both ZH = 0.60 Å. Tip-to-oxygen distance is 2.5 Å (a−c, fieldmaximum at Zmax = 0.0 Å), 3.0 Å (d−f, Zmax = 0.3 Å), and 3.5 Å (g−i, Zmax = 0.7 Å).
The first column (a, d, g) corresponds to the bending mode; the second column (b, e, h) corresponds to the symmetric stretching mode; the third
column (c, f, i) corresponds to the antisymmetric stretching mode.
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Å). To better understand this effect, we slightly retract the tip
without breaking the junction (Figure 3a−f) and keep the
incident energy of 3.09 eV for the same field confinement. We
find that the height of the near-field maximum changes with the
height of the nanoparticle tip (Figure 3c and f) and that the
height of the field maximum determines the resolution of the
TERS images. With Zmax = 0.3 Å, the desired pattern of the TERS
image can still be roughly preserved (Figure 3a). But at Zmax = 0.7
Å the resolution drops significantly (Figure 3d).
In order to rule out the effect of the reduced field intensity in

the molecule plane while retracting the tip, the size of the
nanoparticle is increased to generate a stronger field. Using the
large nanoparticle (Ag2057, 4.6 nm in diameter) that is also excited
at 3.09 eV, we are able to increase the near-field intensity while
keeping the tip curvature, field-confinement area, and field
maximum height unaltered (Figure 2h and i). In this regard, we
find that the increased field intensity does not lead to better
imaging resolution. Even for the stronger field, it still requires the
field maximum to be in the molecule plane to achieve the atomic
resolution (Figure S7). In the simulations presented above, the
field maximum position is consistently in or higher than the
molecule plane, which adheres to the presumption of no
chemical bonding between the tip and the molecule. We also
push the nanoparticle closer to the molecule to have the near-
field maximum underneath the molecule plane (Zmax = −0.2 Å).
The obtained TERS images retain the desired resolution (Figure
S6). The field maximum height, Zmax, can be considered as the
plane of focus for the near field in TERS imaging apparatus. The
sharpest resolution of TERS images is obtained in the focal plane,
which is preferred to overlap with the molecule plane.
However, the molecule adsorbed on the metal substrate is very

likely, in reality, to have a more complex structure than a simple
plane. The focal plane height is then expected to affect the TERS
images in other aspects than the resolution alone. We explore
these aspects by simulating a water molecule placed
perpendicular to the substrate, where the oxygen atom is in the
original plane (ZO = 0.0 Å) and the hydrogen atoms are closer to
the tip (ZH = 0.60 Å). Each of the aforementioned focal planes
(Zmax = 0.0, 0.3, 0.7 Å) are located on the oxygen atom, in
between the oxygen and the hydrogen, or roughly on the

hydrogen atoms. As is shown in Figure 4, the three focal planes all
lead to atomistically resolved TERS images. However, each
normal mode of water behaves differently with respect to
changes of focal plane height, and the identity of water by its
TERS images is not as clear as it was in the parallel case. For the
bending mode (Figure 4a, d, and g), the hot-spots evolve from
two overlapping ovals into a single oval as the focal plane is
moved higher. The symmetric stretching mode has two separate
lobes located in the vicinity of the H atoms when the focal plane
is on the oxygen atom (Figure 4b). While elevating the focal
plane, the two lobes expand toward the center and eventually
merge into one ellipse on top of the projection of the molecule
(Figure 4e and h). The antisymmetric stretching mode has
almost the same TERS image as the symmetric mode (Figure 4c)
at first; however, rather than merging into one ellipse, the two
lobes consistently expand outward as the focal plane moves
higher. The above analyses indicate that small changes in the
focal plane height may exert dramatic effects on the TERS image
patterns. To ensure the best resolution, the focal plane is kept on
the molecule plane (Zmax = 0.0 Å) in the following discussions.
The highly confined field in the TERS junction brings about

strong field gradients (FGs), which may change the selection
rules for plasmon-enhanced Raman spectroscopies.55−59 To
explore the FG effects in TERS, we simulate the TERS images of
benzene. Three FG active normal modes of benzene are selected
in this study, which are associated with the symmetry type a2u
(ν11, 664 cm

−1), e1g (ν10, 835 cm
−1), and a1g (ν1, 988 cm

−1). In
the first two modes, the molecule vibrations are out-of-plane. As
reported in detail in ref 59, the induced dipoles of the 664 cm−1

mode arise from FG contributions through the electric dipole−
quadrupole term (|E′|2·|∇E|2 + |∇E′|2·|E|2, correlated field and
FG enhancement mechanism); the 835 cm−1 mode is enhanced
by FG through the quadrupole−quadrupole term (|∇E′|2·|∇E|2,
pure FG term); the 988 cm−1 mode exhibits contributions from
both the dipole−dipole term and the quadrupole−quadrupole
term (|E′|2·|E|2 + |∇E′|2·|∇E|2, separate field and FG contribu-
tions). These three modes are explicitly depicted in Figure 5a−c.
In the 664 cm−1 mode (Figure 5a and d), the six hydrogen

atoms are symmetrically vibrating vertical to the carbon ring. The
corresponding TERS image preserves the symmetry, where the

Figure 5. Selected normal modes and their respective TERS images of the benzene molecule: (a and d) 664 cm−1, (b and e) 835 cm−1, (c and f)
988 cm−1. The carbon vibrations are not intense enough to be seen in (a) and (b). The schematics of molecular vibrations (a−c) are rotated
slightly for a clearer view of out-of-plane motions. The dimensions of each TERS image are 8 Å × 8 Å.
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hot-spots are six lobes located outside the molecule in close
vicinity to the H atoms. The less prominent hot-spots in between
two neighboring H atoms are ascribed to the relatively weak
carbon motions that are coupled with the hydrogen motions but
in the opposite direction. In the 835 cm−1 mode (Figure 5b and
e), the H atoms are vibrating in two opposite directions, with the
1- and 4-Hmotions being the strongest. Meanwhile, each C atom
is vibrating in the same direction as its attached H atom. As a
result, the TERS image shows an overall dipolar pattern. As for
the 988 cm−1 mode, the simulated TERS image captures the
“ring breathing” feature of the vibration, leading to a continuous
hexagonal pattern (Figure 5c and f). The hot-spots in the TERS
images of benzene (as well as water) appear to be next to the
atom projections on the XY plane rather than on top of them.
Given that the maximum point of the near field in the imaging
plane is at the exact spot of the tip atom (Figure S3), when the tip
scans through the area surrounding a certain chemical bond, the
bond itself sees a strong field gradient. We also note that the
asymmetries of these TERS images are related to the tip
curvature difference. The simulations of benzene clearly
demonstrate that TERS is capable of detecting and visualizing
FG active vibrational modes.
To extend the study from nonresonant to resonant TERS, we

carry out simulations of TERS imaging of simple porphyrin
molecules. The two model molecules are porphin and zinc
porphin (ZnP). TDDFT calculations in a vacuum show that the
Qy(0, 0) transition of the two molecules are both at 2.29 eV.
Additionally, theQx(0, 0) transition of ZnP is degenerate with its
Qy(0, 0) transition. To match this excitation energy for resonant

Raman while maintaining a highly confined field in the junction,
we use a Au2057 icosahedron as the tip and gold substrate with a
Au(111) surface. The incident light energy of 2.29 eV
corresponds to halfway on the low-energy edge of the absorption
band of the gold nanoparticle (see Figure S1 for the absorption
spectrum). The induced near field is confined within about 5.6 Å
in diameter (fwhm), while the maximum is at Zmax = 0.1 Å
(Figure S8). The field-confinement conditions resemble those
for the nonresonant TERS images of the best resolution (Figure
2) and thereby suffice to resolve atomic features in the simulated
TERS images.
The experimental TERS images of different porphyrin

(H2TBPP) vibrational modes appeared similar to each other,
with four lobes of hot-spots located symmetrically at the four
phenyl groups.30 However, our simulated TERS images of the
porphin are clearly distinct from each other (Figure 6a,c,e).
Moreover, similar vibrational modes shared by porphin and ZnP
lead to very different patterns in the TERS images. Specifically,
the 683 cm−1 mode of porphin and 692 cm−1 mode of ZnP
correspond to the same symmetric out-of-plane motions of the
outer hydrogen atoms (Figure 6a and b). Similarly, the 1539
cm−1 mode of porphin and the 1538 cm−1 mode of ZnP have the
same pattern of in-plane atomic motions (Figure 6c and d). For
each pair of vibrational modes, we find that the outline shape of
the patterns in the TERS images remains the same, but the
distribution of hot-spots differs. The TERS images of porphin
exhibit an overall dipolar pattern along the Y direction, while ZnP
gives rise to a 4-fold symmetric pattern. As stated above, the
transition dipole moment (TDM) of porphin under the specific

Figure 6. Selected normal modes and their respective TERS images of porphyrin molecules: (a) 683 cm−1 for porphin, (b) 692 cm−1 for ZnP, (c)
1539 cm−1 for porphin, (d) 1538 cm−1 for ZnP, and (e) 678 cm−1 for porphin. (a) and (b), and (c) and (d) are pairs of similar vibrational modes in
porphin and ZnP. The scanned area of each TERS image is 16 Å× 16 Å. The schematics of molecular vibrations (left side of each subfigure) are
rotated slightly for a clearer view of out-of-plane motions.

ACS Nano Article

DOI: 10.1021/acsnano.7b02058
ACS Nano 2017, 11, 5094−5102

5099

http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b02058/suppl_file/nn7b02058_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b02058/suppl_file/nn7b02058_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b02058/suppl_file/nn7b02058_si_001.pdf
http://dx.doi.org/10.1021/acsnano.7b02058


resonance condition is completely along the Y axis [Qy(0, 0)],
while the TDM of zinc porphin has almost equal contributions
from both the X and Y directions [Qx(0, 0) + Qy(0, 0)].
Therefore, we ascribe the symmetry in resonant TERS images to
the direction of the TDM. If the two central hydrogens of
porphin were aligned on the X axis, one would expect the TERS
image to be rotated accordingly. In fact, the hydrogen
tautomerization of porphyrin molecules has been reported to
take place in low-temperature STM experiments with a small bias
(<1.5 V), and the activation barrier depends on the specific
chemical species and the substrate.60,61 Therefore, we believe
that hydrogen tautomerization is the root of the 4-fold symmetry
obtained in the experimental TERS imaging of H2TBPP in ref 30.
As for the vibrational mode associated with strong central
hydrogen motions (Figure 6 e), the TERS image has hot-spots
inside the porphin ring and around the carbon atoms whose
motions are coupled to the hydrogen vibrations. The clear
distinction between vibrational modes with atomic details
presented in this work has not been observed in previous
experiments or theoretical simulations.30,35 These simulations
demonstrate the ability of TERS imaging to atomistically resolve
different vibraional modes under resonant Raman conditions.

CONCLUSION
In this work we simulated single-molecule TERS imaging with
atomic resolution using a hybrid atomistic electrodynamics−
quantum mechanical approach. We showed that an atomically
sharp tip in a quantum size junction confines the plasmon-
induced near field within a few ångstroms in diameter (fwhm),
and this confinement is closely related to the incident light
energy. Using water as a simple model system, we observed that
the resolution of TERS images is extremely sensitive to the field
confinement. The field confinement of ∼5 Å in fwhm’s is narrow
enough to resolve each vibrational mode of a single molecule
with atomistic details. We also demonstrated the importance of
the near-field focal plane of TERS, which is defined as the field
maximum height. The focal plane is required, in principle, to
overlap with the molecule plane to obtain the best resolution. For
nonplanar molecular geometries, the effect of focal plane height
becomes intricate. A small change in the focal plane may lead to a
significantly different TERS image, and this dependence varies
from mode to mode. Moreover, by visualizing the field-gradient
active modes of benzene, we conclude that field-gradient effects
are implicated in the TERS images. Finally, it is illustrated in the
porphyrin simulations that TERS imaging is also able to
atomistically resolve different vibrational modes under resonant
Raman conditions, where hot-spot distributions in the images are
determined by the electronic transition dipole moments. In
addition to the theoretical insights, this work highlights the
necessity of accurately describing the near field in the quantum
size junction for TERS simulations. The atomistic electro-
dynamics approach adopted in this work provides a mechanism
to generate the plasmon-induced field and to describe plasmon−
molecule interactions, which can be applied for more general
TERS studies in the future.

METHODS
A locally modified version of the Amsterdam Density Functional (ADF)
program package62−64 was used to carry out the calculations. The
Becke−Perdew (BP86)65,66 exchange−correlation functional and the
triple-ζ polarized (TZP) Slater-type basis set from the ADF library were
used. The geometries of the sample molecules were optimized with a
small frozen core in the absence of the plasmonic nanostructure. The

vibrational frequencies and normal modes were calculated analytically
without scaling. Differential cross sections (dσ/dΩ) of Raman scattering
represent the TERS intensities in this work. To resemble the
experimental setup, only the zz component of the polarizability tensor
was used to calculate the differential cross section, which is given by51,67

σ π ν ν
π ν

α
νΩ

=
ϵ

̃ − ̃
̃

| ′ |
− − ̃

h
c hc k T

d
d

( )
8 1 exp( / )p

p

zz p

p

2

0
2 in

4
2

,
2

B (1)

where ν̃in is the frequency of incident light and ν̃p is the frequency of the
pth vibrational mode. αzz,p′ is the zz component of molecular
polarizability derivative with respect to the pth vibrational mode. The
molecular polarizabilities were calculated using the AOResponse
module implemented in ADF with a excited-state lifetime of Γ = 0.1
eV.67−71 The polarizability derivatives are obtained by numerical three-
point differentiation. This is done by calculating the polarizabilites for
molecular geometries in a plus and a minus direction of a certain normal
mode. High numerical qualities for TDDFT calculations are
recommended to obtain smooth TERS images. TERS cross sections
are obtained assuming T = 298 K.

All metal atoms were treated with the discrete interaction model
(DIM).46,47 The icosahedron nanoparticles were constructed using
FCC unit cells. The substrates were constructed as a large block of silver
(or gold) unit cells, andmolecules were placed on the (111) surface. The
frequency-dependent complex dielectric functions of silver and gold
were obtained from Johnson and Christy.72 The nanoparticle was
moved across an area large enough to cover the sample molecule (6 Å ×
6 Å for water, 8 Å × 8 Å for benzene, and 16 Å × 16 Å for porphyrins).
The step size for scanning was 0.2 Å. Smaller step sizes such as 0.1 Å
were found to have no significant effect on the TERS images other than
smoothness. For the purpose of reducing computational cost of the
porphyrin simulations, only one quadrant of each simulated image was
calculated and then expanded to full size in accordance with the
rotational symmetry of the molecule. The asymmetry in the TERS
images due to the tip curvature variation as is for water and benzene was
consequently removed.

All molecular geometries and vibrations were rendered using the
Visual Molecular Dynamics (VDM) 1.9.3 software.73 Molecular
vibrations were visualized by atomic displacement vectors obtained
from normal mode coordinates.
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