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Abstract: We present a general theory to model the spatially
resolved non-resonant Raman images of molecules. It is
predicted that the vibrational motions of different Raman
modes can be fully visualized in real space by tip-enhanced
non-resonant Raman scattering. As an example, the non-
resonant Raman images of water clusters were simulated by
combining the new theory and first-principles calculations.
Each individual normal mode gives rise its own distinct Raman
image, which resembles the expected vibrational motions of the
atoms very well. The characteristics of intermolecular vibra-
tions in supermolecules could also be identified. The effects of
the spatial distribution of the plasmon as well as nonlinear
scattering processes were also addressed. Our study not only
suggests a feasible approach to spatially visualize vibrational
modes, but also provides new insights in the field of nonlinear
plasmonic spectroscopy.

Vibrations are intrinsic features of molecules that provide
information on how each atom in the molecule moves in
space. Vibrational motion can theoretically be well described
by quantum mechanics; however, it has never been visualized
experimentally in real space simply owing to a lack of suitable
experimental methods. The basic requirement for visualizing
vibrations is to achieve sufficient spatial and energy resolu-
tion. In this context, tip-enhanced Raman scattering
(TERS)!" is particularly relevant and promising owing to
its exceptional spatial resolution resulting from the spatially
confined plasmon (SCP).P'! Recently, the resolution of
TERS has reached sub-nanometer level under resonant
Raman conditions, which opens the door to optically image
the inner structure and configuration of a single molecule.['”
It was shown in our recent study[”] that under such conditions,
the spatial distribution of the plasmonic field becomes
comparable to the size of the molecule, and the interaction
between field and matter can no longer be described by
conventional response theory. A new theory that considers
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the effects of the highly confined plasmonic field on the
optical transition matrix of the molecule was developed and
successfully applied to model the resonant Raman images.!"”!
We have also found that the resonant Raman image mainly
reflects the electronic transition density of the molecule,
which is dominated by Franck—Condon contributions that are
in turn insensitive to the vibrational modes.®! Vibrationally
resolved Raman images of a molecule can be obtained when
Herzberg-Teller contributions are strongly enhanced, which
can in principle be achieved in non-resonant Raman process-
es.

Herein, we have extended our theory recently developed
for resonant Raman scattering in the confined plasmonic field
to non-resonant cases. We have chosen an important hydro-
gen-bonding system, namely water clusters, to demonstrate
the applicability of the new theory and to make important
predictions. At this stage, the sum-over-state expressions with
the inclusion of the localized field were derived with the help
of our recently established state-to-state mapping between
Albrecht’s theory and perturbation theory!™ (see the Sup-
porting Information) to model the non-resonant Raman
images. More specifically, the amplitude of the linearly
induced dipole moment that can be computed by first-
principles methods is given as
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where p and g are the Cartesian coordinates. Here, the
frequency of the incident light could be assumed to be zero
owing to the non-resonant conditions, F; is the Purcell factor,
which is independent of the position of the TERS tip in the xy
plane and molecular vibrations, E’ is the electric field
amplitude of the incident laser, M; is the enhancement
factor of the SCP with respect to the incident laser, Q, is the
corresponding normal mode, |[v') and /) are the initial and
final vibrational states in the electronic ground state [y,), [,)
is the excited electronic state, g is the corresponding
distribution function of the electric field amplitude of the
SCP, which is obviously related to the tip position, and AE,, is
the vertical excitation energy. According to previous studies,
the zero-frequency limit used here is a good approximation
for water molecules because of the large energy gap between
the ground and excited states.!"”
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Remarkably, the derivative of ., which includes g, with
respect to Q, in Eq. (1) reveals that Raman images are related
to individual vibrational modes. In other words, we expected
that vibrational modes could be visualized through non-
resonant Raman images. We would like to emphasize again
that in conventional response theory, the transition integrals
are calculated from (v, ’1/) (t is the electron position
operator),'*?! which is not related to the position of the
TERS tip. Therefore, the theory of uniform interactions
between the SCP and adsorbates is invalid for high-resolution
Raman images. For the sake of simplification, we only
evaluated the zz component of Eq.(2) and chose s-type
Gaussian functions for g. Once the amplitude of the induced
dipole had been obtained, the corresponding Raman intensity
could be readily calculated:!"”!
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where ¢ is the speed of light, v, is the wavenumber of
scattering, g, is the permittivity of free space, and M, is the
directional radiation pattern factor.” The experimental
setup for TERS is shown in the Supporting Information,
Figure S1. We will focus on the contrast or the relative Raman
intensity from different grid points, which were also exper-
imentally determined.” Apparently, to fully distinguish
different vibrational modes in real space, an SCP that is as
small as possible needs to be achieved. We noticed that the
highest confinement for SCP had previously been estimated
to be 1 A.»*l For the sake of clarity, we have set the full width
at half maximum (FWHM) for the x and y components of g to
its theoretical limit, 1 A (for theoretical background and
computational details, see the Supporting Information).*"

We started our analysis with calculations for a water
monomer on a Au(111) surface. The choice of a Au(111)
surface was motivated by its inertness with respect to
water™! as well as its beneficial properties for the gener-
ation of SCP*"® Owing to the limitations of the computa-
tional methods employed, we only calculated the excited
states of the adsorbates, neglecting the effects of the weak
interaction between adsorbate and substrate.

The optimized geometry of a water monomer adsorbed on
a Au(111) surface is depicted in Figure 1 A. It clearly shows
that the water adsorbed 2.7 A above the top site and has
a tilted configuration with an angle of 7°, consistent with
previous theoretical results.”*! Simulated non-resonant
Raman images of all vibrations of the water monomer are
given in Figure 1 B. We immediately noticed that the non-
resonant Raman images are indeed vibration-dependent.
Specifically, the image of the bending mode (v,) shows
a strong, bell-shaped, bright spot associated with the oxygen
atom and a moderately bright ribbon between the two
hydrogen atoms. For the symmetric (v;) and antisymmetric
(v3) stretching modes, the images show similar patterns for the
hydrogen atoms. On the other hand, some differences
associated with the oxygen atom can be seen in Figure 1B.
For v,, the oxygen and hydrogen atoms are connected,
whereas for v;, there are two weak lobes between them. The
slight symmetry breaking should be attributed to the inter-
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Figure 1. a) Top view (left) and side view (right) of the optimized
geometry for a water monomer adsorbed on a Au(111) surface.

b) Simulated non-resonant Raman images for the vibrational modes of
a water molecule adsorbed on a Au(117) surface (top) and in vacuum
(bottom). The values are the corresponding frequencies in cm™".

actions between the adsorbates and the substrate as the result
of geometry optimization. It should be noted that a slight
change in the height of the scanning plane and the inclusion of
the frequency of the incident light do not alter the images
(Figure S2).

For comparison, Figure 1B also shows calculated images
for a free water molecule in the xy plane. As expected, the
structures are symmetric and generally resemble their coun-
terparts on the Au(111) surface very well. The most notice-
able difference is the contrasts, that is, the oxygen patterns are
more pronounced in the images of free water molecules (see
Figure 1B). This difference should be attributed to the tilted
configuration of the adsorption, where the oxygen atom is
farther away from the plasmonic center. It is noteworthy that
the phase of the pattern represents the sign of do.¢/9Q;. For
instance, the ribbon- and the bell-shaped patterns in the v,
image have different phases whereas all patterns in the v,
image have the same phase. Furthermore, the phases of the
four patterns in the v; image (two strong and two weak lobes)
are the same as that of the d,, atomic orbital (Figure S3).

We then moved on to consider a water dimer, which is the
simplest water cluster. The optimized geometry of a water
dimer adsorbed on a Au(111) surface (Figure 2 A) shows that
the two water molecules are both adsorbed on top sites. One
water molecule (labeled as W) has a similar configuration to
that of the monomer. However, owing to the influence of the
other water molecule, W, is 0.2 A closer to the substrate, and
the tilt angles (16° and 18° for the two OH bonds) are greater
than those of the monomer. Meanwhile, the other water
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Figure 2. a) Top view (left) and side view (right) of the optimized
geometry for a water dimer adsorbed on a Au(111) surface. b) Simu-
lated non-resonant Raman images for a water dimer showing hydro-

gen-bond stretching, bending, and stretching modes. The values are

the corresponding frequencies in cm™".

molecule (Wy) has one hydrogen atom pointing to the
substrate. In Wy, the oxygen atom is 0.7 A farther away from
the substrate than that in W, This configuration is consistent
with water dimers adsorbed on other metal surfaces.*'*? A
helicopter-like rotation of the water dimer adsorbed on the
Pt(111) surface around W, was identified by scanning
tunneling microscopy.®® However, for simplicity, we neglect
this rotation in the simulation of Raman images. We should
emphasize that the rotation may be hindered on other inert
surfaces.*

The images calculated for the water dimer are shown in
Figure 2 B. The image of the vibration related to the hydrogen
bond is characterized by stretching between W, and Wy.
Calculations show that this mode is the only band in the range
of 200 to 300 cm™!, which highlights the advantage of the
spectral window for Raman images. We observed a moder-
ately bright area between W, and Wy for this mode in
Figure 2B, indicating that Raman spectroscopy can be used to
detect vibrations related to hydrogen bonds. In the bending
region around 1600 cm ', there are two bands that are due to
the antisymmetric (with low frequency, labeled as v}) and
symmetric (with high frequency, labeled as v}) mixing of v,
modes. In their mixing, v§ has more proportion of Wy, while
v5 has more proportion of W, In the v} image, the pattern for
W, contains a bright ribbon, which is consistent with that of
the v, mode of the monomer. Meanwhile, the image
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associated with the oxygen atom in W, is obscure because
of the large tilted angle. The patterns for Wy in the v and v;
images are similar, and both are significantly different from
that in the monomer. This could be attributed to the fact that
the configuration of Wy is obviously different from that of the
monomer (see Figure 1A and Figure 2 A). Moreover, the
highlighted pattern of Wy for v could be attributed to the fact
that the position of Wy is closer to the plasmonic center. All
of these results demonstrate that Raman images can provide
detailed information on molecular configuration. In the
stretching region (Raman shift >3000 cm™), however, the
vibrational modes are more localized with less mixing. In spite
of this, the v, and v; modes can still be distinguished from the
Raman images. The two v, images are associated with the
whole corresponding water molecules, whereas the images of
v; are more concentrated on the hydrogen atoms.

We then turned our attention to a more complicated water
cluster, namely a water trimer. The optimized geometry
shown in Figure 3 A shows several distinct features. First, all
water molecules possess a configuration similar to that of the
monomer and are located around 2.9 A above the substrate.
The tilt angles are 5° and 15° for the hydrogen-bonded OH in
the ring and the free OH group, respectively. Moreover, the
whole system has approximate C; symmetry (Figure 3 A).This
configuration is consistent with previous results for a water
trimer adsorbed on a Pt(111) surface.”!! For convenience,
hereafter, we refer to the bottom, right, and left water
molecules as Wy, Wy, and W, respectively.

In the hydrogen-bond stretching region, there are three
vibrational modes for the water trimer. Within the approxi-
mated C; symmetry, the two modes with lower frequency
belong to the degenerate asymmetric stretching of the
hydrogen bonds.’ The mode located at 231.8 cm™' mainly
results from stretching of the hydrogen bond between Wy and
W.. Thus, the image is similar to its dimer counterpart where
a moderately bright area was observed between Wy and W;.
The vibration located at 238.7 cm ™! is the other degenerate
mode that is mainly due to stretching of the hydrogen bonds
between Wy and W, as well as Wy and Wg. As a result, the
hydrogen bonds between them have been highlighted in the
Raman image. The symmetric stretching mode (ring breath-
ing mode) is located at 289.5 cm ', The constructive coher-
ence of the hydrogen bonds leads to the brighter center of the
trimer ring. In this case as well as in those to follow, the
symmetry breaking observed in the Raman images should
again be attributed to interactions between the adsorbates
and the substrate.

The symmetry assignments in the bending region are the
same as those in the hydrogen-bond stretching region. We
could clearly observe the v, image pattern of the monomer for
the degenerate asymmetric modes. The constructive coher-
ence between the ribbon- and bell-shaped patterns for
different water molecules is noticeable in the images, which
could be attributed to the phases in the v, image of the
monomer. For the same reason, for the symmetric mode in
the same region, destructive coherence between all water
molecules leads to the bright ribbon pattern and the obscure
bell-shaped pattern shown in Figure 3 B.
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Figure 3. a) Top view (left) and side view (right) of the optimized
geometry of a water trimer adsorbed on a Au(111) surface. b) Simu-
lated non-resonant Raman images for a water trimer showing hydro-

gen-bond stretching, bending, and stretching modes. The values are
1

the corresponding frequencies in cm™'.

In contrast, the symmetric assignments in the stretching
region are different. For v;, the mode with the lowest
frequency belongs to the symmetric mode. Here, we could
observe constructive coherence between the water molecules.
The other two modes could be categorized as degenerate
modes. The simulations show that the Raman image concen-
trates on Wy for the lower band and on both W and Wy for
the higher one. For v,, the vibrational modes are highly
localized, and the symmetry assignment of them is indistinct.
In these cases, the simulated Raman images only associate
with the hydrogen that has the major component of the
normal modes.
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From an experimental perspective, it is more feasible to
work with a larger SCP. However, a larger size could lead to
lower spatial resolution. Our calculations have shown (Fig-
ure S4-S6) that with a larger SCP, the Raman images become
defocused and provide less information on molecular details.
For instance, the moderately bright area between the differ-
ent water molecules for hydrogen-bonding vibrations of the
water trimer (238.1 and 238.7 cm ') is absent when the size of
the SCP is set to 5 A (see Figure 4, top). In general, improved

High

Figure 4. Simulated linear (top) and nonlinear (bottom) non-resonant
Raman images for the hydrogen-bond stretching modes of a water
trimer adsorbed on a Au(111) surface when the x and y components of
FWHM are set to 5 A. The values are the corresponding frequencies in
cm™

results may be anticipated with the inclusion of nonlinear
processes."” ! In this case, the amplitude of the nonlinearly
induced dipole could be estimated as (see the Supporting
Information for details):

Dt Oa;.. ;
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where 1 [Eq. (S13)] is a constant independent of the tip
position and
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By comparing the linear (top) and nonlinear (bottom) results
shown in Figure 4, we found that nonlinear processes can
indeed improve image resolution. However, with a larger
SCP, the molecular details are still largely missing even when
nonlinear processes are included (see Figure S7-S10 for more
results).

In summary, we have developed a theoretical framework
for modeling non-resonant Raman images of molecules under
a highly confined plasmonic field. By using first-principles
calculations, vibrationally resolved Raman images of the
water clusters were predicted, which strongly suggest that tip-
enhanced non-resonant Raman scattering is capable of
visualizing the vibrational motion of molecules in real
space, and even the effects of hydrogen bonds on the
vibrations. Our proposed computational approach could be
significantly improved by employing the coupled-perturbed
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method,”” so that much larger and more complicated
molecular or biological systems can be explored in the future.
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