THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

Optical Origin of Subnanometer Resolution in Tip-Enhanced Raman

Mapping
Chao Zhang, Bao-Qin Chen, and Zhi-Yuan Li*

Laboratory of Optical Physics, Institute of Physics, Chinese Academy of Sciences, P.O. Box 603, Beijing 100190, China

ABSTRACT: Raman spectroscopy and imaging at the single-
molecular level in both signal sensitivity and spatial resolution
have been a long dream. A recent experimental study of single-
molecule Raman mapping with a subnanometer resolution by
using a tip-enhanced Raman scattering (TERS) technique is a
great step closer to this great dream. However, how the
subnanometer spatial resolution is possible with a Raman
excitation light spot (“hot spot”) of diameter over 10 nm
formed between the tip—substrate nanogap to excite and
probe the molecule still remains mysterious. Here we present

1 nm resolution with
molecule self-interaction

10 nm resolution without
molecule self-interaction

an optical theory of Raman scattering that accounts for the strong near-field self-interaction of molecule with the plasmonic
nanogap due to multiple elastic scattering of light by the molecule. The result shows that the self-interaction effect strongly
modulates the Raman excitation and radiation in both the signal intensity and spatial sensitivity, leading to a “super-hot spot” and
subnanometer lateral resolution of Raman mapping. The optical theory can help to uncover the full picture of light-matter
interaction of atoms and molecules with plasmonic nanostructures and explore unknown frontiers of physics and chemistry at

nanoscale.

I. INTRODUCTION

Raman spectroscopy offers a powerful means to observe
vibrational, rotational, and other low-frequency modes in
molecules, and has become a popular and useful technology
for molecular identification. A fundamental dream of Raman
spectroscopic science and technology is to probe Raman signal
with ultrahigh spectroscopic sensitivity down to single-molecule
detection level and ultrahigh spatial resolution down to the
single-molecule size scale. This would allow people to identify,
monitor, and manipulate single molecules both in temporal and
spatial domain. As the cross section of Raman scattering is
extremely low under usual conditions of laser excitation, many
methods have been explored to advance the power of Raman
spectroscopy to the fundamental single-molecule limit. Among
them, surface plasmon resonance (SPR) effect in metallic
nanostructures has been a promising means.'”'" SPR would
allow giant enhancement of the interaction between laser and
molecules adsorbed in specially designed and prepared metallic
nanostructures under the scheme of surface-enhanced Raman
spectroscopy (SERS) to the level of single-molecule detection
limit.™

When Raman spectroscopy works together with various
mature scanning probe microscopy technologies under the
scheme of tip-enhanced Raman spectroscopy (TERS), the
spatial resolution of Raman probing and monitoring can be
greatly upgraded to a level far below the diffraction-limit scale
(about half the laser wavelength, usually several hundred
nanometers).°"'> The metal tip in either atomic force
microscopy (AFM) or scanning tunneling microscopy (STM)
can induce a highly concentrated electric field focus spot with
greatly enhanced field intensity in the vicinity of the tip apex
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due to SPR effect. In addition to Raman scattering, the SPR
effect can enhance many other physical processes, such as
fluorescence,'™*° catalysis,”' ~** nonlinear optics** and other
interactions.”>~” The focus spot, with a size as small as 10 nm,
will excite molecules significantly only within its landscape. As a
result, both high-sensitivity and high spatial resolution of
Raman spectroscopy can be achieved by TERS.®™'* Although
many methods like coherent anti-Stokes Raman scattering,
chemical'*'® and physical contact’ have been used to improve
the spatial resolution and other performances of TERS, the
ultrahigh vacuum (UHV) TERS®'™'"!> provides a general and
reliable system to have high spatial resolution for many
molecules.

It is generally believed that the spatial resolution of TERS is
nearly the same as the focus spot size of the metallic AFM or
STM tip, which strongly depends on many factors, such as the
molecule-tip vertical distance, the curvature radius of tip, the
excitation wavelength, and the substrate composition, but at
best is in the order of 10 nm. Therefore, it is generally expected
that the purely optical Raman signal probe can only achieve a
spatial resolution in the order of 10 nm, which is far away from
a single-molecule criterion (~1 nm), although both AFM and
STM can map the surface tomography of microscopic objects at
the subangstrom resolution level. The situation is similar to the
conventional optical microscope, where the resolution is the
same as the focus spot size of light formed by the objective lens
and subject to the Rayleigh diffraction limit of light.
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Recently, this general rule of wisdom has been broken down
in a recent work by Dong and co-workers."" The team has built
a TERS system based on sophisticated ultrahigh vacuum and
low temperature STM technologies as well as adopting a
double-resonance enhancement scheme for both Raman
excitation and emission. Although the size of hot spot around
the STM tip is still in the order of 10 nm, the team has been
able to achieve an ultrahigh spatial resolution of Raman
spectroscopy sufficient for chemical mapping of the subnan-
ometer interior details of a single H2TBPP organic molecule
adsorbed on the Ag(111) surface. This beautiful experiment has
opened a new window to perform chemical imaging at the
single-molecule level. Nonetheless, the physical mechanism
underlying this surprising experimental observation is still
unclear. Obviously there is a huge gap between the conven-
tional wisdom (~10 nm) and the experimental observation (~1
nm) in regard to the spatial resolution of Raman mapping.
What can act as the bridge to connect this 1 order of magnitude
huge gap? In this work we offer a solution to this puzzling
problem. We will show that the strong near-field self-interaction
of the molecule with the plasmonic nanogap in the TERS
system will make the molecule itself an indispensable part of
the strongly correlated tip-molecule—substrate nanosystem and
significantly enhance both the signal intensity and spatial
resolution of Raman mapping.

The paper is organized as follows. In section II, we present a
brief introduction to the conventional theory for plasmon
enhanced Raman scattering. In section III, we use the
conventional theory to calculate the spatial resolution of
TERS system in ref 11, and find that the old theory yields a
spatial resolution far larger than the experimental observation.
In section IV, we derive a new theory for Raman enhancement
considering molecule self-interaction. In section V, we use our
theory to calculate the spatial resolution of TERS system and
find that the new theory yields a subnanometer spatial
resolution that agrees with the experimental observation. In
section VI, we make an estimate of near-field self-interaction
contribution to Raman enhancement. Finally, in section VII, we
summarize this paper and make our conclusions.

Il. CONVENTIONAL THEORY FOR
PLASMON-ENHANCED RAMAN SCATTERING

Raman scattering involves interaction of optical field with
quantum states of Raman molecules. Therefore, the enhance-
ment of Raman signal contributes from the electromagnetic
factor and the chemical factor. The electromagnetic enhance-
ment factor is closely related with the local electric field
enhancement. According to the traditional surface enhanced
Raman scattering (SERS) and tip-enhanced Raman scattering
(TERS) theory, the intensity of spontaneous Raman radiation
is nearly proportional to the fourth power of the local filed
enhancement and linear to the excitation intensity I,.">
Although that is an approximate result, it always shows good
agreement with experiment for general situations. Some more
accurate calculations for the enhancement factor of SERS that
are based on optical reciprocity theorem and specific
experimental conditions have been made,”® and some more
accurate definition for single molecule SERS enhancement
factor has also been discussed.”” In the scalar phenomenological
theory'” that we adopt in the current work, the Raman
enhancement could owe to the separate contribution from the
excitation and radiation enhancement process. In the dipole
approximation the Stokes (anti-Stokes) light radiated by the

vibration molecule could be expressed as the radiation by the
induced dipole p(wg). In the plasmonic nanostructure
environment, p(wy) is given by

”(wR) = a(wa a))E(rO, w)
= a(wR; w) [Eo(ro) w) + E;(ro; w)] (2.1)

where @ is the frequency of excitation radiation, wy is the
Stokes (anti-Stokes) frequency of Raman signal, and r, is the
molecule’s site. The polarizability a(wp, @) (called Raman
tensor in general) describes the transition intensity of Raman
frequency shift process that connects the excitation frequency
and the vibration shift frequency, and it is closely related with
the molecular quantum states involved with the Raman process.
The local field E(ry, @) consists of the incident field Ey(r,, @)
and the greatly enhanced scattering field E((r,, @) from the
nanostructure upon the incident field. In usual Raman
experiments, the total local field is a linear function of the
excitation field. The local field enhancement factor due to
plasmonic nanostructures f;(w) is defined by |E(ry, ®)! = f;(w)!
Ey(ry, w)|. For nanostructures with complicated geometric
configuration, this local field enhancement factor does not have
a simple analytical formulation, but instead must be determined
numerically. When the molecule is placed in vacuum and is
excited by E(ry, ), the corresponding dipole moment would

be
Hy (wg) = a(og, ®)Eq(r, ®) (2.2)

Obviously, we have f(®) = |E(ry, @)I/IE(ry, @)l = lu(wp)l/
o (@p)1.

The Raman radiation far field from the induced dipole p(wy)
is given by the following formula

2

0y o
E(r,, og) = e—IzZG(rm, 1y, @g)-p(wy)
0

2
Oy o o
= ERz [Go(teor Toy @) + G(xeey Ty @) ]-p(0p)
of
(2.3)

In comparison, the Raman radiation far field by the dipole
#(wg) placed in vacaum would be simply

2
W o
X GO(roor Lo OJR)‘I‘(“’R)

Ey(r,, wp) =
O TR e (2.4)

The total Green function a(roo, 1o, wg) (a second rank tensor
described by a 3 X 3 matrix) could split into the free space
Green fupction Gy(rey 1o, wg) and the scattering Green
function G, (ry, ry, wg), which describes the influence, in
particular, enhancement due to plasmonic nanostructures. We
can define another enhancement factor to describe this
improvement of the radiation power of a dipole assisted by
its plasmonic nanostructure environment, namely, f,(wg) = |
E(ro, @p)l/|Ey(re, wp)l. Notice that the Green function exactly
describes the power of a given dipole to radiate its optical
energy from near field to far field in a particular electromagnetic
environment. According to eqs 2.3 and 2.4, f,(wg) is equal to
the quantity of the total Green function projected to the dipole
moment p(wg) orientation (unit vegtor n) over that_of the
free space Green function, f,(wg) = 1G(ry, ro, @) l/IGy (re,
o wR)'nl,yhich can be approximated by f,(wg) & Tr[G(r, ro
@p)]/Tr[Gy(re to wr)]) when averaging over the dipole
orientation. Here Tr[..] means the trace of a matrix. For
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nanostructures with complicated geometric configuration, this
enhancement factor also must be determined numerically.
Combining eqs 2.1—2.4, the Raman radiation far field of a
molecule placed in the plasmonic nanostructure is given by
2
Wy o
E(roo) wR) = _za(wR) w)G(rool Loy wR)'E(rO; w)
N (2.5)
In comparison, the Raman radiation far-field for the molecule
placed in vacuum is simply
2
Wy o
E, (t, @g) = ?a(wR, ®)Gy(ty, 1y @) -E(r, ®)
of
(2.6)

Comparison between eq 2.5 and eq 2.6 yields the Raman
radiation power enhancement factor as

lI(roor wR)l lE(roor a)R)l2
|Ivac(roo’ wR)l |Evac(roo’ wR)|2
_ |é(l‘°o, o wR)'E(rOx w)lz

laO(rool Lo wR)'Eo(l'Or a))|2

N ITr[G(r,, 1, wp)]P IE(ry, @)’
TGyt 1y w) ] [Eq(ry @)

~ [f, (@) x [f, (wp) ]

= Gg(®@) X Gg(wg) (2.7)

where Gp(w) and Gp(wg) are the enhancement factor in the
Raman excitation and radiation processes, respectively.
Combining eq 2.5—2.7 the total enhanced Raman intensity is

I(r ) = [f, (@) *[f, (@)
o & 2
X — - la(wg, ©)Gy(ty, 1y @g)nl” I)(r, )
g'c (2.8)
Here Iy(r,, @) is the intensity of the incident light acting at the
Raman molecule.

It has been well-established that plasmonic nanostructures
not only can enhance the incident field to a greatly intensified
local field via various physical processes like surface plasmon
resonance effect or near-field scattering effect, it also can
significantly enhance the radiation power of molecular Raman
signal from the near field region to the far field region (where
the detector is placed) through various physical processes such
as surface plasmon resonance effect or optical antenna effect. In
fact, the excitation and radiation enhancement is closely
connected with each other (almost equal to each other) as
they follow the electromagnetic reciprocity principle. Generally
speaking, if a nanostructure can enhance accumulation of the
far-field incident light to the local field, it can equally enhance
the emission of local field to the far-field radiation light. As a
result, (@) = [E(ry, @)I/IEy(ro, @)l & |E(rs, @p)l/|Eg(Fe, @p)l
= f,(wg) due to the small shift of Raman radiation frequency
wp, relative to the excitation frequency w. In this situation, the
overal Raman signal enhancement factor is approximately
equal to the fourth power of the local field enhancement factor,
namely

G(x,) = IE(xy, @)I*/IEy(x,, @)I* (2.9)

This fundamental result of traditional SERS theory has long
been the physical basis for describing all SERS and TERS
phenomena, including the spatial resolution of Raman
mapping.g_1

Ill. CONVENTIONAL THEORY APPLIED TO TERS
SYSTEM

The schematic configuration of the TERS system used to point-
by-point map the Raman image of a single H2TBPP organic
molecule adsorbed on Ag(111) surface is illustrated in Figure
la. We first use the three-dimensional finite-difference time-
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Figure 1. Local electric field profile in the gap region of TERS system
calculated by FDTD. (a) The schematic configuration of TERS system
used for Raman mapping of molecule. The radius of the tip head is 25
nm, the gap between the tip head with the substrate is 2 nm, the
excitation light is at wavelength 532 nm, incidence angle 60°, and p-
polarization. The intensity profile of local electric field as calculated by
3D FDTD method is displayed within the gap, showing a highly
localized “hot spot” centered right below the tip apex. (b) 1D profile of
electric field intensity versus the horizontal x-axis coordinate at the
middle of the gap, where the tip apex is located at x = 0 nm. The fwhm
of the gap mode “hot spot” is about 11 nm.

domain (3D FDTD) method to simulate the local electric field
intensity profile of nanogap plasmonic mode excited by a p-
polarized incident plane-wave light. A strong enhancement of
electric field is seen clearly in Figure 1b, which corresponds to
the existence of a “hot spot” located within the nanogap. The
full-width at half-maximum (fwhm) of the plasmonic “hot spot”
is about 11 nm, which is substantially larger than the lateral size
of the H2TBPP molecule (~2 nm).

According to the conventional plasmon enhanced Raman
scattering theory, a molecule located in the vicinity of
plasmonic nanostructures will be excited by strongly enhanced
local electric field E(r,, @), which has an amplitude
enhancement factor fi(@) =E(r,, ®)I/IEy(ry, @)l over the
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incident field Ey(r,, ®), and jump from its ground level to
higher intermediate quantum states with greatly increased
transition probability. Then the molecule subsequently makes
spontaneous transitions from these intermediate excited states
to lower Stokes or anti-Stokes levels. The emitted photon at
frequency wy will be scattered away by the plasmonic
nanostructures to far-field region with a great enhancement
factor defined as f,(wg) =IE(ry, @p)l/1Ey(r, ®p)l, where E(r,
wg) and Ey(r., wg) are the far-field radiation of molecule
(modeled as an electric dipole) with and without the assistance
of plasmonic nanostructures. Thus, the Raman enhancement in
TERS and SERS involves contribution from excitation
enhancement and radiation enhancement. As both factors are
approximately equal to the enhancement factor of local field
intensity [E(ry, ®)P*/IEo(ry, ®)I%, altogether the Raman signal
enhancement factor is given by

G(r) = [fl(w)]z X [fz(wR)]z ~ [E(xy, a))|4/|E0(r0, w)l*
(3.1)

The strong enhancement and tight localization of nanogap
plasmonic mode naturally bring even more drastic enhance-
ment of Raman signal. Besides, the Raman signal is highly
sensitive to the gap mode profile and decays drastically when
leaving the center of the hot spot. Numerical simulation based
on eq 3.1 reveals the spatial resolution (defined as the fwhm) of
Raman mapping is about 7.2 nm (Figure 4b). This value is
much larger than the lateral scale of the H2TBPP molecule. It is
thus expected that TERS should not be able to resolve a single
H2TBPP molecule, not to say its internal subtle structure such
as the central molecular skeleton. Such a prediction made by
the conventional Raman scattering theory obviously is at odd
with the experimental observation reported in ref 11, which
clearly illustrated subnanometer lateral spatial resolution in
TERS sufficient to map the internal structure of the H2TBPP
molecular skeleton. How to bridge the huge theory-experiment
gap in the TERS mapping, which is sub-10 nm versus
subnanometer? There must be something critical missing in
the conventional Raman scattering theory in application to the
current TERS system and the mysterious observation.

IV. THEORY FOR RAMAN ENHANCEMENT
CONSIDERING MOLECULE SELF-INTERACTION

Before we go into the details for constructing a new Raman
scattering theory that can fully account for the major physics of
Raman processes involved in the UHV-TERS system, we stress
here (although it is not a naive thing) that the conventional
theory for Raman enhancement as discussed in section II only
considers the influence of plasmonic nanostructure neighboring
or surrounding a molecule upon the incident field (excitation
enhancement) and the radiation power of the molecule
(radiation enhancement). The molecule itself only serves as a
passive probe to sense and apperceive the local field intensity.
The counteractive influence of the molecule itself upon the
surrounding electric field environment has been completely
neglected, perhaps because so far this thing has not been
recognized by the SERS and TERS community over the last
five decades. We will make a thorough analysis over this brand
new unknown territory of Raman scattering physics and
chemistry. The result will show that the molecule itself can
impose a tremendous counteractive influence over its electro-
magnetic environment at nanoscale through electromagnetic
near-field self-interaction in both the excitation and radiation
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enhancement processes, and this has a pivotal implication and
meaning for the spatial resolution of Raman mapping via a
TERS system.

As mentioned above, the molecule has a Raman tensor
connecting the excitation light at frequency @ and the Stokes or
anti-Stokes scattering light at frequency wg. When the molecule
size is comparable to the gap size and the distance to the metal
surface, its scattering to the light within small gap is so strong
that we have to consider the molecule response to the
excitation electric field and the Stokes (anti-Stokes) electric
field. This is called the electromagnetic self-interaction process
of the molecule, which can be characterized as the
phenomenological parameter of electric polarizability S(w)
under the dipole approximation, namely p(r, ®) = f(@)E(r,,
).

According to the traditional spontaneous Raman enhance-
ment theory described in the last section, we can also attribute
the overall contribution upon the modification of molecule
polarization to the excitation and radiation process separately.
First, in the excitation process the near-field self-interaction of
molecule with its environment is characterized by the
modification of molecule to the local field. This self-interaction
is via the elastic scattering of molecule upon light (either the
direct incident light or scattering light) impinging on it. In
correspondence to eq 2.1, the new local field could be
expressed as

E(ry @) = Eo(ry, ) + E((ry, ) + E,, (1, ») (4.1)
where E, ; (r,, ®) is the radiation field by the induced dipole
p(ro, @) at the excitation wavelength of the molecule. It will be
scattered and modified by the surrounding nanostructure and
its quantity will be determined self-consistently in a way that
will be described later on in this section.

In the radiation process the self-interaction of molecule can
also be characterized by the modification to the induced dipole
radiating at wg. The new radiation filed in the far-field Raman
signal detection region could be expressed as

2
[] o
E(r,, wg) = S_JZZG(rN’ 1o)-[1(xy, @g) + p’(ry g)]
0

2
w - o
=£_IZZ[G0(1'°°; ro) + Gs(l‘m, ro)]'[ﬂ(rof Q)R) + P/(ro’ wR)]
0

(42)

where p'(r,, wg) is the modified induced dipole.

As the wavelength of both the excitation and Raman
scattering radiation is much larger than the size we care
about in the TERS system (including the molecular size, the
gap size, and the molecule to substrate and tip surface
distances), we can utilize the quasi-electrostatic approximation
to describe this near-field self-interaction of molecule with its
environment. We could use the method of image in
electrostatics to calculate the above modification quantity.*

First, E,, . (r, @) could be considered as the local field
generated by a set of image dipoles of the induced dipole p(r,,
o) relative to the silver substrate and tip. Simply speaking, the
silver substrate influence to the molecule near-field radiation is
approximately (but with sufficiently high accuracy) described
by the radiation from an image dipole p;,,(r;, @) located in
the image position of r;, and the silver tip influence to the
molecule near-field radiation is approximately (but with
sufficiently high accuracy) described by the radiation from
another image dipole pimug,Z(r21 o) located in the image position
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of r,. The substrate and tip influences to these two secondary
image dipoles can be further described by more secondary
image dipoles pimagi(r,-, ®) located in the image position of r,.
The quantity of these image dipoles, their positions, and their
influences can all be calculated analytically.> A typical example
is depicted in Figure 2.

550.0

412.5

75.0

V4 137.5

.000

Figure 2. Electromagnetic self-interaction of molecule (modeled as a
dipole) within the Ag tip—substrate nanogap. The position and
polarization of a series of image dipole are illustrated when the
molecule is at S nm lateral displacement away from the tip apex and at
1 nm vertical displacement from the substrate. The highly localized
“hot spot” around the nanogap is also shown.

Under this image dipole methodology, the overall modified
near field could be expressed as
2
0]
Em,s(rOI a)) = Z 2

, €0C2 Go(ro’ Ly a)).Pimage,i(ri’ w) (43)

where

Pimage,i(ri’ w) = Mi.P(rO’ CU) (4.4)
and f’[i are the image matrix that describes the polarization,
amplitude and phase change of each image dipole. As has been
said above, the overall induced dipole of molecule is
proportional to the overall local field, namely

p(xy @) = f(@)E(xy, @) (4.5)
As the local field and the induced dipole are interrelated, we
can use the self-consistent method that has been extensively

used in near-filed optics.>’ ~>* By substituting eqs 4.1, 4.3, and
4.4 into eq 4.5, we can get

p(ry @) = ﬁ(w)l:Eo(rOr o) + E(r, o)

2
(O o
* 2 £,c* Go(xo, 1, @)M;-p(ry, a))]

0 (4.6)
From eq 4.6 we directly find
5 -1
o 0 o .
P(rm a)) = ﬂ(w)ll'ﬂ(w) Z ?Go(rm r, w)M;|
i 0
'[Eo(ro; o) + Es(ro; )] (4.7)

Here ? is the unit matrix. According to eq 4.5, the
corresponding effective local field is given by

R -1
Ey p(ry @) = [Y—ﬁ(w) Z %éo(ro» r; w)ﬂtl [Eo(ry, @) + E((ry, w)]
i 0

-1
2
° o - o
= ll'ﬂ(w) Z _8 2 Go(ry 1, W)Mi] ‘E(ry, o)
i 0

The denotation [...]™" in eqs 4.7 and 4.8 means matrix
inversion operation. Comparing eq 4.8 with eq 2.1, the new
local field Eyy (r,, ®) when considering the near-field self-
interaction of molecule with its plasmonic environment in the
Raman excitation process is now subject to a modification
factor over the original local field E(r,, @) without considering
this effect. The modification factor is described by the following
second rank tensor:

-1
2
. o 0] - .
g,(ry ) = [I-ﬁ(w)—g 2 Z Gy(ry, 1, w)Ml]
0 i

(4.9)

Generally the quantity of the modification factor is
proportional to the trace of the matrix, which means that the
near-field self-interaction modification factor is given by

| RN
gl(ro, ) = |Ey g(ry, w)l/‘E(rOI a))‘ ~ gTr[gl(ro; w)]
(4.10)

(4.8)

Now we turn to the Raman radiation process. Following a
very similar physical argument and mathematical derivation
procedure, we also have

P/(l'oy CUR) = ﬂ(a)R)E(rO, CUR) (4.11)

According to eq 4.2 the local field at the Raman radiation
frequency could be expressed as

2
R =
E(ry wg) = E—IZZG(I‘O’ ry, wg)-[p(xy wg) + p’(ry wp)]
0
2
Wp - <, ’
= g—chs(ro; 1y, wp)- [ty wp) + p'(ry wp)]
0
(4.12)
The image dipole method under the quasi-electrostatic

approximation model can also enable the local field calculation
similar to the case of excitation process. We can write directly
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és(l'w ry, @g)p’ (1, wg)

= Z ao(rO! L, wR)'P/image,i(ri) wR)

2
2 [G (1'0) Ty a)R) ﬂ(rO) (UR)
€

p'(ry, wg) = ﬂ(wR)

' (4.13) + Z 60(1‘0, r, wR)ﬂ,i'P,(rO; C‘)R)]
and i (4.15)
P,imuge,i(ri’ wg) = Mli'Pl(ro; wg) (4.14)
By the self-consistent approach we can get from eqs
4.12—4.14 the following formula which directly yields
5 -1
wp”| < o
p'(ry, wg) = ﬂ(wR) . l ﬁ(a)R) Z Go(l'o; r; wR)M/] [G(xy, 1y, @g) p(xy, )]
g’ g B
= ﬂ(wR)_Rz | ﬁ(wR)_Rz Z Go(l'o; L, CUR)M,,' '[G(l'o; Ty, a)R)~ﬂ(r0, CUR)]
€ot & (4.16)
According to eq 4.5, the local field related with this induced
polarization in the Raman radiation process is
g’ R’ N
EN,R(rOr wg) = —R2 I- ﬁ(a)R)—Rz z Go(ro 1, 0p)M'; | [G(xy, 1y, @g)-p(xy @y)]
£4C Ec” 5 (4.17)

From eq 4.2 we can find that the total induced dipole is

—1
2
o w o -
Ry r (rgy wg) = ll - Plwg) 8R2 z ) Gy(ry 1, CUR)M,I']
o¢ i

pu(xy, wp) (4.18)

and the far field of Raman radiation is given by

2
Wy o
E(r,, og) = —RZG(roo, Iy wR)'ﬂN,R (ro wg)

£4C (4.19)

Comparing eqs 4.18 and 4.19 with eq 2.3, we can find that
there exists a modification factor for the Raman radiation
process that originates from the near-field self-interaction of
molecule with its plasmonic environment during this Raman
radiation process. Similar to the Raman excitation process, this
modification factor is also described by the following second
rank tensor:

—1

Z G,(ry 1, wp )M,
&C

gz(ro; wg) = I- ﬂ(wR)

(4.20)

The quantity of this modification factor, g(wyg), which is

defined as g(r,, @g) =lpyr(ro a)R)I/lﬂ(rO, wy)l, is also
proportional to the trace of the matrix gz(a)R), namely

gz(ro, wg) = |ﬂN’R (xg, wp)l/Iu(xy, op)!

1
~ —Tr(g
SUCKCN o)
Taking into account the above analysis of Raman excitation
and radiation processes and following the procedure to derive
eq 2.7, we can derive the following formula for the modified
overall Raman intensity enhancement factor when the near-

field self-interaction of the molecule with its electromagnetic
environment is fully considered:

_ g o)l _ B o)
G(ro) = I, (f @)l B, (5, )P

(A (@) x [g,(ry @)]* X [f, (@)

= Gg(w) X GE’S(rO, ) X Gylwg) X GR,S(rO’ wg)

Q

gz(l'o’ wR)]

= G(ry) X [GE,S(rOI w) X GR,s(ro; wp)]

(4.22)

For a usual Raman process the shift of Raman radiation
frequency wy, relative to the excitation frequency @ is small. As
a result, g,(ry, @) & g,(ro, wg) = g(ro, ®). In this situation, the
modified Raman signal enhancement factor is also approx-
imately equal to the fourth power of the ratio of the modified
local field Ey(r,, @) when considering the near-field self-
interaction effect of molecule with respect to the incident field
E,(r,, ®), which is

Gg(ry) = [Ex (x5, @)I*/IEy(xy, @)I*
= g*(ry, ®)IE(xy, @)I*/IEy(x,, 0)I* (4.23)

In the above, we have adopted a spherical-tip flat-surface
model to describe the TERS geometric configuration, from
which the near-field self-interaction of the molecule with its
environment is calculated analytically by a multiple-image
dipole theory. Yet, the concept of near-field self-interaction is
applicable to any other geometric configuration in a wide range
of plasmon-molecule interaction problems including TERS,
SERS, and plasmon enhanced fluorescence. In these cases, the
near-field self-interaction of molecules can be written into the
following general form

§(r0) w) = [T-ﬂ(w)é(l‘o, Ty w)]_l (4.24)
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where a(ro, to, @) represents the near-field self-interaction of
the molecule with its environment. The exact form and
magnitude of G(r, ry, ®) usually request extensive numerical
simulations.

The above discussions more or less focus on the
mathematical formalism of the new Raman scattering theory
associated with the UHV-TERS system. In the following we
further present a more comprehensive discussion on the
physical mechanism involved in the molecular self-interaction
in TERS, with a hope to offer an easy-to-understand general
physical picture about the puzzling problem of subnanometer
resolution in Raman mapping. As is well-known, light-matter
interaction in plasmonic nanostructures involves two aspects.
On the one hand, many plasmonic nanostructures, such as
nanoantenna and nanogap could generate huge field enhance-
ment and large photon density of states to have large impact on
matter, for instance, greatly enhance Raman, fluorescence,
nonlinear optical and other types of light-matter interaction.
On the other hand, matter could counteract and have impact
on the optical field in plasmonic nanostructures. For example,
the SPR effect is sensitive to the tiny refractive index change of
surrounding environment, leading to prominent effects like
shift in the SPR peak, which could be used to build highly
sensitive biochemical sensors.>*** Careful analysis indicates that
both aspects of light-matter interaction are present in the TERS
system under study and could play a critical role in achieving
huge Raman scattering enhancement and high spatial resolution
simultaneously. Thus, it is necessary to consider the
complicated near-field self-interaction of molecules with its
plasmonic nanostructure environment.

In our new theory, there exist two modification factors
induced by the near-field self-interaction of the molecule with
its plasmonic environment, one to the local field in the Raman
excitation process, and the other to the radiation dipole
moment in the Raman radiation process. For the sake of clarity
and convenience of imagination and thinking about the physics,
we schematically illustrate in Figure 3 the major physical picture
involved in the conventional Raman scattering theory and our
new Raman scattering theory. The similarity and difference of
the two theories can be seen clearly: eq 4.23 with eq 3.1 shows
that the new theory adds a supplemental term equal to the
fourth power of the near-field self-interaction modification
factor to the conventional Raman enhancement factor. A plenty
of new physics are involved in this theory. In the traditional
Raman scattering theory, the molecule is purely passive in both
the excitation and radiation processes as it does not change the
properties of its plasmonic environment. In contrast, in the new
theory, the molecule not only probes the local electric field
shaped by its plasmonic environment in both the excitation and
radiation processes, but also change the properties of such a
plasmonic environment via elastic scattering so that it is
different from a bare environment without the molecule.
Besides, such a change will inversely counteract upon and
modify the Raman excitation and radiation processes. In some
sense, this is a highly nonlinear phenomenon. It will become
clear that the effect is dependent on the near-field self-
interaction strength, and will bring many new characteristics
including the subnanometer spatial resolution of TERS.

V. NEW RAMAN ENHANCEMENT THEORY APPLIED
TO TERS SYSTEM

For the UHV-TERS setup used in ref 11, the near-field self-
interaction modification factor g(r, @) is approximately

Tip T Tip

“m,s A

Substrate

.

Substrate

(;& 3

Substrate

Figure 3. Schematic diagram for normal spontaneous Raman
enhancement and molecule self-interaction assisted Raman enhance-
ment. (a) Excitation process of normal spontaneous Raman
enhancement, where the incident light is scattered by the Ag tip—
substrate gap to form highly localized plasmonic gap mode with greatly
enhanced electric field intensity. E, and E, (yellow arrows) are the
incident and scattering electric field at frequency @, summing up to the
local field E. (b) Excitation process of spontaneous Raman
enhancement when considering the molecule self-interaction with
the Ag tip—substrate gap through multiple elastic scattering (white
arrows, abbreviated by E.S.) for the incident light. E,,, is the modified
excitation field due to the E.S. mechanism and p is the induced dipole
moment describing the molecule response to the excitation light. (c)
Radiation process of normal spontaneous Raman enhancement, where
the Raman signal at frequency wy emitted by the molecule is scattered
by the Ag-substrate gap to have greatly enhanced far-field intensity.
Gyt and Gou (blue arrows) are the direct Raman radiation of
molecule (described by the dipole moment ) and greatly enhanced
scattering Raman radiation by the tip—substrate gap, where G, and G,
are free-space and scattering dyadic Green’s function. (d) Radiation
process of spontaneous Raman enhancement when considering the
molecule self-interaction with the Ag tip—substrate gap through
multiple elastic scattering for the Raman radiation signal. The multiple
E.S. mechanism (white arrows) strongly modifies the molecule dipole
moment to a value fiyg.

described by interaction of the molecule dipole with its image
dipoles with respect to the flat Ag substrate and the Ag tip, as
well as interaction among the image dipoles, reflecting the
multiple elastic scattering of molecule radiation within the deep
subwavelength nanogap region. Several factors are involved in
the UHV-TERS setup to enhance the molecule near-field self-
interaction modification factor g(r, ®). First, the H2TBPP
organic molecule has a linear size in the order of 1—2 nm so
that its polarizability f(w) is on a sufficiently large level.
Second, the Raman radiation of molecule is resonantly excited
by light with wavelength matched well with the direct Raman
transition band, and this further greatly increases the molecular
polarizability f(w). Third, the width of Ag-substrate Ag-tip
nanogap is in the order of several nanometers so that the
molecule distance to the nanogap lower and upper surface is
both in the order of 1—2 nm and comparable to the molecule
size. Thig makes the near-field dipole—dipole interaction
strength G(ry, ro, @) (inversely proportional to the third
power of dipole—dipole distance) to take a high level. Finally,
as the molecule is placed within the nanogap, its radiation is
subject to an efficient multiple reflection effect and the
molecule dipole can interact with all of its image dipoles for
many times, which further greatly enhances the near-field self-
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interaction strength (namely, dipole-image dipole interaction)
described by G(r,, 5, ®). Considering all these factors, the
near-field self-interaction term B(w)G(ry, 1o, @) can have a
magnitude close to 1, and thus g(r,, ®) has a magnitude much
larger than 1. This means that the near-field self-interaction of a
large-size Raman resonant molecule with its plasmonic
environment can become very significant and cannot be
neglected, which is just the situation in the UHV-TERS
Raman mapping experiment in ref 11. In such a situation, the
traditional SERS and TERS theory as described in eq 3.1 is no
longer accurate and must be subject to a significant
modification as described in eq 4.23.

Further notes can be made for the usual SERS and TERS
experiments involving small molecules such as Rhodamine 6G
(Rh6G). These small molecules have a size far below one
nanometer and a very small polarizability in the order of 1 atom
unit, ie., 1.65 X 10™% C-m?/V. In a usual TERS setup, the
nanogap width is 1 order of magnitude larger than the molecule
size. As a result, the near-field self-interaction term f(w)G(r,,
ro, @) has a magnitude far below 1, and thus, g(ry, @) has a
magnitude close to 1. This means that the self-interaction of a
usual small molecule with its plasmonic environment is very
small and can be neglected. In these situations, the traditional
SERS and TERS theory hold with high accuracy.

Because of the strong self-interaction of molecule with its
environment of plasmonic resonant nanocavity, the modifica-
tion factor is very sensitive to the overall geometric
configuration and physical constitution of the strongly coupled
nanosystem of metal nanogap and molecule. One significant
thing is that the molecule itself is an indispensible part of the
coupled system, therefore, any change to the molecule should
change the property of the coupled system. This change should
include the spatial location shift of molecule relative to the
metal nanogap along both the horizontal and vertical directions
in the geometric configuration. This geometric change will
induce significant change to the Raman scattering intensity of
molecule, and this is the physical origin of ultrahigh sensitivity
of Raman signal to the TERS tip scanning position and the
corresponding subnanometer spatial resolution in Raman
mapping. This conclusion can also be made based on a more
mathematical argument. Note that when the near-field self-
interaction term S(@)G(r, 1o @) is close to 1 in magnitude,
the modification factor g(r,, @) can be highly nonlinear with
respect to the molecule position r, leading to ultrahigh
sensitivity of Raman signal upon the relative position of
molecule to the metal nanogap, namely the Ag tip.

The above theoretical analysis is largely qualitative. The next
step is to estimate quantitatively to what extent the physical
mechanism of significant near-field self-interaction can enhance
the sensitivity and spatial resolution of Raman mapping by
using UHV-TERS setup. The first important parameter that
needs to establish is the molecule polarizability. Here the
Clausius—Mossotti relation™ is used to estimate the parameter.
Assume that the molecules form a macroscopic perfect,
homogeneous and isotropic dielectric with the constant about
€ = 3, and the average volume of one molecule is about the
value of a sphere of radius r,, = 1 nm due to its big atomic
number. Then the polarizability of single molecule is about
B(w) = 4ney(e — 1)/(e + 2)r,> = 0.45 X 1077 C-m?*/V). Yet,
the precise value of this molecular polarizability depends on
several factors, such as the excitation wavelength and the
orientation angle of the molecule skeleton. The second
important parameter is the lateral and longitudinal position of

the molecule relative to the TERS tip, denoted as x, and d|.
After these parameters are established, the near-field self-
interaction modified Raman signal as a function of the molecule
lateral displacement with respect to the Ag tip can be calculated
to reveal the spatial resolution of Raman mapping.

The calculation for the Raman signal from the hybrid system
including the Ag tip—substrate nanogap and molecule starts
from determination of the unmodified local field profile by
using the 3D FDTD method, which has been displayed in
Figure 1. Then the unmodified and modified Raman scattering
theory are adopted to calculate the Raman signal without and
with consideration the near-field self-interaction of molecule
with its plasmonic environment, respectively. A typical result is
displayed in Figure 4 for f = 0.45 X 1077 C-m*/V) and d, =
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Figure 4. Local field profile and Raman signal when considering the
electromagnetic self-interaction of molecule with the tip and substrate.
(a) Calculated intensity profile of local field confined within the gap
involving the molecule in self-interaction via multiple elastic scattering
with the Ag tip—substrate gap. The molecular polarizability is § = 0.45
x 107% C-mZ/V), the lateral and longitudinal displacement of
molecule to substrate are xy = 0 nm and d; = 1.4 nm. The fwhm of the
“hot spot” is about 1.3 nm. (b) Raman signal intensity versus the
lateral displacement of molecule x,, as predicted by the unmodified
(red) and modified (black) theory. The fwhm of the Raman signal is
7.2 and 2.2 nm for the unmodified and modified theory, respectively.

1.4 nm. Figure 4a clearly shows that the strong self-interaction
would significantly reduce the “hot spot” size to about 1.3 nm,
1 order of magnitude smaller than the value without self-
interaction (11 nm). As a result, the resolution of Raman
mapping, which is assumed to equal the fwhm of the Raman
response curve, can reach 2.2 nm, more than 3 times smaller
than the unmodified value of 7.2 nm.

The above result has indicated the formation of “super-hot
spot” due to strong coupling of the molecule with the tip—
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Figure S. “Super-hot spot” formation and ultrahigh resolution in Raman mapping. (a) Local field intensity versus the horizontal coordinate-x as
calculated by modified theory and 3D FDTD method for different lateral displacement of molecule (the molecular polarizability is = 0.45 X 107’
C-m?/V), the lateral and longitudinal displacement of molecule to substrate are x, = 0 nm and d; = 1.0 nm). The dashed black curve represents the
unmodified local field calculated by 3D FDTD method. (b) Local field intensity versus the horizontal coordinate-x as calculated by 3D FDTD
method for different lateral displacement of molecule (the molecule is modeled by a dielectric sphere with radius 1 nm, relative dielectric constant 3,
the lateral and longitudinal displacement of sphere to substrate are x, = 0 nm and d; = 1.0 nm). (c) Raman mapping resolution at different values of
the longitudinal displacement of molecule to the substrate d; and molecular polarizability £. (d) Local field intensity versus the lateral displacement
of molecule at # = 0.2 X 107 C-m?/V and d; = 1.6 nm. The insert figure is the corresponding Raman intensity versus the lateral displacement,

showing the fwhm of Raman signal (equal to the resolution) of 0.9 nm.

substrate nanogap and this “super-hot spot” is responsible for
the much improved Raman mapping resolution. On the other
hand, the property of the “super-hot spot” could be dependent
on the relative position (longitudinal and lateral) of the
molecule with respect to the tip apex. This feature is
investigated in details by using the modified self-interaction
theory. The result of local field intensity profile at each value of
molecule lateral displacement, i.e., x,, is displayed in Figure Sa.
The molecule is excited at 532 nm and located at d; = 1 nm. To
confirm the accuracy of the theoretical result, the 3D FDTD
method is also used to reexamine the problem by modeling the
molecule as a dielectric sphere with radius 1 nm and relative
dielectric constant 3. The numerical result is displayed in Figure
Sb, which agrees well with the theoretical result in regard to the
line-shape of the curve and the peak intensity and position. For
the sake of comparison, the unmodified local field intensity
profile without considering self-interaction is also plotted in
Figure S, parts a and b. At x, = 0, the “super-hot spot” has the
greatest enhancement and narrowest line width. When x,
increases, the self-interaction induced field profile curve gets
lower and wider, as a result of which the Raman mapping
resolution does not obey the relation predicted by the
conventional theory that the Raman mapping resolution is
about half the “super-hot spot” size. Such a situation has already
been illustrated in Figure 3.

A systematic exploration on the key issue of Raman mapping
resolution is made in a broad space of parameters # and d, by
using the trusty self-interaction modified theory, and the
calculation results are summarized in Figure Sc. A significant
point is that in some certain parameter space where the
molecule is closer to the tip than to the substrate, the Raman
mapping resolution could be below 1 nm. A typical example is
illustrated in Figure S5d, where the “super-hot spot” field
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intensity profile at various values of the lateral displacement of
molecule are displayed. Here the molecule polarizability is at a
modest value of f = 0.2 X 107 C-m?/V and located at the
position of d; = 1.6 nm. Note that this molecule polarizability is
substantially smaller than the value estimated for a sphere 1 nm
at radius, f = 0.45 X 107> C-m?/V, and is closer to the value of
flat H2TBBP molecule which has a horizontal scale of ~2 nm
and vertical scale of below 1 nm. At x, = 0, the “super-hot spot”
has the greatest enhancement factor in peak intensity of 3600
and the narrowest line width of 0.8 nm, which are 72 times
larger and 13 times smaller respectively than the corresponding
values for the bare “hot spot” in Figure 1 without considering
molecule self-interaction. Remarkably, the peak intensity of the
“super-hot spot” rapidly decays down to about '/, when x
increases to 1 nm. The decay is much more violent than the
situation at Figure S, parts a and b, which indicates that the
Raman signal could be highly sensitive to the molecule lateral
displacement leading to an ultrahigh spatial resolution in
Raman mapping. Subsequent calculation based on the self-
interaction modified theory is made and the result is displayed
in the inset of Figure Sd. The Raman signal response curve has
a fwhm of 0.9 nm, which implies a 0.9 nm resolution in Raman
mapping, justifying the above expectation. Further calculation
shows that this resolution is fine enough to discriminate two
identical molecules 1 nm in lateral distance by Raman mapping
(Figure 6).

VI. ESTIMATE OF NEAR-FIELD SELF-INTERACTION
CONTRIBUTION TO RAMAN ENHANCEMENT

In the last few sections, we have developed a new optical theory
of Raman scattering of molecules interacting not only with the
incident light, which is subject to great enhancement in both
Raman excitation and radiation strengths, but also with its
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Figure 6. Raman mapping of two molecules in the TERS system.
Calculated Raman intensity versus the horizontal coordinate-x for two
identical molecules in lateral distance of 1 nm. Both molecules have
polarizability # = 0.2 X 107 C-m?/V) and they are located d; = 1.6
nm above the Ag substrate. The result is calculated by the modified
theory considering molecule self-interaction. The two molecules are
discernible by the Raman mapping.

complex near-field self-interaction with the plasmonic nano-
structure environment. According to our numerical simulations,

o, 1 o
Go("o; I, CO) = [FVV + I]G

0

O(r()) r, Cl)) =

the new theory applied to TERS system can well explain the
experimental observation of subnanometer spatial resolution in
Raman mapping. In this section we further present an analysis
to estimate the near-field self-interaction contribution to Raman
scattering, in order to better understand the new Raman
scattering theory associated with various TERS systems under a
broad range of geometric parameters and operational
conditions.

The new theory involves contributions from two new
modification factors g,(r,, @) and g,(r,, @g), in addition to
the factors described by the traditional Raman scattering
theory. It is thus pivotal to make deep quantitative analyses on
the roles played by these modification factors on our current
problem of subnanometer resolution in the Raman mapping
using TERS, among which their magnitude and spatial
sensitivity needs special attention.

Let us take a closer look at the nearfield self-interaction
modification- factor tensor g,(ro, ) = I — pw)(w*/ey*)
ZGO(VO, r, a))M] ! Let ky = w/c be the free-space
wavenumber, the free—space Green function Go(ro, r, @) is
given by
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Here in deriving the final equation of eq 6.1, we have adopted
the quasi-static approximation based on the fact that in the
deep-subwavelength near-field region, this model works very
well. The matrix B; reflects the orientation of near-field dipole
radiation, and its magnitude is in the order of the unit matrix L
We can see that in the deep-subwavelength near-field region,
the free—space Green function is inversely proportional to
cubic power of the dipole-image dipole distance Ir, — rl.
Now let us look at the matrix M;, which is a tensor describing
the self-interaction of the molecule dipole with either the lower-
side flat Ag substrate or the upper-side Ag curved tip modeled
by a Ag sphere. In the deep-subwavelength near-field region,
this self-interaction effect can be approximated with high
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accuracy by interaction of the dipole with an image dipole
located either within the substrate or within the spherical tip.
As a result, M; are called image matrix. According to refs 32 and
33, we can get the explicit analytical form of this image matrix.
The recursion relation for the image matrix relative to the
lower-side flat substrate is M = (e, — 1)/(&,, + 1)) (—n,n,

, + nn )M, p with n,, n, and n, being the three unit vectors
1n the Cartesian coordmates relatwe to the metal substrate.
Similarly, the image matrix relative to the upper-side metal
sphere has a recursion relation as M; = ((e,, — 1)/(e, +
1)) (—ngny — i hg, + 11 )Mx 1 by referrmg to the semi-infinite
dielectric and the conductmg sphere. ng, n,,, and n, are the three
unit vectors in the spherical coordinates relatlve to the metal
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sphere. In wave optics, the image matrices just represent the
reflection of dipole radiation from the flat Ag substrate and
curved Ag sphere. As we have seen in section II, these radiation
fields are subject to multiple reflection within the gap by the
lower and upper Ag-air interfaces, leading to the existence of a
series of image dipoles and image matrices. Although the
magnityde of each image matrix M; is in the order of unit
matrix I, all these image matrices that represent the interaction
among these image dipoles could sum up to a significant
magnitude, and in some special situations could trigger
resonance interaction of the molecule dipole with its plasmonic
environment, namely the lower and upper Ag substrates.

The final factor is the molecular polarizability, (@), which
relates the molecule dipole moment p with the excitation
electric field by p = f(@)E. Basically, this factor is proportional
to the volume of the molecule V,, in the macroscopic aspect
and the dipole transition probability denoted as d,, (usually
with a magnitude in the order of 1, unless at condition of
Raman resonance) between lower and upper molecule
quantum states in the microscopic aspect. The molecule
volume V,, is related with its linear size r,, via V,, = 4z’ /3.
Therefore, f(w) ~ 4neyrid,/3.

Now the near-field self-interaction modification-factor tensor
is approximately written as

d 3 okl -1

P t, o o
I—?’”Zm—BiMi

g (r, w) =
gl( 0. ) - |r0 _ ri|3 (62)

Equation 6.2 tells us many things. Note that for a usual small
molecule, the size is below one nanometer, and the
polarizability is always very small and is in the order of au =
1.648777 X 10~+ C-mZ/V). When this molecule is placed close
to usual plasmonic nanostructures, the distance of the molecule
to the surface is in the order of several nanometers or more, 1
order of magnitude larger than the molecule linear size. Besides,
the molecule radiation interacts with the plasmonic nanostruc-
ture only onge. As a result, the term (d,/3) X((r, e = /(1
ro — 1 ))BM has a magnitude far below 1, and thus g, (ro, @)
has a magnitude close to 1. This means that the self-interaction
of a usual small molecule with its plasmonic environment is
very small and can be neglected. In these situations, the
traditional SERS and TERS theory hold with high accuracy.

It can also be clear from eq 6.2 what can be done to greatly
enhance the molecule near-field self-interaction modification
factor, g,(ro, @) ~ (1/3)Tr[g,(r,, ®)]. Several schemes can be
adopted to achieve this. First, increase the molecule size r,, and
make the molecule very close to the metal surface so that r,, is
comparable with the dipole-image dipole distance lr, — /.
Second, increase the molecule dipole transition probability d,
for instance by adopting the condition of Raman resonance.
Third, increase the number of image dipoles with non-
negligible contribution, for instance by adopting a plasmonic
resonant cavity nanostructure with efficient multiple reflection
effects, so as to make the overall self-interaction much larger
than a single dipole-image dipole interaction.

When all the enhancement schemes are involved within a
single system, their contributions can be summed up to a large
magnitude. This is just the situation in the current UHV-TERS
Raman mapping experiment by Dong and co-workers, i
which the H2TBPP organic molecule has a linear size in the
order of 1—2 nm, it is placed within the Ag-substrate Ag-tip
nanogap so that its radiation is subject to an efficient multiple
reflection effect. Besides, the gap is on the order of several

nanometers, so that the molecule distances to the lower and
upper surface are both on the order of 1—2 nm. In addition, the
Raman radiation of molecule is excited under the resonance
condition in which the excitation wavelength matches well with
the direct Raman transition band instead of the usual transition
assisted by virtual photons. Considering all_these factors, the
term (d,/3) Y((r,e® =™ /(lry, — rl ))BM can have a
magnitude close to 1, and thus gl(ro, ®) has a magnitude much
larger than 1. This means that the near-field self-interaction of a
large-size Raman resonant molecule with its plasmonic
environment can be significant and cannot be neglected. In
the situation, the traditional SERS and TERS theory is no
longer accurate and must be subject to a significant
modification. Yet, the precise quantitative value of this near-
field self-interaction modification factor must be determined
numerically.

Because of the strong self-interaction of molecule with its
environment of plasmonic resonant nanocavity, the modifica-
tion factor should be very sensitive to the overall geometric
configuration and physical constitution of the strongly coupled
system of metal nanogap and molecule. One significant thing is
that the molecule itself is an indispensible part of the coupled
system, therefore, any change to the molecule should change
the property of the coupled system. This change should include
the spatial location shift of molecule relative to the metal
nanogap along both the horizontal and vertical directions in the
geometric configuration. This geometric change will induce a
significant change to the Raman scattering intensity of
molecule, and that is the physical origin of ultrahigh sensitivity
of Raman signal to the TERS tip scanning position and the
corresponding subnanometer spatial resolution in Raman
mapping. This conclusion can also be made based upon a
more mathematical argument Note that when the term (d,/
3)X((re™ =) /(Irg — # ))BM is close to 1 in magnitude,
the modification factor gl(ro, ®) and its magnitude g,(r,, @) =
(1/3)Tr[g;(ro ®)] can be highly nonlinear with respect to the
molecule position ry. And this leads to ultrahigh sensitivity of
Raman signal upon the relative position of molecule to the
metal nanogap, namely the Ag tip.

Now we can use this general physical picture to understand
the UHV-TERS system that we study in this work. The Ag tip
has a small curvature radius as 25 nm, thus when the tip is
displaced away from the center of the H2TBPP organic
molecule along the horizontal direction, the vertical distance of
the tip to the center of the molecule is increased, leading to an
increase in the distance between the molecular dipole with its
image dipoles inside the Ag tip and thus a significant reduction
in their interaction strengths as well as the magnitude of the
self-interaction modification factor g;(ro, @). This means that
the Raman signal would reach the maximum value when the Ag
tip is right at the top of the molecular center, and rapidly
reduces when the tip is displaced in the lateral direction from
the molecular center. As a result, the spatial resolution of
Raman mapping is much finer than the hot spot of nanogap
mode can support. Besides, notice that this reduction of self-
interaction strength would become more violent when the
molecule is vertically closer to the tip, because now the
molecule would sense a more curved surface of the tip and its
interaction with the image dipoles would change much rapidly
when the tip is laterally displaced. Therefore, the spatial
resolution of Raman mapping is increased in this situation. All
these qualitative arguments overall agree well with our
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quantitative numerical calculations as discussed in Figures 4
and S.

In the history of SERS, some authors have considered the
classic electromagnetic or quantum interaction between
molecule and metal nanostructures by using the similar
dipole-image dipole interaction model as our new Raman
theory."*"*%*” It was found that the modification for Raman
signal was tiny and negligible for a molecule above a flat metal
surface. We note that this observation is consistent with our
theoretical model. As the dipole and its image dipole only
interact once, the overall interaction strength is very small. Only
multiple interactions can sum up to induce considerable
modification effect. As a result, in some special plasmonic
nanostructures such as the current nanogap, this self-interaction
induced modification to Raman signal in both spectral and
spatial dependence must be accounted for. However, in many
other plasmonic nanostructures, such as those with an open
geometry, such a modification effect might be small and can be
neglected.

The final issue is about the validity of using classical
electrodynamics to handle the molecule interaction with the
plasmonic nanogap. We note that the dipole-image dipole
interaction model has long been popularly adopted in classical
electrodynamics and optics and it is indeed a good
approximation in describing molecular dipole radiation
influenced by a metal surface if the molecule is not directly
sitting on the surface, but has a distance so that the classical
electrodynamics model, in particular, assuming a sharp interface
between vacuum and metal surface can be applicable. This
distance could be as small as 0.3 nm (a size of several Ag atom
lattices). Beyond this distance, the quantum plasmonic effect
considering specific electronic structure of conduction electrons
in metal surface can be neglected.*®* In the TERS system
under study, the gap between Ag tip and Ag flat substrate is 2
nm, the molecule is in the middle of the gap, and the distance
of molecule with respect to the tip and substrate is beyond the
range that quantum plasmonics effect can play a key role.*>*”
Thus, the methodology of classical electrodynamics can be well
applicable.

VIl. CONCLUSION AND PERSPECTIVE

In summary, we have presented an optical theory of Raman
scattering to account for the spatial resolution of Raman
mapping against a molecule placed within a plasmonic nanogap
in a UHV-TERS system. This theory has fully considered the
near-field self-interaction of molecule with the plasmonic
nanogap in both the Raman excitation and radiation processes.
We have found that the strong plasmonic resonance effect in
the plamsonic nanogap would induce multiple elastic scattering
of the molecule upon the optical field of the gap mode. Because
the molecule has a size comparable with the nanogap distance,
this self-interaction effect can strongly modulates the Raman
excitation and radiation in both the signal intensity and spatial
sensitivity. The self-interaction strength can be large enough to
create a “super-hot spot” with a size on the order of nanometer
within the plasmonic nanogap. Besides, due to the self-
interaction, the molecule-nanogap has become a strongly
correlated nanosystem that involves an ultrastrong correlation
of Raman signal with the molecule-nanogap physical and
geometric configuration, where the molecule polarizability and
its lateral and longitudinal position are all key contributing
elements. This ultrastrong correlation between the Raman
signal intensity and the lateral position of molecule relative to

the tip has a direct consequence of ultrahigh lateral spatial
resolution of Raman mapping that is much finer than the “hot-
spot” size of the passive nanogap plasmonic mode. In short, the
subnanometer ultrahigh Raman mapping resolution observed in
refll can be attributed to the strong optical coupling of the
molecule with its plasmonic nanogap environment via multiple
elastic scattering. An optical theory of Raman scattering can
well explain the experimental observation, much the same as
the conventional optical theory of SERS can well explain and
predict Raman signal enhancement in numerous plasmonic
nanostructures.

Besides offering a good explanation on the experimental data,
our theoretical studies also raise some issues that are worth
mentioning. First, the highly sensitive Raman signal to the
molecule lateral and vertical position means that ultrahigh
stable molecule positioning is requested and thus UHV-TERS
system is necessary for reliable Raman mapping. Otherwise, any
displacement motion of molecule, e.g, thermal fluctuation
would make the Raman spectral imaging and mapping unstable
and unreliable. Second, the self-interaction optical theory not
only well explains the physical origin of subnanometer ultrahigh
Raman mapping resolution, but also reveals a new under-
standing of electromagnetic Raman enhancement mechanism.
In conventional Raman theory, the SPR induced local field
enhancement is the most important channel to enhance Raman
signal optically. Now, the self-interaction of molecule with its
plasmonic environment offers another major channel to
enhance Raman signal optically at the gap plasmons mode
with nanometer gap sizes. In Figure la, the normal theory
predicts a Raman enhancement factor of about 10*—10%;
however, in Figure 5d, the self-interaction greatly increases the
enhancement factor to about 10’—10% Obviously, this new
mechanism can be further explored in a plenty of SERS
substrates with an already sufficiently high enhancement factor
(10"°-10")***" for further pushing the upper detection limit
to the single molecule level (10'*—=10%). %520 Finally, our
theory and the associated physical picture of Raman scattering
might also suggest a possible routine to further enhance the
spatial resolution of Raman mapping by optimizing the
geometrical configurations and operational conditions of
UHV-TERS.

The new optical theory of Raman scattering constitutes a
good example showing how important it is to consider near-
field self-interaction of molecules with plasmonic nanostruc-
tures for drawing a complete and accurate physics picture of
nanoscale light-matter interaction both at the classical physics
and quantum physics level. The concept and methodology of
the theory can be straightforwardly extended to handle other
optical physical processes and could be helpful to have a deeper
understanding to a variety of phenomena such as SERS,
fluorescence enhancement and ultrahigh sensitivity biosensors.
The existence of “super-hot spot” originating from this near-
field self-interaction can make Raman and fluorescence signals
stronger and biosensor more sensitive than usually expected,
and help explore more powerful nanophotonic imaging,
emitting, and sensing technologies. We expect that the new
theory and the associated principle can become very helpful for
uncovering the full picture of light-matter interaction of atoms
and molecules with plasmonic nanostructures and explore
unknown frontiers of physics and chemistry at nanoscale.
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