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Abstract

With the precise control of spatially confined plasmon (SCP), tip-enhanced Raman

spectroscopy (TERS) has achieved sub-nanometer resolution, leading to the chem-

ical and physical characterization of the single molecule by optical Raman images.

In the high resolution TERS measurements, the SCP spatial distribution generates

the position-dependent Raman images. The position dependence challenges the

conventional response theory, because the assumption of interactions between the

molecule and the uniform electromagnetic field does not hold anymore. Moreover,

as an emerging technology, potential applications of high resolution TERS are re-

quired to be fully explored. In this thesis, the developed theory for modeling high

resolution Raman images is presented. By taking a series of typical molecular sys-

tems as examples, we theoretically predict some fine applications of single-molecule

TERS.

The first part of the thesis introduces the development of Raman spectroscopy

and images. To achieve the final target of single molecule characterization, high

spatial resolution single-molecule TERS is established and improved. As a non-

destructive measuring tool, Raman imaging technology offers the means to study

single molecules with unprecedented spatial resolution.

The high resolution Raman images theory with detailed derivations is given

in the second part of the thesis. The key factor is to take the inhomogeneous

spatial distribution of SCP field into account, when we construct the interaction

Hamiltonian between the localized light field and the molecule. This makes the

numerical simulations of Raman images feasible.

Other parts of the thesis give some theoretical predictions for potential appli-

cations of the emerging Raman imaging technology. Specifically, resonance Raman

images can visualize the geometric changes of a single molecule switch and the in-

tramolecular structure in real space. Since the localized plasmonic field can affect

the electron transition, the excited quantum states can thus be effectively manipu-

lated. This breaks down the intrinsic spatial selection rule imposed in conventional

spectra. In addition, an effective linear response algorithm is used to simulate non-

resonance Raman images. The unique superiority of spatial vibration resolution

from non-resonance cases provides rich information about the single molecule. By

constructing images from different vibrational modes, the spatial chemical distri-

bution within a single molecule can be visualized. All these findings will facilitate

fine applications of the emerging TERS technology in the coming years.
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Chapter 1

Introduction

The characterization of single molecular system is important in both the fun-

damental science and the rising nanotechnology. Some techniques like atomic force

microscope (AFM)2 and scanning tunneling microscopy (STM)1 have succeeded

in characterizing the surface topography and electronic states for single molecules,

but they fail to give chemical identifications in real space. In this context, as

a vibrational spectrum, Raman shows the potential ability to access the spatial

chemical distribution of the investigated molecular system. However, in order to

characterize a spatial single molecule, conventional Raman scattering is required

to overcome two limitations, i.e., weak intensity and low spatial resolution. The

former limit is solved by the surface-enhanced Raman spectroscopy (SERS)3–5,

where an enhancement factor (EF) of 1010-1014 in Raman scattering has been re-

ported. Nevertheless, SERS is restricted by the light diffraction limit and thus

cannot reach the single-molecule level spatial resolution. The further discovery

of tip-enhanced Raman spectroscopy (TERS),6–9 that combines the super high

spatial resolution of STM and the huge signal enhancement of SERS, eventually

opens a door to characterize individual molecular properties with spatial chemical

specificity.

TERS incorporates both the spectroscopy and microscopy techniques. In

a typical measurement, the investigated sample is scanned through moving the

probe and Raman scattering can be obtained from any scanning point. At each

scanning pixel, a full vibrational spectra for the molecule can be available. On

the other hand, one can choose a specific vibration mode to form a tip-enhanced

Raman image (abbreviated as Raman image hereafter), which provides real space

information of molecules that is associated with the selected vibration mode. As

a result, Raman imaging provides more information, such as chemical distribution

in real space by constructing a series of images from different vibrational modes.
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CHAPTER 1. INTRODUCTION

The key point to construct Raman imaging at single-molecule level is to

achieve subnanometer spatial resolution in TERS. With continuous efforts of re-

searchers, TERS spatial resolution is gradually increased. Now, the lateral resolu-

tion is well below 1 nm, which is sufficient to study most of the target molecules.10–19

To explain this amazing resolution, several theoretical considerations have been

proposed. The super high confinement of plasmonic field is expected to contribute

the single molecule TERS resolution. In this case, the theory for modeling molec-

ular Raman images that considers the plasmonic space locality should be estab-

lished. Besides, how to promote the emerging single-molecule TERS into practical

applications attracts lots of researches. Herein, this thesis illustrates the theory for

modeling high resolution single-molecule Raman images established by our group,

where the spatial distribution of plasmons has modified the Raman processes.

Based on this theory, some theoretical predictions of applications for molecular

Raman imaging technology are proposed.

1.1 Raman Spectroscopy and Images

Since TERS is a scattering process, the theoretical prediction20 of inelastic

scattering of light in 1923 would be considered as the foundation of TERS technol-

ogy. Then, Sir C. V. Raman first observed the scattering phenomenon for ordinary

light through the color changes in the scattered light.21 One year later, they showed

scattering spectra with several new bands appearing for liquid benzene, toluene,

carbon tetrachloride, etc.22 The energy differences between the incident light and

emergent scattered light reveal the vibrational energy for different molecules. This

provides a new means to detect and distinguish a series of molecules, taking ben-

zene and toluene molecules as an example (Figure 1.1). The existent scattering

phenomenon induced by interactions between light and molecule was named as

Raman effect after its discoverer, Sir C. V. Raman.

Raman spectroscopy has several advantages for analyzing molecular proper-

ties. Firstly, only monochromatic visible light is sufficient for Raman spectroscopy

to obtain all the “fingerprints” of the molecule. Secondly, Raman spectroscopy

can cover a long measurement range of 50-4000 cm−1 that involves the typical

vibration frequencies of molecules. Moreover, Raman provides a non-destructive

optical means to characterize molecular properties. However, early Raman spectra

have extremely weak sensitivity, which normally requires the sample to be highly

concentrated and large in volume. The insensitiveness made Raman spectroscopy

inapplicable to fulfill the single-molecule detection goal, which was inspired by

Richard Feynman’s famous speech23 in 1959, “there’s plenty of room at the bot-

2



1.1. RAMAN SPECTROSCOPY AND IMAGES

Figure 1.1: The scattering spectrograms of liquid benzene and toluene with

435.8 nm incident light, recorded by Raman and Krishnan in 1929. Reproduced

from Ref. 22. Copyright c©2017 Royal Society.

tom”. Although the appearance of the laser in 1960s facilitated a relatively high

sensitivity, conventional Raman spectroscopy technology still failed to reach the

ultimate goal, i.e., characterization of a single molecule. Generally, single-molecule

detection needs a 10−20 cm2·sr−1 cross section,24 in contrast to the representative

cross sections of non-resonance Raman spectroscopy (10−30 cm2·sr−1) and reso-

nance Raman spectroscopy (10−27 cm2·sr−1).25 Thus, a large EF (at least 107)

is necessary for conventional Raman spectroscopy to function at single-molecule

level.

To enhance the weak Raman spectra signal, SERS was created and developed.

In 1974, the first Raman spectra for pyridine adsorption on the silver electrode was

reported3. In 1977, the significantly improved sensitivity (around 105-106 enhance-

ment) in Raman spectroscopy was verified, through studying pyridine adsorbed on

the silver electrode.5 Thereout, the concept of SERS with remarkable enhanced

intensity contributed by surface enhancement effect was proposed. The break-

through in SERS sensitivity occurred in 1997, where single-molecule detection of

resonant dyes was reported by Nie and Emory26 and Kneipp27 et al. As shown in

3



CHAPTER 1. INTRODUCTION

Figure 1.2: SERS of the R6G molecule measured by the polarized laser focused

on two different oriented Ag nanoparticles. Insides are the expected orientations of

nanoparticles. Reprinted from Ref. 26. Copyright c©1997 American Association

for the Advancement of Science.

Figure 1.2, the Raman polarization measurement of two dimensionally orthogonal

nanoparticles proves that the observed SERS comes from an individual adsorbed

R6G molecule.26 In these single-molecule SERS (SMSERS) measurements, the EF

is estimated to be 1014 to 1015,26,27 which reaches the criterion of single molecule

detection.

The huge enhancement in SERS intensity is mainly attributed to two mech-

anisms: the electromagnetic (EM) and chemical enhancement (CE). When the

incident light shines on plasmonic nanoparticles, a localized surface plasmon reso-

nance (LSPR) phenomenon is induced. LSPR would then generate an intense EM

field that has an EF of 105-1010,28 which is responsible for the EM enhancement.

Besides the nanoparticle junction, EM enhancement also exists in an individual

nanoparticle with sharp features. For instance, the EF could reach 108 from the

sharp tip of the nanopyramid.29 Thus, the intense EM filed created by LSPR can

4



1.1. RAMAN SPECTROSCOPY AND IMAGES

also apply to TERS setup, although the TERS tip behaves like an individual en-

hancer. The CE mechanism normally contributes to the minor signal enhancement

with EF of 10 to 100. Two processes, namely, the charge transfer between surfaces

and molecules30 and the electronic restructure in molecular orbitals31 are respon-

sible for the CE mechanism. The Raman signal enhancement caused by EM and

CE mechanisms enables SERS to reach single-molecule sensitivity.

However, single molecule sensitivity is unequal to single molecule resolution.

SERS can not break spatial resolution limitation of optical measurements caused

by the diffraction limit. Consequently, a fine resolution of SERS could be around

200 nm (under the best circumstances, the spatial resolution could be about half

of the visible light wavelength),32 which is much lager than a single molecule in

size. This would lead to information loss in the case of imaging, such as losing the

molecular structure shape and spatial position. As a result, no one can really “see”

a single molecule through the SMSERS technology. Realizing SERS disadvantage,

how to dramatically improve the spatial resolution in Raman spectroscopy for

individual molecular characterization attracted lots of explorations.

On the other hand, the STM technology1 with a metal probe exhibited re-

markable spatial resolution for sample characterization in 1982. STM images for

isolated Cu-Phthalocyanine molecules on Cu surface were then demonstrated.33

Inspired by the STM high spatial resolution, the proposition of applying the STM

probe in optical characterization (such as Raman scattering) was first made by

Wessel in 1985.34 The proposed STM probe could amplify and confine the EM field

generated by incident light excitation into a small volume located in the sample-tip

junction. The probe introduction in SERS, now known as TERS, is promising to

characterize both chemical and physical properties for a single molecule. The ex-

perimental feasibility of TERS with a metal (metal-coated) tip was independently

proved by four groups in 2000.6–9 Once demonstrated, the TERS spatial resolu-

tion has already reached around 55 nm6 which is much superior than that of SERS

(200 nm). After that, the spatial resolution of TERS technology experienced a sig-

nificant improvement,35–37 as shown in Figure 1.3, where the corresponding Raman

images could show sample shapes and spatial positions in tens of nanometers.

For TERS, the fundamental experimental setup and schematic illustration

can be seen in Figure 1.4. TERS is usually based on STM or AFM, the scanning

probe microscopy (SPM) tip (commonly the metal or metal-coated STM and AFM

tips) works as an analog to the nanostructure enhancer of SERS. When the laser

illuminates the apex of the tip, it excites LSPR that creates intense and confined

EM field. And if the probe moves close to the substrate (around 1 to 2 nm

distance), the tip-substrate gap effect could further increase the intensity and

5



CHAPTER 1. INTRODUCTION

Figure 1.3: The continuous improvement of TERS spatial resolution in its early

stage (before 2010). Reproduced from Ref. 6,35–37. Copyright c©2000 Elsevier

Science B.V., c©2003 American Physical Society, c©2008 American Physical So-

ciety, c©2009 American Physical Society, respectively.

confine this EM filed. In terms of sensitivity, similar to SERS, the Raman signal

enhancement for TERS is primarily contributed by EM and CE mechanisms. A

single-molecule sensitivity with EF of 107 has been reached in TERS.38,39 When it

comes to the TERS spatial resolution, although the laser illuminates a large area,

the enhanced EM field could be highly confined in the tip-substrate gap. The

confinement is significantly influenced by the size and shape of tip apex. In fact,

recent years lots of studies have exhibited a much better spatial resolution than

the tip apex size (approximately 10 to 50 nm). This stars a new era of the super

high resolution TERS study on single-molecule.

1.2 High Resolution Single-Molecule TERS

In 2013, Dong’s group exhibited an unprecedented TERS spatial resolution.

In the experiment, the tip-dependent TERS and the high resolution Raman im-

ages for an isolated H2TBPP on Ag(111) were displayed (Figure 1.5).41 Moving the

6



1.2. HIGH RESOLUTION SINGLE-MOLECULE TERS

Figure 1.4: Schematic illustration of TERS. Reprinted from Ref. 40. Copyright

c©2016 American Chemical Society.

Figure 1.5: (a) STM-tip dependent TERS of single H2TBPP on Ag(111). (b)

Experimental Raman images of single H2TBPP for specific vibrational modes. Re-

produced from Ref. 41. Copyright c©2013 Springer Nature.

STM tip from the ambient lobe to the center of H2TBPP, the TERS significantly

changes, which stresses the highly confinement nature of TERS signal. They ob-

tained for the first time high resolution (subnanometer) single-molecule Raman

images for several specific vibration modes that allows a direct visualization of

spatial structure with the optical microscopy technique. According to classical

electrodynamics, the lateral resolution of half the size of tip apex would be esti-

7



CHAPTER 1. INTRODUCTION

mated,42 which is quite larger than this subnanometer resolution. The super high

resolution of TERS may be related to several factors. When the self-interaction of

the molecule was considered, Zhang et al. found that the molecule itself further in-

creases the confinement of EM field in the tip-substrate gap.43 Sun et al. attributed

the subnanometer resolution to electric field gradient.44 Besides, a full quantum

electrodynamic modeling showed that the nanoparticle morphologies with atom-

istic details could generate the highly localized EM field.45 Thus, the induced EM

field interacted with the single molecule is definitely highly localized in the high

resolution single-molecule TERS. In other words, the spatially confined plasmon

(SCP) characterized by subnanometer-level localization in the tip-substrate junc-

tion is responsible for the high resolution in TERS.

After the achievement of high resolution single-molecule Raman images,41

some important issues remain, such as how to do the Raman image modeling and

what Raman images reflect about the molecule. Considering the importance of

SCP to such super high resolution, the accurate description of interactions between

SCP and molecule is the key point to model Raman images. It should be stressed

that in high resolution TERS, the induced SCP is a highly inhomogeneous EM

field, which is comparable to the single molecule in size. As a result, the molecule

could “feel” diverse EM field with different tip positions in TERS. In this case,

the conventional light-molecule interaction theory, i.e., the molecule invariably

experiences the same EM field, no longer applies, because no Raman images can

be obtained. A new theory to model the single-molecule TERS and Raman image

is imperative.

To model the Raman image, our group presented a new theory taking the

localization of the SCP field into account.46 The spatial distribution of SCP is

fitted by Gaussian functions and then inserted to the optical transition matrix of

molecules. The molecular optical process can thus be tip-dependent, which nat-

urally explains the spatially resolved single-molecule resolution. Combined with

the first-principles calculation, the experimental high resolution Raman images for

the single H2TBPP molecule41 can be nicely reproduced, as seen in Figure 1.6a.

The theory proposes that Raman images reflect the molecular electronic transition

density change. It also notes that owing to the strong resonant Raman process

in experiment, the Franck-Condon (FC) term that is vibration-independent dom-

inates the Raman image. Therefore, the Raman images for different vibrational

modes are quite similar, which explains the experimental observation of vibration

insensitivity in Raman images (Figure 1.6a). Moreover, the theoretical calculations

show that the size of SCP field in experiments is around 2 nm, which is proved by

the subsequent experiment.10 We noted that just recently Jensen’s group could also

8



1.2. HIGH RESOLUTION SINGLE-MOLECULE TERS

Figure 1.6: (a) Calculated Raman images of vibration modes at (top) 820 and

(bottom) 1200 cm−1 by the total polarization (Itot) and only the Herzberg-Teller

term (IB) with a 2 nm confinement SCP field for a H2TBPP molecule. The insets

are experimental Raman images. (b) Calculated Raman images (right) of vibra-

tion modes at (top) 810 and (bottom) 1185 cm−1 for a H2TBPP molecule by the

hybrid electrodynamics-quantum mechanical approach. The experimental Raman

images are given in the left panel. Reprinted from Ref. 46 for (a) and Ref. 47

for (b). Copyright c©2015 American Chemical Society, c©2019 Springer Nature,

respectively.

reproduced47 the experimental Raman images41 (Figure 1.6b), where the SCP field

spatial distribution was calculated by an electrodynamics-quantum mechanical ap-

proach.48 The calculations confirm that the SCP distributions in high resolution

TERS could be reasonably described by the Gaussian field distribution.49

Although the spatially resolved single-molecule Raman image was achieved,

the vibration-insensitive feature in Raman image41 lost the superiority of “finger-

prints” resolution in Raman spectroscopy technology. In other words, resonance

Raman images fail to provide the chemical information of a single molecule. Our

group further extended the resonance Raman imaging theory to the non-resonance

case,50 in which the contributions of vibration-dependent Herzberg-Teller (HT)

term to Raman process are strengthened. As shown in Figure 1.7a, calculated

results for a single water molecule show that the non-resonance Raman imaging

does have vibration resolution, and the simulated image of the corresponding mode

can unambiguously reflect the motion of atoms in real space. Therefore, theoret-

9



CHAPTER 1. INTRODUCTION

Figure 1.7: (a) Calculated non-resonance Raman images for specific vibrations

of a single water molecule. (b) Experimental Raman images for representative vi-

brations of a single CoTPP molecule under the non-resonant condition. Reprinted

from Ref. 50 for (a) and Ref. 51 for (b). Copyright c©2016 WILEY-VCH Verlag

GmbH & Co. KGaA, Weinheim, c©2019, Springer Nature, respectively.

ical calculations predict that the non-resonance Raman imaging has potential to

be the first experimental method to directly detect the molecular vibration mode

in real space. The calculated non-resonance Raman image for water provides a

good benchmark, which is re-confirmed by Jensen’s group.48 In 2019, the theoret-

ical prediction of vibration resolution in non-resonance Raman imaging technol-

ogy was experimentally confirmed by Apkarian’s group.51 The different vibration

10



1.3. APPLICATIONS OF SINGLE-MOLECULE TERS

modes of a single CoTPP molecule could be visualized from the corresponding

non-resonance Raman images (Figure 1.7b). Raman images achieved“fingerprints”

characterization in real space for a single molecule. Herein, the unique superiority

of non-resonance Raman imaging in terms of the spatial vibration resolution will

be discussed in the thesis.

After the first demonstration of subnanometer spatial resolution in 2013,41

high resolution single-molecule TERS technology well below 1 nm has been re-

ported by several experimental groups.10–19 The critical factors to characterize

single-molecule properties, i.e., super high sensitivity and spatial resolution, have

been reached. Researchers turn to explore the fine applications of high resolution

single-molecule TERS technology.

1.3 Applications of Single-Molecule TERS

Benefited from the sensitivity and spatial resolution in single-molecule level,

TERS has shined on intrinsic properties of the structure and chemistry for single-

molecule, which is difficult to be fulfilled by any other optical or analytical technolo-

gies. For instance, owing to its inherently label-free and nondestructive features,

TERS can examine adjacent analytes in single-molecule resolution without affect-

ing their intrinsic properties, which is vital to the biological systems. TERS can

provide robust and strong Raman signals for low-dimensional materials (like MoS2

and carbon nanotubes), that make excellent spatial Raman images at nanoscale.

Moreover, single-molecule TERS can potentially provide nanoscale investigations

of single-molecule catalysis and chemical reaction.

Through TERS, two adjacent molecules (a Zn-porphyrin and a free-base por-

phyrin) within van der Waals contact on Ag surface were unambiguously distin-

guished.10 Although these structures are similar, the “fingerprints” TERS signals

give different chemical characterization for different single molecules in real space.

Moreover, TERS could also distinguish two adjacent complementary DNA bases

with a subnanometer spatial resolution (0.9 nm).14 In Figure 1.8a, the character-

istic TERS signal at 680 cm−1 of A (adenine) and 881 cm−1 of T (thymine) is the

spectral fingerprint to rapidly identify A or T in real space, which enables DNA

sequencing at nanoscale by optical means. As can be seen, super high resolution

TERS has been a practical method to distinguish adjacent adsorbates on surface.

In this context, TERS can potentially identify in situ isolated molecule isomers.

This is attractive and will be discussed in the thesis.

After the first report of 25 nm carbon nanotubes (CNTs) Raman images,35

CNTs have become a widely used sample for single-molecule TERS study. The su-
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Figure 1.8: (a) TERS evolution for 20 positions with a step of 0.27 nm (left) along

the line trace noted in the proposed molecular arrangement (right). (b) The single

bent CNT STM topograph with inserted line profile along white arrowed line (top)

and the corresponding TERS acquired on the positions of STM topograph (bottom).

(c) Redox reaction of NB (top) and voltammogram of NB with corresponding TERS

intensity voltammogram for band 591 cm−1 along the potential (bottom). The blue

and red dots in TERS voltammogram are offset for view. Reprinted from Ref. 14

for (a) and Ref. 12 for (b) as well as reproduced from Ref. 52 for (c). Copyright

c©2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, c©2016 American

Chemical Society, c©2015 American Chemical Society, respectively.

perhigh resolution TERS not only gives the topography but also the intrinsic prop-

erties of CNTs. For example, Yano et al. found that TERS can reflect the localized

strain along the single CNT.53 Specifically, the tensile strain induces a frequency

shift for G+-mode of a single CNT in TERS . As a result, the shift of G+-mode

along a manipulated CNT estimates the strain change along the molecule. Besides,

the TERS evolution could track the strain in single CNT with subnanometer reso-

lution.12 As shown in Figure 1.8b, the TERS signal for the straight segments of a

12
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CNT (ranges from positions 1 to 2 and positions 12 to 14) gives G+ and G− modes.

While for the bent segments, G+ band splits into G1 and G2, which reflects the

sensitivity to the stain. Moreover, a new emerged G3 band appeared as a result of

the bending-caused strain. Therefore, the single-molecule TERS demonstrates the

ability to investigate the mechanical-electronic properties for single CNT, which is

expected to be extended to other materials.

The nanoscale investigation of chemical reactions by high resolution TERS

is also possible. The electrochemical TERS was proposed to study the electro-

chemical reactions at nanoscale.52,54 Redox reactions for Nile Blue (NB) molecule

through TERS was probed.52 In Figure 1.8c, when the potential is swept (0 to

-0.6 V), the corresponding TERS intensity for band 591 cm−1 decreases owing

to the transfer from resonant (oxidized NB) to nonresonant (reduced NB) cases.

This TERS voltammogram is reversible and also exhibits steplike features, which

demonstrates the redox reaction of few or single NB molecule. In addition, TERS

could probe catalytic interactions of the molecular oxygen on CoPc system55 and

electron transfer of NB56 at single molecule-scale. However, these observed re-

actions by TERS are only related to the long-living initial (reactant) and final

(product) states. TERS can not capture the reaction intermediates that are tran-

sient but crucial to the chemical reactions. To improve the temporal resolution of

TERS measurements, a progress of achieving ultrafast TERS has been made.57,58

For example, the stable picosecond TERS for the rhodamine 6G molecule was

reported under picosecond excitation.58

TERS is a nondestructive, label-free, highly sensitive, especially super high

spatial and chemical resolved technology that gathers numerous advantages to

study single molecules. Although most applications of TERS are still proof-of-

concept, they built a cornerstone to motivate the single molecule study with un-

precedented spatial resolution. Furthermore, since TERS is an emerging research

field, how to extend more applications of single-molecule TERS technology and

how the highly localized light field induced in TERS would affect the molecular

optical properties are interesting projects that need to be further explored.

1.4 Contents of the Thesis

In the previous works of our group, the theory for simulating high resolution

resonance and non-resonance Raman images has been established.46,50,59 Based

on the new theory, the important theoretical prediction of visualizing molecular

vibrations in real space has been proposed.50 In this thesis, we further investigate

the fine applications of the emerging Raman imaging technology in identifying
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single molecular structures and visualizing molecular chemical distribution with

respect to the spatial vibration resolution. Furthermore, the high confinement of

localized plasmonic field employed in experimental TERS is theoretically predicted

to break the intrinsic spatial selection rule in optical transitions.

Specifically, chapter 2 describes the quantum-mechanical interactions between

the localized plasmonic field and the molecule. Originated from the fundamental

interaction Hamiltonian between the molecule and a general EM field, a detailed

theoretical derivation for modeling high resolution Raman images is provided.

Chapter 3 gives the employed theoretical methods in the practical calculations,

where the reliability of calculated results by current approaches is demonstrated.

In chapter 4, we give examples to show the applications of resonance Raman im-

ages in identifying molecular configurations and intramolecular structures. The

next chapter further studies the manipulation effect of highly localized plasmonic

field in optical processes. The forbidden optical absorption and Raman scatter-

ing of molecules under uniform EM filed are activated by the SCP filed. The

breakdown of spatial selection rule imposed in optical transition is demonstrated.

In chapter 6, the linear response algorithm is used to efficiently model molecu-

lar non-resonance Raman images. The vibrational and chemical resolutions of

non-resonance Raman imaging technology are studied. At last, the summary of

included papers in this thesis and the outlook are respectively given in chapter 7

and chapter 8.
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Chapter 2

High Resolution Raman Images Theory

In this chapter, we first introduce conventional theory for obtaining general

Raman polarizability under the uniform EM field, which is important to calcu-

late the Raman intensity. Since the interactions between molecule and uniform

EM field generate no Raman images, how to model molecular Raman images are

stressed. The non-uniformity of spatially confined plasmon (SCP) plays a key role

to observe the position-dependent Raman imaging. Thus, it is important to in-

troduce the inhomogeneous effects of SCP into the conventional Raman theory.

Specifically, the spatial SCP distribution is described by the Gaussian function g.

We introduced the g modified SCP as EM field in the interaction Hamiltonian.

Based on the constructed interaction Hamiltonian, the general Raman polarizabil-

ity governed by spatial distribution function g can be achieved. This results in the

modeling of Raman images with first-principles calculations. Moreover, the effects

of introduced function g on simulated Raman images are discussed.

2.1 Raman Polarizability under Uniform Field

When a N -electron molecule is under a free space EM field, the electronic

Hamiltonian in an EM field of vector potential A (the scalar potential could be

negligible in a proper gauge60) in atomic unit is61

Ĥe =
N∑
i=1

1

2
(p̂i + Â)2 −

N∑
i=1

MA∑
A=1

ZA
riA

+
N∑
i<j

1

rij
. (2.1)

Here p̂i = −ı∇ represents the specific electron momentum operator, MA is the

nuclei number and ZA is the nuclei charge, riA and rij indicate the nucleus-electron

and electron-electron distances. Subtracting the electronic Hamiltonian without

the EM field, the interaction electronic Hamiltonian between molecule and general
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EM filed would be61

Ĥ ′ =
1

2

N∑
i

(
p̂i · Â + Â · p̂i

)
, (2.2)

with the small Â2 term neglected. The magnetic field effects on Raman processes

are not considered here, because the magnetic field is related to the spin opera-

tor,61,62 while the spin in our Raman process modeling is conserved.

Since the interaction Hamiltonian is described based on the vector potential

and the momentum of electron, the expression of the vector potential is required.

In the classical EM field theory, the vector potential for the monochromatic light

is expressed as60

Â(r, t) = A0

(
fk(r)e−ıωt + c.c.

)
, (2.3)

where A0 is the amplitude of vector potential, fk is called mode function indicating

the field spatial distribution that has fk = eık·r in the free space and k represents

the wave vector, and c.c. represents the complex conjugate. Specifically, we can

obtain60 |A0| =
√

ns~
2ε0ω

, where ns is the measurable quantity of photon density

that reflects the vector potential strength and ε0 is the free-space permittivity. To

describe the spontaneous emission in Raman process, the quantization of EM field

is needed. In momentum representation, EM field can be expressed by the photon

number Ns relying on the creation operator â† and annihilation operator â as

â† |Ns〉 =
√
Ns + 1 |Ns + 1〉 ; â |Ns〉 =

√
Ns |Ns − 1〉 . (2.4)

According to Eq. 2.3, the vector potential operator for quantized EM field is60

Â(r, t) =

√
~

2ε0ωV

(
fk(r)âe−ıωt + f∗k(r)â†eıωt

)
, (2.5)

where V indicates the spatial system volume with the relationship of Ns
V

= ns and

f∗k = e−ık·r for a free space. It would be briefer with ~ = 1 and 4πε0 = 1 in the

atomic unit, where the corresponding vector potential operator can be expressed

as

Â(r, t) =

√
2π

ωV

(
fk(r)âe−ıωt + H.c.

)
, (2.6)

with H.c. represents the Hermitian conjugate.

Substituting Eq. 2.6 into Eq. 2.2, the interaction Hamiltonian is

Ĥ ′(r, t) =

√
2π

ωV

∑
i

1

2
(p̂i · fk + fk · p̂i) âe(−ıω+γ)t + H.c.. (2.7)

Here γ is a positive infinitesimal to satisfy Ĥ ′(r,−∞) = 0.64 This interaction

Hamiltonian could be further described according to the absorption and emission
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ω

ωs

|i〉|nω〉

|r〉|(n− 1)ω〉

|f〉|(n− 1)ω1ωs〉

Type I

ω

ωs

Type II

|i〉|nω〉

|r〉|nω1ωs〉

|f〉|(n− 1)ω1ωs〉

Figure 2.1: Illustration of resonance (Type I) and non-resonance (Type II) in

Raman processes. Reproduced from Ref. 63. Copyright c©2017 American Institute

of Physics Publishing.

processes in the Raman scattering. Two terms are included in the Raman scat-

tering, namely, the resonance (type I) and non-resonance (type II).65 As seen in

Figure 2.1,63 for the resonance process, the initial molecular state |i〉|nω〉 with

n photon in incident light frequency of ω first absorbs one photon reaching the

intermediate |r〉|(n − 1)ω〉 by losing one photon, and then emits one scattering

photon relaxing to the final |f〉|(n − 1)ω1ωs〉 by obtaining one scattering photon

in the frequency of ωs. While for the non-resonance process, the initial molecular

state first emits a ωs frequency scattering photon and then absorbs a ω frequency

incident photon (see Type II in Figure 2.1).

Under the uniform EM field, the dipole approximation is practically satisfied,

which makes the mode function fk = eık·r ≈ 1 feasible. Then, according to Eq. 2.7,

the interaction Hamiltonians that can respectively reflect absorption and emission

processes are expressed as

H ′σ,ω =

√
2π

ωV

N∑
i

p̂i,σâωe
(−ıω+γ)t + H.c.

H ′ρ,ωs =

√
2π

ωsV

N∑
i

p̂i,ρâ
†
ωse

(ıωs+γ)t + H.c..

(2.8)

Here σ (ρ) indicates the Cartesian coordinate in absorption (emission) process of

Raman.

17



CHAPTER 2. HIGH RESOLUTION RAMAN IMAGES THEORY

Once the perturbation (interaction) Hamiltonians for Raman processes is ob-

tained, the corresponding Raman scattering cross can be achieved by the second-

order perturbation theory. During Raman process, two external fields (incident

and scattering light) interact with the molecule, which leads to the description of

two-photon processes. The second-order of perturbation theory describes that a

system goes from initial state |i〉 to final |f〉 via any intermediate (virtual) state

|r〉. As a result, the second-order amplitude reflect the |i〉 → |r〉 → |f〉 two-

step process.66 The total second order time-dependent perturbation coefficient for

Raman processes is63

c
(2)
fi (t) =

2π

V

√
n

ωωs

eı(ωfi−ω+ωs)t+2γt

ωfi − ω + ωs − 2ıγ

∑
(ωfi) , (2.9)

with∑
(ωfi) =

∑
r

(
〈f |
∑

i p̂i,ρ|r〉〈r|
∑

i p̂i,σ|i〉
ωri − ω − ıγ

+
〈f |
∑

i p̂i,σ|r〉〈r|
∑

i p̂i,ρ|i〉
ωri + ωs − ıγ

)
. (2.10)

Here n represents the incident light photon number and ωfi is the frequency dif-

ference between |i〉 and |f〉. The second-order perturbation coefficient Eq. 2.9 can

give the transition rate from |i〉 to |f〉.66 According to the definition,67 the differ-

ential Raman scattering cross section under the uniform EM field can be expressed

as
dσfi
dΩ

=
ωω3

s

c4

∣∣∣∣ 1

ωωs

∑
(ωfi)

∣∣∣∣2 . (2.11)

Comparing the differential scattering cross section of a oscillating dipole in classical

theory,68,69 the general Raman polarizability that derived from Eq. 2.8 can be

correspondingly defined as

αfi,ρσ =
1

ωωs

∑
r

(
〈f |
∑

i p̂i,ρ|r〉〈r|
∑

i p̂i,σ|i〉
ωri − ω − ıγ

+
〈f |
∑

i p̂i,σ|r〉〈r|
∑

i p̂i,ρ|i〉
ωri + ωs − ıγ

)
,

(2.12)

where Eq. 2.10 is used. With the small ıγ neglected, Eq. 2.12 is the Dirac’s

expression of polarizability69.

Compared to the Dirac’s expression of Eq. 2.12, the Kramers and Heisenberg’s

expression is more popular. Under the uniform EM field, the equivalence between

the Dirac’s and the Kramers and Heisenberg’s expressions can be proved. Based

on the basic quantum mechanical relationship∑
i

p̂i,σ =ı [H0, µ̂σ]∑
i

p̂i,ρ =ı [H0, µ̂ρ]
(2.13)
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with the dipole operator (electron charge e is omitted)

µ̂σ =
∑
i

σ̂

µ̂ρ =
∑
i

ρ̂,
(2.14)

where σ̂ (ρ̂) is the electron position operator in adsorption (scattering) process,

Eq. 2.12 can be rewritten as63

αfi,ρσ =
∑
r

(
〈f |µ̂ρ|r〉〈r|µ̂σ|i〉

ωri − ω
+
〈f |µ̂σ|r〉〈r|µ̂ρ|i〉

ωri + ωs

)
, (2.15)

which is exactly the Kramers and Heisenberg’s expression for polarizability.70 The

consistent polarizability expressions of Eq. 2.12 and Eq. 2.15 for Raman scatter-

ing under the uniform EM field is the famous Kramer-Heisenberg-Dirac (KHD)

expression. The KTH expression of Raman general polarizability can give the

calculations of Raman scattering cross section by Eq. 2.11.

2.2 Raman Polarizability under SCP Field

In the super high resolution TERS experiments, the spatial confinement of

SCP has been smaller than the measured molecule in size.10,11,13,19 In this case,

the vector potential operator (refer to Eq. 2.6) for the EM field of the SCP cannot

be treated uniformly in space. Therefore, the dipole approximation employed

in the uniform EM field fails to satisfy the SCP situation, leading to the field

spatial distribution function fk 6= 1. In order to take this non-uniformity of SCP

distribution into account, we use the function g to describe the SCP amplitude

distribution in real space. This can construct the mode function fk for the vector

potential as

fk = Mg, (2.16)

where M is the SCP enhancement factor.

The constructed g-described field distribution will significant affect the inter-

action Hamiltonian between the molecule and SCP, for the absorption process in

TERS, we can obtain (refer to Eq. 2.7 and Eq. 2.8 under the uniform case)

H ′σ,ω =

√
2π

ωV
MP̂σgσâωe

(−ıω+γ)t + H.c., (2.17)

where the bold

P̂σgσ =
1

2

N∑
i

(p̂i,σgσ + gσp̂i,σ) (2.18)
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represents the summation of all electron momentum operators, highlighting the g

effects of SCP on the absorption progress.

In experiments, the far field scattering light is observed.41 As a result, SCP

only interacts with the molecule in the absorption process, while the vacuum (uni-

form) field works for the TERS spontaneous emission process. This results in the

position-independent emission process as

H ′ρ,ωs =

√
2πFP
ωsV

P̂ρâ
†
ωse

(ıωs+γ)t + H.c., (2.19)

where

P̂ρ =
N∑
i

p̂i,ρ (2.20)

is uncorrelated to the g effects of SCP. Here, we assume the enhancement factor

M =
√
FP for the scattering light, and FP represents the spontaneous emission

enhancement59.

The analogy of Dirac’s expression of polarizability under the uniform case

(Eq 2.12) can give the g-modified polarizability for TERS, i.e.,

αfi,ρσ =
1

ωωs

∑
r

(
〈f |P̂ρ|r〉〈r|P̂σgσ|i〉

ωri − ω − ıγ
+
〈f |P̂σgσ|r〉〈r|P̂ρ|i〉
ωri + ωs − ıγ

)
. (2.21)

Likewise, the analogy of Kramers and Heisenberg’s expression of polarizability

(Eq 2.15) can give

αfi,ρσ =
∑
r

(
〈f |µ̂ρ|r〉〈r|µ̂σgσ|i〉
ωri − ω − ıγ

+
〈f |µ̂σgσ|r〉〈r|µ̂ρ|i〉
ωri + ωs − ıγ

)
. (2.22)

This is equivalent to the general polarizability obtained by setting the phenomeno-

logically modified interaction Hamiltonian for Raman processes46,50,59,71. However,

it should be noted that under the localized plasmonic field, the relationship of

Eq. 2.13 may be invalid. Thus, Eq. 2.22 could not be exactly derived from Eq. 2.21

with SCP consideration. We also want to stress that unlike the gauge origin in-

variant Eq. 2.21, Eq. 2.22 is gauge origin variant because of the non-uniform SCP

field.63

Further simplifications of the general polarizability for practical calculations

of Raman images can be achieved. Specifically, the Born-Oppenheimer approx-

imation72 is introduced, which can give the separation of electronic and nuclear

motions. As a result, the molecular first, intermediate and final states can be

accordingly expressed by electronic and vibrational states.
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For the resonance Raman, one particular molecular excited state would dom-

inate the scattering. The general polarizability (Eq. 2.21) for TERS under a reso-

nance condition with analogy of Albrecht’s Raman theory73 can give

αfi,ρσ = Aρσ +Bρσ, (2.23)

where

Aρσ =
1

ωωs

[
〈Ψg|P̂ρ|Ψr〉〈Ψr|P̂σgσ|Ψg〉

∞∑
vr=0

〈vf |vr〉〈vr|vi〉
ωervr:egvi − ω − ıγ

]

Bρσ =
1

ωωs

∑
k

[
∂〈Ψg|P̂ρ|Ψr〉

∂Qk

〈Ψr|P̂σgσ|Ψg〉
∞∑
vr=0

〈vf |Qk|vr〉〈vr|vi〉
ωervr:egvi − ω − ıγ

+〈Ψg|P̂ρ|Ψr〉
∂〈Ψr|P̂σgσ|Ψg〉

∂Qk

∞∑
vr=0

〈vf |vr〉〈vr|Qk|vi〉
ωervr:egvi − ω − ıγ

]
.

(2.24)

Here A and B are Franck-Condon (FC) and Herzberg-Teller (HT) terms, respec-

tively, |Ψg〉 and |Ψr〉 are the electronic ground and intermediate states, |vi〉 and

|vf〉 are the initial and final vibrational states in |Ψg〉, |vr〉 is the vibrational

state in |Ψr〉, ωervr:egvi indicates the frequency difference between |Ψr〉|vr〉 and

|Ψg〉|vi〉, and Qk is the vibration mode coordinate that is the displacement from

the molecular equilibrium position. The relatively minor terms with denominator

ωervr:egvi + ωs − ıγ in Eq. 2.21 are safely neglected for resonance Raman.

For the non-resonance Raman scattering, many electronic states can con-

tribute to the polarizability and the vibrational energy difference can be ignored.

The general polarizability under non-resonant Raman condition can be calculated

by differentiating the electronic polarizabilities as68

αkfi,ρσ =
∂αeff

ρσ

∂Qk

〈vf |Qk|vi〉, (2.25)

where

αeff
ρσ =

1

ωωs

∑
r

(
〈Ψg|P̂ρ|Ψr〉〈Ψr|P̂σgσ|Ψg〉

∆Erg − ω
+
〈Ψg|P̂σgσ|Ψr〉〈Ψr|P̂ρ|Ψg〉

∆Erg + ωs

)
(2.26)

is the electronic polarizability and ∆Erg is the vertical excitation energy difference

between |Ψr〉 and |Ψg〉.

Once the general polarizabilities of resonance (Eq. 2.24) and non-resonance

(Eq. 2.26) Raman are obtained, the Raman scattering cross-section under SCP is

obtained (refer to Eq 2.11)

dσfi
dΩ

=
ωω3

sM
2M2

dFP
c4

|αfi,ρσ|2 , (2.27)
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where Md is the directional radiation factor for the enhancement in the detection

direction.74 The cross sections here represent the TERS intensities for Raman

images. We want to stress that in our modeling, the contrast (relative intensities)

matters for Raman images. This algorithm is in accordance to the experimental

reports.41

2.3 Computations of SCP-Modified Transition

For the practical evaluation of electronic terms in Eq. 2.24 and Eq. 2.26, the

electronic transition moments in velocity gauge without SCP effects 〈Ψg|P̂ρ|Ψr〉
can be directly obtained from Gaussian program.75 The key point to simulate

Raman images is the calculation of transition moments that include SCP effects,

i.e., the integral

I = 〈Ψr|P̂σgσ|Ψg〉. (2.28)

For the adsorbed molecules, it is adequate to use zz component of polarizability

for modeling Raman images,46,48 where z is the direction along the metal surface.

To practically model the spatial non-uniform of SCP, the z direction amplitude

distribution of SCP field is expanded through the Gaussian functions

gz =
∑
D

∑
l,m,n

∑
α

clmnα,Dg
lmn
α,D . (2.29)

Here clmnα,D is the coefficient and glmnα,D is a Gaussian function with exponent α ex-

pressed as

glmnα,D = (x− xD)l(y − yD)m(z − zD)ne−α(r−rD)2 , (2.30)

where “lmn” indicates the angular momentum of the Cartesian Gaussian function

and rD represents the central location of SCP field. Then, Eq. 2.28 becomes

I lmn = 〈Ψr|P̂zg
lmn
α,D |Ψg〉. (2.31)

The molecular function Ψ is expressed by molecular orbitals. Taking advantages

of the extracted excitation (X) and deexcitation (Y ) coefficients in Gaussian pro-

gram, Eq. 2.31 can be written as76

I lmn =
1

2

∑
ia

(
Xr
i→a〈φa|p̂zglmnα,D + glmnα,D p̂z|φi〉+ Y r

i←a〈φi|p̂zglmnα,D + glmnα,D p̂z|φa〉
)
,

(2.32)

where φi and φa are the correspondingly occupied and unoccupied molecular or-

bitals, and p̂z is z-component of the single electron momentum operator (refer to
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eq. 2.18). Then, the atomic orbitals are introduced to further expand the molecu-

lar orbital. Consequently, the integral between arbitrary molecular orbitals φp and

φq is

I lmnpq =
1

2

∑
χη

c∗χpcηq

(∑
KL

DK
χ D

L
η 〈gKχ |p̂zglmnα,D + glmnα,D p̂z|gLη 〉

)
, (2.33)

here cχp and cηq are molecular orbitals coefficients, and gKχ and gLη are the definite

basis sets in the formation of primitive Cartesian Gaussian functions with the

corresponding contraction coefficients DK
χ and DL

η . The practical algorithms can

finally give the integral based on the known primitive basis functions as

I lmnKL = 〈gKχ |p̂zglmnα,D + glmnα,D p̂z|gLη 〉. (2.34)

The value of Eq. 2.28 is then obtained. Besides, the derivatives of 〈Ψr|P̂σgσ|Ψg〉
with respect to Qk can be readily calculated by the subtraction of dipole moments

based on the according molecule geometry coordinates in the plus and minus di-

rections along the normal modes. Therefore, all the required values of electronic

terms in Eq. 2.24 and Eq. 2.26 are obtained.

For the evaluation of vibrational integrals in Eq. 2.24, the linear coupling

model (LCM)77 that evaluates potential energy surface of excited states is adopted.

In LCM, the mixing effects of normal modes as well as the frequency changes be-

tween ground and excited states can be omitted, where the ground state optimized

geometries are used for excited states. As a result, the multimode vibration inte-

grals are calculated by the integrals of N independent single vibrational mode77

〈νr|νi〉 =
∏
k

〈νrk|νik〉,

〈νr|Qk|νi〉 = 〈νrk|Qk|νik〉
∏
l 6=k

〈νrl |νil 〉.
(2.35)

The vibrational integrals were computed with the DynaVib program78 and the

g-modified electronic transitions were computed by the FASTERS program79 in

our group.

2.4 SCP Effects on Raman Images

In simulations, one s-type Gaussian function is implemented to describe the

non-uniform of SCP spatial distribution gz and we set cα,D = 1 and l = m = n = 0
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in Eq. 2.29. Since the relative values are adequate to Raman images, the SCP field

distribution of Eq. 2.29 can be further simplified as

gz = e−αx(x−xD)2−αy(y−yD)2−αz(z−zD)2 , (2.36)

where αx, αy and αz are the components of α and (xD, yD, zD) represents the

coordinate position of SCP central position rD. Specifically, α can determine the

full width at half maximum (FWHM) of SCP field with the specific relation of

FWHM = 2
√

ln 2/α. rD could be normally set to 2 Å above the highest position

of adsorption configurations in SCP scanning plane, according to the experimental

setup.41,80 In our simulations, the molecular coordinates in real space have been

adjustive to laboratory frame, and thus z is perpendicular to substrates. In this

case, αx and αy determine the size (FWHM) of the localized plamonic filed along

the x and y directions, i.e., the lateral resolution. αz indicates the SCP field

decay along the z direction. Thus, the gradient contribution of SCP field spatial

distribution is absent when αz is set to be zero (FWHM is infinite).

From Figure 2.2, we can see the effects of αx (αy) and αz on the calculated

Raman images. When αx (αy) that determines the lateral resolution is set to

1 Å, the Raman images show high resolution patterns, precisely reflecting the

spatial positions for both trans and cis-down configurations. With the increase

of αx (αy) to 20 Å, all the Raman patterns become big in size and the defocused

patterns lose the ability to actually provide the position information. Therefore,

αx and αy determine the spatial resolution of simulated Raman images. For the

parameter of αz, the effects of αz on the Raman images of the planar (relative

to the xy plane) trans configuration are negligible, because the counterparts with

(αz = 5 Å) and without (αz = 0) gradient contribution are the same. While αz
significantly affects the Raman images of the non-planar cis-down configuration.

The calculated Raman images with αz = 5 Å reflect patterns around the upward

phenyl rings, which are closer to the SCP scanning plane. In contrast, the αz = 0

case gives Raman patterns that are located around both sides of the N−−N bond,

reflecting the spatial distribution of electron transition density46,81. This highlights

the importance of αz (SCP gradient) on Raman images for non-planar molecular

structures.
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Low High

trans cis-down
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Figure 2.2: Calculated resonance Raman images of the first excited state for trans

and cis-down configurations. The parameter αz is set to be 5 Å (with gradient

contribution) and 0 Å (without gradient contribution), respectively; and αx (αy) is

set to be 1, 5, 20 Å from top to bottom. The SCP center rD is in the plane 2 Å

above the highest position of adsorbates for the case of αz = 5 Å.
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Chapter 3

Computational Methods

The molecular structures and properties such as the polarizability are im-

portant to accurately model Raman images. In theoretical chemistry, different

computational methods are developed for describing system properties. The per-

turbation to molecules induced by external EM field is weak. Thus, the ground

state structures of molecules can be reserved. To optimize the geometry at ground

state, density functional theory (DFT) with high precision and efficiency is pop-

ular. Considering the experimental setup of Raman imaging, the metal substrate

influence on molecular structures can be efficiently considered by periodic bound-

ary condition (PBC) model. Based on the optimized structures at ground state,

calculations like electronic transition moments for Raman polarizability are imple-

mented by time-dependent density functional theory (TDDFT). The functionals

are important to the accuracy of (TD-)DFT calculations, which would always be

carefully examined for a specific system.

3.1 Ground State Calculation

Energy calculation

In theory, the molecular geometry is optimized to the local minimum for

possible configurations. In DFT, the energy of optimized geometry at ground

state can be effectively calculated. The minimum energy of electron Hamiltonian

Ĥe can be solved by equation

f̂i |φi〉 = εi |φi〉 , (3.1)
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where {φ} is the one-electron molecular orbital with the orthogonality of 〈φi|φj〉 =

δij and the Fock operator is defined as

f̂i = −1

2
∇2
i −

MA∑
A=1

ZA
riA

+
N∑
j=1

∫
φj(r2)∗φj(r2)

r12

dτ2 + vxc. (3.2)

Here, the electron density ρ is the basic variable to obtain the minimum energy.

Thus, the exchange-correlation potential vxc in Eq. 3.2 is

vxc =
δExc[ρ]

δρ
, (3.3)

where the exchange-correlation energy is

Exc[ρ] = (Vee[ρ]− J [ρ]) + (T [ρ]− Ts[ρ]). (3.4)

In Eq. 3.4, Vee and T are electron interaction energy and kinetic energy of the

practical interaction system, respectively, while J and Ts are the corresponding

Coulomb repulsion and kinetic energies of the non-interaction system, in which Ts
reads

Ts[ρ] =
∑
i

−1

2

〈
φi|∇2

i |φi
〉
. (3.5)

So all the remaining complicated terms about energy caused by the interaction in

practical system are included in the term Exc[ρ]. To solve Exc[ρ], methods such

as local density approximation (LDA)82 and generalized gradient approximation

(GGA)83 are used. For the adsorbed molecules in this thesis, the expression of

Perdew-Burke-Ernzerhof (PBE)84 functionals for GGA was adopted. A density

gradient of the local density is added in GGA. This could avoid the failure of

evaluation when a dramatic density change occurs and thus improve the accuracy.

The single-electron molecular orbital {φ} can be expanded by any complete

basis set like atomic orbitals and plane waves (PW), as

|φi〉 =
n∑
µ=1

χµcµi. (3.6)

Here, n is the basis set numbers and c is the coefficients. Then Eq. 3.1 can be

transfered to the well known Hartree-Fock-Roothaan (HFR) matrix form as85

fC = SCε, (3.7)

with the defined Fock matrix fνµ = 〈χν | f̂ |χµ〉 and overlap matrix Sνµ = 〈χν |χµ〉.
As can be seen in Eq. 3.2, the Fock matrix f depends on the electron density

matrix that can be expressed as85

Pµν =
N∑
i=1

c∗µicνi, (3.8)
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and hence depends on the coefficient matrix C. Therefore, Eq. 3.7 is nonlinear

where the input Fock matrix f relies on the required solution C and thus should

be solved iteratively, i.e., the famous self-consistent-field (SCF) process. When

SCF procedure is convergent after reaching a specific criteria, the energy could be

calculated by85,86

E =
∑
µν

Pµνhµν +
1

2

∑
µνσλ

PµνPσλ 〈µσ|νλ〉+ Exc[ρ], (3.9)

where h is one-electron operator and 〈µσ|νλ〉 is two-electron integral in basis set

form:

〈µσ|νλ〉 =

∫
µ(r1)∗σ(r2)∗

1

r12

ν(r1)λ(r2)dτ1dτ2. (3.10)

Here, the PBC model is adopted to obtain the molecular adsorbed configura-

tions. In PBC, electronic structures keep to the translation symmetry. A unit cell

along the lattice vector is employed to simulate a large (infinite) system, where

each individual atom interacts with the closest particle in the system. Accordingly,

the appropriate PW basis set is selected in the practical calculations. PBC allows

the utilization of Bloch’s Theorem87, whereby the one-electron molecular orbital

{φ} can be constructed by PW basis set

φi,k(r) =
∑
G

ci,k(G)ei(k+G)·r. (3.11)

Here, k is the wave vector that is a symmetry label in the first Brillouin zone, the

sum is over the reciprocal lattice vector G, and ci,k(G) are coefficients. Therefore,

PW basis set could be restricted in a sphere of reciprocal space, like

~2|k + G|2

2me

≤ Ecut, (3.12)

where a parameter cut-off energy Ecut (400 eV in this thesis) is introduced for the

calculation convergence in the basis set. Then, the energy can be calculated by

averaging the results in different k points

E =
1

VBZ

∫
BZ

E(k)d3k. (3.13)

Hessian matrix

After the energy of system is obtained, force constants are calculated by the

second derivative of the electronic energy E with respect to nuclear coordinates.

The matrix of second derivative E (force constants) is also called the Hessian

matrix

Ha,b = − ∂2E

∂Ra∂Rb

. (3.14)

29



CHAPTER 3. COMPUTATIONAL METHODS

By converting to mass weighted Hessian matrix and diagonalize it, the molecular

normal mode coordinates and harmonic frequencies can be obtained by solving the

eigenvectors and eigenvalues of the matrix equation.88,89 Specifically, the finite-

difference method90 with a small distance movement of atoms along the Cartesian

coordinate is employed to calculate the Hessian matrix. In turn, Hessian matrix

is necessary to the energy minimization of all atoms in molecules.

Transition state theory

The stability of adsorbed molecules on surface is an important criterion to con-

firm the practical adsorption configuration. To describe the stability of adsorbates,

the transition state (TS) theory91 has been used. In TS theory, the transition state

corresponding to the saddle point could give the reaction rates along the minimum

energy path. Therefore, the stability of configurations can be evaluated. In prac-

tical calculations, various methods have been used to search the TS, such as the

Berny algorithm92,93 in Gaussian program75, the Dimer method94 and Nudged

Elastic Band (NEB)95,96 in Vienna Ab initio simulation package (VASP).97 To

our case of adsorbed AB molecule on Au(111) surface, we adopted climbing image

Nudged Elastic Band (CI-NEB) method98,99 in VASP for searching TS.

Accuracy

In practice, all these calculations of the ground state properties for adsor-

bates on metal surface were performed in DFT framework by VASP package.97 In

this thesis, the metal substrate of Au(111) with three layer supercells was chosen.

Calculated lattice constant for Au with PBE exchange–correlation functional is

4.146 Å, which is consistent with experimental value (4.086 Å).100 To accurately

describe molecular structures on metal surface, the van der Waals interaction is

important. Therefore, Grimme’s empirical correction (D3)101,102 has been taken

into account. The geometry-dependent dispersion coefficients in D3 further im-

proves the accuracy of the long-range dispersion correction. During the relaxation

process of optimizations for geometry and reaction pathway, the bottom two layers

of Au(111) are fixed while all other atoms are relaxed.

To show the accuracy of current computational methods, the azobenzene (AB)

system on Au(111) is taken as an example here. Based on the energy calcula-

tions in the PBC model under DFT, the optimized configurations of adsorbed AB

molecules are shown in Figure 3.1, where the recognized trans,103 theoretically

predicted global minimum cis-down103,104 for cis-AB and the experimentally in-

ferred cis-para105 are included. The recognized adsorption configuration of trans

provides a good benchmark to examine our theoretical methods. Calculated re-

sults show that trans-AB is flatly adsorbed on Au(111), where the central position

of −N−−N− bond is located at the bridge site of two Au atoms. The vertical
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Figure 3.1: The complete minimum energy pathway of trans-cis for adsorbed AB

on Au(111) including optimized configurations of trans, cis-down, cis-para and cis-

up, as well as the transition states. The energy for the corresponding configuration

with respect to trans is also labeled.

height between the central azo bridge and surface is 3.19 Å, which agrees well

with the previously calculated result of 3.25 Å.103,106 This vertical height is also

consistent with experimental measurement (3.07 Å) for the closely related Ag(111)

substrate.107

The complete trans-cis pathway as well as the transition state configurations

by CI-NEB method are also summarized in Figure 3.1. The path between trans and

cis-down is the first choice, because cis-down configuration is the global minimum

for cis-AB on Au(111). We find that a rotation pathway, i.e., a dihedral rotation of

one phenyl ring around −N−−N−, is the minimum energy pathway. It has 1.11 eV

transition barrier and the corresponding transition state (TS1 in Figure 3.1) has

a 2.01 Å N-Au distance vertically. These results agree with previous calculations

of 1.20 eV and 2.06 Å, obtained by the quadratic synchronous transit method.106

All these consistencies confirm the adequate accuracy of current theoretical level.

The experimental measurements such as STM images and spatially resolved

scanning tunneling spectroscopy (SR-STS) can provide information of electronic

structures for adsorbed configurations. In theory, STM images can be calculated

within the Tersoff–Hamann approximation108 and the calculated density of states

(DOS) is used to simulate SR-STS.109 Therefore, these experimentally observed

results would also provide a good criterion for us to evaluate our computational
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methods. Calculated STM images and SR-STS results for the optimized configu-

rations of local minimums (trans, down, para and up in Figure 3.1) show that trans

and cis-up can nicely reproduce their correspondingly experimental counterparts

(refer to paper II). Besides, the energy barrier of back-isomerization for cis-up

(0.59 eV) is twice more than that for the global minimum cis-down (0.28 eV), as

shown in Figure 3.1. Thus, the new proposed adsorption configuration of cis-up

searched by the minimum energy pathway for trans to cis is expected to be the

practical in situ adsorption of cis-AB isomer on Au(111). Moreover, the consis-

tency between theoretical and experimental results in STM images and SR-STS

spectra further demonstrates the accurate description of molecular electronic struc-

tures in current computational methods.

3.2 Excited State Calculation

Time-dependent density functional theory

To calculate properties such as excitation energies and electronic transition

moments for the Raman polarizability in Eq. 2.24 and Eq. 2.26, the TDDFT was

used here. As an important branch of DFT, the core concept of TDDFT is similar

to the DFT. As a result, in TDDFT the time-dependent wave function is described

by the time-dependent electron density, and the non-interaction system that pos-

sesses the same electron density with practical interaction system is evaluated.

Specifically, the Runge-Gross (RG) theorem110 can give the similar Fock operator

in Eq. 3.2, while the time-independent electron density ρ(r) would be substituted

by the time-dependent ρ(r, t).

Normally, the perturbation is small that can not completely destroy the ground

state molecular structure. Therefore, the linear response density functional the-

ory111 is implemented. The excitation energies and electronic transition moments

can be calculated in a frozen ground state structure. The molecular system change

by time-dependent EM field will only rely on the wave function of ground state.

Therefore, there is a good advantage in computations.

Accuracy

To calculate the Raman polarizability, the adsorbate configurations and nor-

mal modes with corresponding frequency obtained from VASP package were ex-

tracted. Based on the extracted mode displacements and optimized structures,

the molecular polarizability was obtained by TDDFT employed in Gaussian pro-

gram.75 Taking the recognized trans-AB molecule as an example, the accuracy of

current approach that combines different functionals and basis sets/pseudopotentials
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Figure 3.2: Calculated normal Raman spectra for trans-AB by PW91/6-

311++G(d,p) in Gaussian package (Gaussian, blue) and by the combined func-

tionals and basis sets/pseudopotentials described in text (Current method, red).

The experimental counterpart (Exp., black) extracted from Ref. 112 is also given.

Reprinted from Ref. 81. Copyright c©2018 The Royal Society of Chemistry.

employed by VASP and Gaussian can be demonstrated.

First, calculations show that the root mean square distance (RMSD) value

between the optimized geometry of the free trans-AB by the PBE functional with

projector augmented-wave pseudopotentials in VASP and that by the PW91/6-

311++G(d,p) in Gaussian is only 0.002 Å. Thus, the discrepancy for geometry

optimization is negligible. Moreover, the calculated normal Raman spectra of free

trans-AB (Figure 3.2) show that the Raman polarizability predicted by the current

algorithm agrees well with that calculated in pure Gaussian (structures, mode

displacements and polarizability are obtained at the same PW91 functionals level)

as well as experimental measurements. The PW91 for GGA combines exchange

and correlation functionals,113 which has a good description of the N−−N in azo

compounds114 and is thus chosen to calculate Raman polarizability of the AB

system in this thesis.

We want to stress that in current algorithm the effects of metal surface on
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Figure 3.3: Calculated ultraviolet-visible spectra for the free D-π-A molecule at

B3LYP (red, solid line), CAM-B3LYP (blue, solid line) and ωB97XD (purple,

solid line) levels in TZVP basis set, as well as the corresponding experimental UV

spectrum (black, dotted line) extracted from Ref. 115. The division of acceptor,

π-bridge and donor in this D-π-A triad is illustrated. Reproduced from Ref. 116.

Copyright c©2017 The Royal Society of Chemistry.

adsorbate configurations and normal modes with frequency are taken into account.

While the further excited state calculations based on the extracted adsorption

configurations and modes neglect the metal substrate effects. It is a compromised

algorithm for the large system included both metal substrates and adsorbates in

aspect of computations.

The choice of functionals is important to the accuracy of excited state calcu-

lations by TDDFT. Here, we choose a experimentally synthesized D-π-A triad,115

i.e., the TTF-TCNQ-type-bithienoquinoid molecule (Figure 3.3) as an example,

to show the effects of functionals on the calculated results of molecular excitation

states. It should be noted that for the D-π-A molecule with significant excitations

of charge transfer (CT), the long-range corrected functionals like CAM-B3LYP

and ωB97XD can usually give more accurate evaluation due to the higher compo-

sition of Hartree–Fock (HF) at long-range. While conventional density functionals

like B3LYP normally fail to perform well for CT states, such as underestimating

the CT excitations. However, calculated UV spectra by different functionals in

Figure 3.3 show that B3LYP can well describe electronic transitions of this D-π-

A molecule. For instance, a low-energy excitation associated with small energy

gap of 0.5 eV determined by cyclic voltammetry is expected to be a “dark” state

owing to the long-range CT in experiment.115 Only B3LYP gives the consistent
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excitation energy (0.53 eV) for the first excited state, while both CAM-B3LYP and

ωB97XD give overestimated results of 1.73 eV and 2.20 eV, respectively. More-

over, the observed short-range CT excitation around 1.4 eV and local acceptor

excitation around 2.4 eV confirmed by experiments115 can only be well reproduced

by B3LYP functionals. For this specific D-π-A molecule with CT excitations, the

B3LYP functionals is chosen here.

As a hybrid functional, B3LYP could exactly treat the dynamic electron corre-

lation and the exchange correlation, which is fairly robust in TDDFT calculations

for many molecular systems. In this thesis, the B3LYP functionals is also used

for the porphine system, where the experimental Raman spectrum of porphine is

well reproduced.117 However, it should be stressed that the reliability of chosen

functionals in (TD-)DFT calculations should always be examined for a specific

molecular system.
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Chapter 4

Resonance Raman Images of Single Molecules

As pointed out in chapter 1, the first single molecule Raman imaging under

resonant conditions has been experimentally reported in 2013.41 When the inci-

dent laser with a matched energy to an observable molecular absorption state is

employed, the resonance Raman process for the corresponding excited state with

strong signals is expected to satisfy experimental measurements. Thus, it is antici-

pated that resonance Raman images with super-high spatial resolution can identify

single molecular structures and even visualize the intramolecular structure in real

space. As a optically noninvasive detection, Raman images can avoid the exter-

nal impact factors, such as tunneling electron and electrostatic field on molecule

structures, and thus be a more practical tool to characterize single molecules.

In this chapter, we will take two examples to show the fine applications of

resonance Raman images for characterizing molecular structures. One is the iso-

mer azobenzene (AB) system with different in situ configurations adsorbed on Au

(111) surface.81 This is attractive because that the unambiguous identification of

structural details of adsorbates is the prerequisite to understand the molecular

behavior on surface. The other one is a D-π-A system, which has a spatially sepa-

rated donor (D) and acceptor (A) moieties for the identification of molecular inner

structures by the Raman imaging technology.116

4.1 Identification of Molecular Configuration

The STM images have been widely used to spatially characterize molecular

configurations in experiments. However, the effects of the electrostatic field on

the molecular configuration could not be eliminated in the STM experiment. For

instance, the STM tip with applied bias can significantly affect the stability of

molecular structures, as shown in Figure 4.1. This gives external impact factors
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Figure 4.1: Deformation of the tautomerization potential between different ad-

sorption configurations induced by the tip-molecule distance (constant bias) in the

STM environment. Reprinted from Ref. 118. Copyright c©2017 American Chem-

ical Society.

on the practical configurations. In this context, the noninvasive optical detection

would be much superior.

The emerging Raman imaging technology with super-high spatial resolution

undoubtedly has anticipated applications to characterize the single molecular con-

figurations. Taking the different local minimum configurations of AB systems on

Au(111) (refer to Figure 3.1 in chapter 3) as the first example, we investigated the

identification ability of resonance Raman images.

Both previous experiments41 and our group’s theoretical works46 have demon-

strated the insensitivity of resonance Raman images to molecular vibrational modes.

This conclusion also applies to the adsorbed AB system.81 As a result, the SCP

modified general polarizability of Eq. 2.23 and Eq. 2.24 under resonance condition

become

αfi,ρσ = Aρσ +Bρσ, (4.1)

where

Aρσ =
1

ωωs

[
〈Ψg|P̂ρ|Ψr〉〈Ψr|P̂σgσ|Ψg〉

∞∑
vr=0

〈vf |vr〉〈vr|vi〉
ωervr:egvi − ω − ıγ

]

Bρσ =
1

ωωs

∑
k

[
∂〈Ψg|P̂ρ|Ψr〉

∂Qk

〈Ψr|P̂σgσ|Ψg〉
∞∑
vr=0

〈vf |Qk|vr〉〈vr|vi〉
ωervr:egvi − ω − ıγ

]
.

(4.2)
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Low High

(a) trans cis-down cis-para cis-up

(b) trans cis-up

Low High

S5 (325) S9 (263) S5 (323) S9 (266)

S1 (572) S1 (578) S1 (541) S1 (537)

Figure 4.2: (a) Resonance Raman images of different AB configurations for the

first excited state under 3 Å SCP field. (b) Resonance Raman images of trans and

cis-up for delocalized excited states S5 and S9. The SCP scanning plane is 2 Å

above the highest position of adsorbates. Results of trans, cis-down and cis-para

adapted with permission from Ref. 81. Copyright c©2018 The Royal Society of

Chemistry.

Here, the vibration-dependent term (the second part of HT term, see Eq. 2.24) is

neglected. According to Eq. 4.2, the resonance Raman images can be calculated.

In this case, the simulated images are suitable for arbitrary particularly vibrational

mode, because they are similar from different vibrational modes.

The calculated resonant Raman images of different AB configurations are

summarized in Figure 4.2a. We can see that for the first excited state Raman

images, trans can be significantly distinguished from cis-down and cis-para. This is

attributed to the important contribution of SCP gradient to non-planar molecular

structures, as we have discussed in chapter 2.

However, we can see that cis-up can not be differentiated from trans by Raman

patterns for the first excited state. This is because of the local electronic transition

distribution around N−−N bond from the first excited state of AB system. In this
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case, both the N−−N moieties in trans and cis-up are close (2 Å) to the scanning

plane. Thus, the same electronic transition distribution around N−−N is reflected

from Raman images of cis-up and trans. In order to differentiate cis-up and

trans from Raman images, the delocalized excited states with electronic transition

related to phenyl rings are needed. Due to the different distances between phenyl

rings and the SCP scanning plane in trans and cis-up, the different Raman patterns

contributed by SCP gradient are expected from delocalized excited states.

The resonance Raman images of representative excited states for trans and

cis-up are given in Figure 4.2b, which can significantly identify the different con-

figurations. For instance, by setting the incident laser to match the similar excita-

tions, i.e., 325 nm in trans and 323 nm in cis-up, the fifth excited state (S5) Raman

image of trans could exhibit two moderate bright oval patterns associated to the

phenyl rings. This pattern characteristic is invisible in cis-up. Therefore, reso-

nance Raman imaging technology provides an effective optical means to identify

single molecular configurations.

4.2 Identification of Intramolecular Structure

Considering the TERS spatial resolution that can be smaller than an indi-

vidual molecule in size, the intramolecular structure identification by resonance

Raman images would be feasible. This could be more significative for some molec-

ular systems like D-π-A, where the moieties with different chemical properties

can be spatially identified and divided. The effectively D-A spatial separation

makes the local acceptor (LA) and local donor (LD) excitations possible, where

the electronic transition density is only distributed around A (D), as shown in

Figure 4.3. Therefore, considering the fact that resonant Raman imaging reflects

electron transition density change,46,81 we expect that resonance Raman imaging

technology can provide a simple and noninvasive optical means to selectively “see”

the D (A) moiety of the D-π-A molecule in real space.

Based on Eq. 4.2, calculated resonance Raman images for the representative

LA and LD excitations are given in Figure 4.3. It shows that the resonance Raman

imaging technique indeed gives an unambiguous identification of the intramolecular

structures. The Raman patterns for the LA excitation uniquely locate around the

acceptor moiety, in contrast to the sole distribution of Raman patterns in the

donor moiety for the case of LD excitation. Moreover, according to the Raman

images, the belonging of boundary between A and π (D and π) can be established.

Specifically, for the D-π-A molecule here, the joint carbons between A and π belong

to the π-bridge, while the joint carbons between π and D attribute to donor. Thus,
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×24 ×1.0LA (632) LD (450)

Acceptor

Donor

0 1

Figure 4.3: Electronic transition densities of the representative local acceptor and

local donor excitations and their resonant Raman images of D-π-A triad. The size

of SCP for Raman images is set to be 3 Å. Reproduced from Ref. 116. Copyright

c©2017 The Royal Society of Chemistry.

the precise identification and division of intramolecular structures by resonance

Raman images could fill the vacancy of practical methods for assigning acceptor

and donor moieties, which is normally assigned through the chemical intuition.
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Chapter 5

Breakdown of Spatial Selection Rule

The light-matter interaction is governed by the coupling Hamiltonian, which

can be generally expressed as (refer to Eq. 2.7)

Ĥ ′ =
1

2

∑
i

[p̂i · fk + fk · p̂i] , (5.1)

here pi is momentum operator of the ith electron and fk is the mode function for

spatial distribution of vector potential. Under the uniform EM field, the dipole

approximation is satisfied, which makes fk = eık·r ≈ 1. In this case, the non-totally

symmetric irreducible representation of the direct product of pi, molecular initial

|i〉 and final |f〉 states leads forbidden optical transition

〈i|
∑
i

p̂i|f〉 = 0. (5.2)

This is called the “dipole selection rule”, i.e., the spatial selection rule. As a result,

many optical transitions are forbidden, which limits the abundant utilization of

optical processes.

With the high confinement of SCP filed, the dipole approximation is no longer

valid. The SCP space description of fk = Mg (Eq. 2.16) is adopted. Therefore, the

localized plasmonic distribution g becomes a part of the optical transition. In this

case, the spatial selection rule is expected to rely on the whole interaction system

with both the molecule and SCP included. Here, we will discuss the applications

of localized plasmonic field in activating the forbidden transitions caused by the

spatial selection rule in the optical absorption and emission processes.
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CHAPTER 5. BREAKDOWN OF SPATIAL SELECTION RULE

5.1 Activation of Forbidden Optical Absorption

The D-π-A molecule system has spatially separated donor (D) and acceptor

(A) moieties, forming long-range charge transfer (LRCT) states that can signif-

icantly improve the conversion efficiency from solar energy into other chemical

energies.119–122 We noted that an experimentally synthesized D-π-A triad, i.e., the

TTF-TCNQ-type-bithienoquinoid molecule, was used to achieve LRCT states.115

However, both experimental measurements and theoretical calculations showed

that although the expected LRCT states are achieved, there are no observable

absorption bands.115 This experimental D-π-A molecule thus provides a good ex-

ample for us. We expect that the highly localized plasmonic field could activate

the “dark” optical absorption of LRCT states.

To evaluate the molecular optical absorption under SCP, the interaction Hamil-

tonian (H ′σ,ω, Eq. 2.17) for the absorption process is employed. Due to the negligi-

ble influence of SCP field gradient on the optical process of almost flat molecular

structures,81,117 SCP field without gradient contribution (αz is zero, Eq. 2.36) is

considered here. In this case, the vector potential satisfies the condition

divA(r, t) = 0. (5.3)

Taking advantage of the mathematic relationship

∇ · (af) = a · ∇f + f∇ · a (5.4)

with arbitrary vector (a) and scale (f) functions, H ′σ,ω in Eq. 2.17 can be rewritten

to

H ′σ,ω =

√
2π

ωV
M

N∑
i

[
(gσ · p̂i,σ) âωe

(−ıω+γ)t + H.c.
]
. (5.5)

Based on the determined interaction Hamiltonian of absorption process, the oscil-

lator strengths for the optical absorption between ground state Ψg and an arbitrary

excited state Ψr are

fr←g =
1

∆Erg

∣∣∣∣∣〈Ψr|
∑
i

(g · p̂i) |Ψg〉

∣∣∣∣∣
2

. (5.6)

Because the D-π-A molecule is adsorbed on surface, the z component of electron

transition is evaluated for the absorption spectra.

Calculated absorption spectra under the uniform EM field and SCP field for

the triadic D-π-A molecule are given in Figure 5.1. By analyzing charge density

difference, the first (S1) and the third (S3) excitations are identified as the LRCT
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Uniform

S1

S3

S4

Figure 5.1: Calculated UV spectra of D-π-A molecule with uniform EM field

and 3 Å SCP field focused on the representative color-coded positions. The D-π-A

molecule structure as well as the electronic transition density distributions from S0

to S1, S3 and S4 are also inserted. Reproduced from Ref. 116 Copyright c©2017

The Royal Society of Chemistry.

states, and the second (S2) and the fourth (S4) excited states are assigned as short-

range charge transfer (SRCT) state and local acceptor (LA) state, respectively.116

All these identifications agree with the previous assignments.115 For the uniform

case, we can see that both LRCT states S1 and S3 as well as LA state S4 is

unobservable. This result can be understood by the spatial symmetry analysis

for the electron transition density. As can be seen in Figure 5.1, owing to the

approximate CS symmetry of adsorbed molecule, both LRCT states (S1 and S3)
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CHAPTER 5. BREAKDOWN OF SPATIAL SELECTION RULE

and LA state S4 belong to A′′ symmetry. The A′′ comes from the spatial symmetry

selection rule that imposed on the CS symmetrical molecule. This leads to the

forbidden transition of optical absorption, as shown in Eq. 5.2.

By introducing the 3 Å plasmons, the previous symmetry-forbidden LRCT

excitations can be significantly activated. Employing the SCP focused on the red-

and blue-marked positions (see insets in Figure 5.1), the corresponding LRCT

transition S1 can have a significant intensity. This is consistent with the S0 - S1

electron transition distribution, where the red- and blue-noted positions are within

the spatial transition possibilities. For both red- and blue-coded positions, they are

deviated from the symmetrical axis of mirror plane σh. We find that if the SCP

is focused along this symmetrical axis, the corresponding molecular absorption

spectrum would go back to the uniform case.116 In order to activate the forbidden

transition, the introduced spatial distribution of SCP can not obey the intrinsic

molecular symmetry. The introduction of asymmetric amplitude distribution of

SCP (g) can break the spatial selection rule imposed on molecules, lighting up the

forbidden optical absorption as∣∣∣∣∣〈Ψr|
∑
i

g · p̂i|Ψg〉

∣∣∣∣∣
2

6= 0. (5.7)

We also note that when the SCP field is moved from the red-coded position to

the blue one, the forbidden LRCT state S3 can also be turned on. Moreover, with

SCP located on the black-coded position, the local acceptor excitation S4 exhibits

a solo absorption band. All these results are consistent with the transition density

distribution of the corresponding excitation (see Figure 5.1). Therefore, through

considering spatial distributions of electron transitions, we can selectively manip-

ulate the molecular excited states from modulating SCP positions. We want to

stress that the high confinement of SCP field is necessary to the breakdown of sym-

metry selection rule, where no significant effects of 50 Å plasmons on manipulating

electron transition are found for this triadic D-π-A molecule system.116

5.2 Activation of Forbidden Raman Scattering

The spatial selection rule also applies to the Raman scattering, leading to

the forbidden Raman bands. As shown in Figure 5.2, only Raman bands with ag
symmetry in the non-resonance Raman spectrum are allowed owing to the D2h

point group of porphine under uniform EM field. In other words, the vibrational

modes with other symmetries are forbidden due to the spatial selection rule. By

introducing localized plasmonic field focused on the yellow-coded area in porphine,
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5.2. ACTIVATION OF FORBIDDEN RAMAN SCATTERING

Figure 5.2: Calculated non-resonance Raman spectra in zz component for a

porphine with uniform EM field and 3 Å and 1 Å SCP field. The SCP is located

on the position of inner hydrogen in porphine, as marked by yellow-coded area.

The blue and red lines represent the oscillator strengths of the Raman bands with

ag and b3u symmetries (under the D2h point group), respectively. The change of

the point group symmetry from isolated porphine molecule to the whole interaction

system included porphine and SCP is also illustrated in the right panel.

both 3 Å and 1 Å plasmons can activate the previous forbidden bands with b3u

symmetry. This is attributed to the reduced point group symmetry from D2h to

C2v, as illustrated in Figure 5.2. The included SCP field in the whole interaction

system leads to the C2v point group symmetry, in which case the forbidden b3u

bands for the isolated D2h porphine molecule are activated (see Table 5.1).

When the localized plasmonic field is employed, the forbidden vibrational

transition under the uniform EM field will be modified and non-zero by the spatial

g function. According to the non-resonance Raman case of Eq. 2.25 and Eq. 2.26,

the general polarizability of a forbidden vibrational mode that is related to an
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CHAPTER 5. BREAKDOWN OF SPATIAL SELECTION RULE

Table 5.1: The symmetry transformation from D2h to C2v point Group. The

transition-allowed symmetry (a1) in C2v is highlighted by cyan.

D2h C2v D2h C2v

ag a1 au a2

b1g b2 b1u b1

b2g b1 b2u b2

b3g a2 b3u a1

arbitrary electronic state |Ψr〉 can be modified by SCP as

αk,rρσ =
1

ωωs

[
∂〈Ψg|

∑
i p̂i,ρ|Ψr〉

∂Qk

〈Ψr|
∑

i gσ · p̂i,σ|Ψg〉
∆Erg − ω

+
∂〈Ψr|

∑
i p̂i,ρ|Ψg〉

∂Qk

〈Ψg|
∑

i gσ · p̂i,σ|Ψr〉
∆Erg + ωs

]
〈vf |Qk|vi〉.

(5.8)

Here, we want to stress that the transition in emission process is still forbidden

owing to the non-modification of SCP. Thus the items related to the forbidden

emission process are zero and then omitted in Eq. 5.8. The derivatives of transitions

in emission process with respect to Qk is non-zero. Moreover, the g-modified

transition in absorption process is allowed. This leads to the non-zero value of

polarizability in Eq. 5.8 for the previous forbidden Raman bands. As a result, the

forbidden Raman scattering attributed to the spatial symmetry selection rule is

broken by the localized plasmons.

The activation of forbidden vibrational transition can give significant appli-

cations in the specific detection. For instance, the NH vibrations, i.e., symmetri-

cal stretching (νs
NH at 3477 cm−1, Figure 5.2) and asymmetrical stretching (νas

NH,

3435 cm−1), are directly related to inner proton transfer (NH tautomerization) in

porphine.117,123 This NH tautomerization process is important in many biological

activities124,125 and molecular nanotechnology.126–128 However, as shown in Fig-

ure 5.2, conventional Raman spectrum (the case of uniform EM field) fails to give

the detected intensity for both of the NH vibrations. The highly localized SCP

field enhances the TERS intensity of νs
NH and activates the forbidden νas

NH governed

by the spatial selection rule, making the experimental detection of NH vibrations

that directly related to NH tautomerization in porphine feasible.

In summary, the localized plasmonic field introduces a new symmetry variable

that can break the intrinsic spatial selection rule imposed in molecules for optical

processes. Furthermore, our group’s recent works show that a strong optomagnetic

effect can be induced by the highly spatial confinement of SCP.129 As a result, the
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forbidden singlet-to-triplet optical transitions governed by the spin selection rule

can be further broken. Taking the localized surface plasmons as the light source,

the detection of forbidden optical states is applicable.
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Chapter 6

Spatial Vibration Resolution

6.1 Background

As the vibration spectrum, Raman owns its superiority to give the “finger-

prints” resolution of molecules. The emerging Raman imaging technology is thus

expected to further exhibit the spatial vibration resolution of single molecules.

However, the first single molecular Raman images in experiments are insensitive

to the corresponding vibrational modes.41 Our group’s theoretical works found

that the similar Raman images are attributed to the experimental resonance con-

dition.46 According to the general polarizability of Eq. 2.24 under the resonance

condition, only the second term in the B (HT) term, i.e.,

Bvib
ρσ =

1

ωωs

∑
k

[
〈Ψg|P̂ρ|Ψr〉

∂〈Ψr|P̂σgσ|Ψg〉
∂Qk

∞∑
vr=0

〈vf |vr〉〈vr|Qk|vi〉
ωervr:egvi − ω − ıγ

]
, (6.1)

is vibrational-dependent in simulated resonance Raman images. Under the reso-

nant case with the strong dipole transitions, the Raman process is governed by

the vibrational-independent A (FC) term (refer to Eq. 2.24). Therefore, resonance

Raman imaging is vibrationally insensitive. The HT term contribution to the total

Raman intensity should be enhanced for achieving vibrational-dependent Raman

images.

HT term contribution can be enhanced in weak dipole transitions.130,131 There-

fore, the allylcarbinol (AC) molecule with the small electronic transitions were

investigated by our group.59 For AC molecule, both FC and HT terms contribute

resonance Raman processes. Calculated resonance Raman images for different

modes all exhibit a bright Raman pattern around the center CH2 group, although

the vCC and vOH modes are not related to the center CH2, as shown in Figure 6.1.

Thus, in spite of the different patterns for different modes under the weak dipole
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Figure 6.1: (a) Representative vibrational modes of the allylcarbinol molecule.

Calculated resonance (b) and nonresonance (c) Raman images with the inserted

scale factors for the representative vibrational modes. Reproduced from Ref. 59.

Copyright c©2016 American Chemical Society.

transitions, resonance Raman images can not clearly reflect the molecular vibra-

tion. Because the FC term and the first term of HT are vibrational-independent.

In principle, polarizability which is only dominated by Eq. 6.1 (the second term

of HT) would show molecular vibration modes in resonance Raman images. How-

ever, this type of molecules is difficult to be found. The resonance Raman imaging

technology loses the ability of the spatial vibration resolution for almost all of the

molecules.

To increase the HT contribution to Raman process, the non-resonance con-

dition would be a better choice. Thus, our group further extended the resonance

Raman imaging theory to the non-resonant case.50 The non-resonance will lead

to the sum over the resonant expressions of all excited states. Besides, the omit-

ted terms with denominator ωervr:egvi + ωs − ıγ in Eq. 2.24 could also contribute.

Thus, based on the Eq. 2.24, the component of polarizability that is related to an

arbitrary excited state |Ψr〉 under the non-resonance case can be written as

αrρσ = Arρσ +Br
ρσ, (6.2)
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where

Arρσ =
1

ωωs

[
〈Ψg|P̂ρ|Ψr〉〈Ψr|P̂σgσ|Ψg〉

∞∑
vr=0

〈vf |vr〉〈vr|vi〉
ωervr:egvi − ω − ıγ

+〈Ψg|P̂σgσ|Ψr〉〈Ψr|P̂ρ|Ψg〉
∞∑
vr=0

〈vf |vr〉〈vr|vi〉
ωervr:egvi + ωs − ıγ

] (6.3)

Br
ρσ =

1

ωωs

∑
k

[
∂〈Ψg|P̂ρ|Ψr〉

∂Qk

〈Ψr|P̂σgσ|Ψg〉
∞∑
vr=0

〈vf |Qk|vr〉〈vr|vi〉
ωervr:egvi − ω − ıγ

+〈Ψg|P̂ρ|Ψr〉
∂〈Ψr|P̂σgσ|Ψg〉

∂Qk

∞∑
vr=0

〈vf |vr〉〈vr|Qk|vi〉
ωervr:egvi − ω − ıγ

+
∂〈Ψg|P̂σgσ|Ψr〉

∂Qk

〈Ψr|P̂ρ|Ψg〉
∞∑
vr=0

〈vf |Qk|vr〉〈vr|vi〉
ωervr:egvi + ωs − ıγ

+〈Ψg|P̂σgσ|Ψr〉
∂〈Ψr|P̂ρ|Ψg〉

∂Qk

∞∑
vr=0

〈vf |vr〉〈vr|Qk|vi〉
ωervr:egvi + ωs − ıγ

]
.

(6.4)

All these definitions can be found in chapter 2. Moreover, the state-to-state map-

ping relationship between the Albrecht’s theory and the perturbation theory132

will give the equivalent expression of Eq. 6.2 for a specific vibrational mode as

αk,rρσ =
1

ωωs

[
∂ 〈Ψg |P̂ρ|Ψr〉〈Ψr|P̂σgσ |Ψg〉

∆Erg−ω

∂Qk

+
∂ 〈Ψg |P̂σgσ |Ψr〉〈Ψr|P̂ρ|Ψg〉

∆Erg+ωs

∂Qk

]
〈vf |Qk|vi〉. (6.5)

The sum over all the excited states in Eq. 6.5 is the final expression of the general

polarizability of Eq. 2.25 for the non-resonance Raman. Remarkably, the deriva-

tives of g-modified electronic transitions with respect to Qk exist in all the items

of Eq. 6.5. This shows that the non-resonance Raman images are associated with

the individual vibration modes. Calculated results for the AC molecule found that

the non-resonance Raman images are indeed located around their corresponding

vibrational modes (Figure 6.1c).59 Hereby, visualizing the molecular vibration in

real space through the non-resonant Raman images is theoretically predicted by

our group.50

We note that the theoretical prediction of vibration resolution in non-resonant

Raman images have been demonstrated by experiments in 2019.19,133,134 The non-

resonance Raman images nicely reflect their corresponding spatial vibration modes

for the single porphine molecule and its derivatives.19,133,134 Therefore, the non-

resonant Raman imaging technology becomes the first experimental method to

directly visualize the spatial vibration modes for a single molecule.
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6.2 Visualization of Chemical Distribution

The spatial vibration resolution of Raman images can provide more rich in-

formation of single molecules. We noted that other microscopy techniques with

highly spatial resolution like STM can not give the chemical identification. Taking

the classic porphine system as an example, we will exhibit the ability of spatial

chemical characterization of non-resonant Raman images,117 highlighting the ad-

vantage of spatial vibration resolution. Specifically, the spatial distinction of inner

hydrogen and deuterium positions in a single deuterated porphine (HD-porphine)

by constructing non-resonance Raman images from specific vibration modes is

anticipated.

For the non-resonance Raman scattering, the effective polarizability obtained

by the according phenomenologically modified interaction Hamiltonian46 can be

written as (refer to Eq. 2.22 and Eq. 2.26)

(
αeff
ρσ

)∗
= M

∑
r

(
〈Ψg|µ̂σgσ|Ψr〉〈Ψr|µ̂ρ|Ψg〉

∆Erg − ω
+
〈Ψg|µ̂ρ|Ψr〉〈Ψr|µ̂σgσ|Ψg〉

∆Erg + ω

)
. (6.6)

Here, we assume ω ≈ ωs. The bottleneck in sum-over-state framework is the

calculations of all excited states in Eq. 6.6. We note that the linear response

function for the first-order induced electric dipole moment is associated with the

frequency-dependent dipole polarizability.135 Thus, we exchange operators µ̂ρ and

µ̂σgσ in Eq. 6.6. As a result, the right hand side in Eq. 6.6 could be readily

calculated by the linear response theory64 as, i.e.,(
αeff
ρσ

)∗
= −M〈〈µ̂σgσ; µ̂ρ〉〉ω. (6.7)

Sophisticated algorithms136 of solving the linear equations136,137 are implemented

in Gaussian program75, and can be directly used to calculate the effective polar-

izability. Therefore, the non-resonance Raman images could be effectively calcu-

lated.

We first give the spectra in TERS (Figure 6.2a), since it is a good reference

to Raman images. Through focusing 1 Å plasmons either on the inner deuterium

(blue-coded area) or hydrogen (red-coded area) in HD-porphine, the vibration

modes associated with deuterium substitution can be straightforwardly selected

out. For instance, the N-H stretching band νD
NH at 3456 cm−1 is exclusively ob-

servable in the high frequency range when SCP shines on hydrogen, in contrast to

the solo N-D stretching band νD
ND at 2544 cm−1 with SCP localized on deuterium.

This provides a direct spectral identification of hydrogen deuteration, highlighting

the vibrational selectivity of the non-resonance TERS.
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Figure 6.2: (a) Calculated TERS with 1 Å SCP located at inner hydrogen (red-

coded area) and deuterium (blue-coded area) in trans HD-porphine. (b) The se-

lected vibrational modes by spectra. (c) Simulated Raman images with 1 Å SCP

of selected vibrations. Reproduced from Ref. 117. Copyright c©2019 American

Chemical Society.

Calculated non-resonance Raman images of selected modes in spectra are

given in Figure 6.2c. The sole bright Raman pattern of νD
NH precisely provides the

spatial position of inner hydrogen in HD-porphine. For νD
ND, we can see a central

Raman pattern reflecting deuterium position as well as more patterns associated

with the deuterated pyrrole ring. This is because of the more effects of heavier

deuterium on atomic movements of the skeleton. Therefore, the specific vibration

modes can give the accurate location distinction between hydrogen and deuterium.

Moreover, the vibration redistribution induced by deuterium replacement could

be demonstrated. The ability of spatially reflecting subtle changes of molecular

vibrations proposes the superiority of non-resonance Raman imaging. As a result,
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Figure 6.3: Merged Raman images by overlaying four Raman patterns for the

corresponding vibrational modes (left panel) and the illustration of a single Mg-

porphine structure with different chemical moieties marked by four colors (right

panel). Reprinted with permission from Ref. 134. Use permitted under the Creative

Commons Attribution License CC BY 4.0.

the visualization of chemical distribution in a single molecule is feasible.

We note that just recently, the visual construction of the chemical structure

for a single molecule in real space has been demonstrated by Raman images in the

experiment.134 Through overlaying four different Raman patterns of vibrational

modes associated with different chemical groups, a full structure for a single Mg-

porphine molecule with explicit chemical distribution is spatially visualized, as

shown in Figure 6.3. Benefited from the spatial vibration resolution, the chemical

characterization ability of Raman imaging technology with super-high resolution

would have a broad application prospect.
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Summary of Included Papers

Paper I

The non-uniformity of spatially confined plasmon (SCP) is introduced in the

interaction Hamiltonian between the light and the molecule. Through quantizing

EM field, a general gauge invariant interaction Hamiltonian (GIIH) is constructed

to describe the molecule-SCP interaction. Based on GIIH, we specifically derive

the general Raman scattering cross section under SCP from the second-order time-

dependent perturbation theory, which makes the numerical simulations of gauge-

independent resonance and non-resonance Raman images feasible. A theory for

modeling Raman imaging is established in the sum-over-state framework.

Paper II

We systematically investigate all possible local minimums for the adsorption

configurations of cis azobenzene (AB) molecule on Au(111). A new in-situ cis-up

configuration is proposed, which well reproduces the experimental STM image and

the spatially resolved scanning tunneling spectroscopy. Moreover, the complete

trans-cis isomerization pathway for AB on Au(111) is mapped out. Calculated

potential energy surfaces show that the thermal stability of the newly discovered

cis-up configuration is optimal, further confirming the detected cis-up in exper-

imental isomerization process. Accordingly, our calculated pathway shows that

the single AB molecule can perform a fascinating tumbling movement along the

Au(111) surface, making it into a good molecular motor.

Paper III

Taking the adsorbed configurations of azobenzene (AB) and its derivatives

on Au(111) as an example, we theoretically explore the potential applications of

resonance Raman images in characterizing the geometric changes of the single

switching molecule. Calculated resonant Raman images of AB display vibration-
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independent, highlighting the necessary of off-resonance in spatial vibration reso-

lution. We find that the local field decay along surface normal plays a key role in

distinguishing different non-planar cis AB. In addition, resonant Raman images

of different excitations exhibit diverse patterns consistent with the correspond-

ing electronic transition. As a result, subtle identifications of various adsorption

configurations for AB can be further achieved from Raman images with differ-

ent excitation energies. These findings provide good references for future TERS

experiments to characterize different states of single switch molecule.

Paper IV

We theoretically propose a feasible optical means that utilizing spatially con-

fined plasmon (SCP) field at nanoscale to promote the forbidden long-range charge-

transfer (LRCT) transitions. Taking a D-π-A system as an example, our results

demonstrate that the forbidden LRCT transitions as well as other arbitrary exci-

tations can be selectively lighted up through regulating SCP positions, which pro-

vides a unique tool to manipulate excited quantum states. This result is attributed

to the breakdown of spatial symmetry selection rule, where the rigorous considera-

tion of SCP field effects on transition matrix plays an essential role. Consequent to

the selective excitation, we also predict that the related resonant Raman images

can ambiguously visualize spatial donor (acceptor) moieties and charge transfer

states. Our work gives yet another fine application for the emerging tip-enhanced

Raman spectroscopy technique to explore.

Paper V

In this paper, we take advantage of linear response algorithm to effectively

calculate all the molecular excited states, which is necessary to the evaluation of

non-resonance Raman processes. As a result, the simulations of non-resonance

Raman images for relatively large molecule systems are available. The hydrogen

tautomerization in porphine system is then studied to explore the unique superior-

ity of spatial vibration resolution of the non-resonance Raman imaging technology.

Under the highly localized plasmonic field, the NH vibrational modes that directly

associated with hydrogen tautomerization in porphine become observable owing to

the symmetry breaking effect. This lays the foundation of visualizing spatial proton

transfer. With ultrafast incident excitations, the cis-porphine can be distinguished

from trans-porphine by the non-resonance Raman images of specific modes, giving

the direct detection of the transient cis isomer. In addition, non-resonance Raman

images capture the subtle changes in vibrations. This results in the characteriza-

tion of hydrogen isotope effect in porphine, indicating the applications of spatially

chemical identification of Raman images for the single molecule.

58



Chapter 8

Outlook

Based on the first-principles calculations, our work deepens the understanding

of localized light and matter interaction at the nanoscale. By introducing the

spatial distribution of localized light field into optical transitions, the accurate

modeling of molecular Raman images are achieved. We theoretically studied the

abilities of Raman images in identifying molecular structures and spatial chemical

distribution, and the corresponding localized plasmonic field was proposed to break

the spatial selection rule in optical processes. According to the previous works in

our group, we can move on some attractive projects.

It should be mentioned that although the effects of metal substrates on the

molecular geometry are taken into account for the modeling of Raman images, the

substrate influence on the electronic structures of adsorbed molecules is not consid-

ered in our current calculations. The evaluation of all the required excited states for

the system included metal substrates is beyond the current computational ability.

To some extent, the effective linear response algorithm could consider substrate ef-

fects on the Raman images of adsorbates, by choosing a simplified metal substrate

in the simulation.

Non-resonance Raman images can reflect the distribution of molecular normal

modes in real space. Thus, it is promising to detect the catalytically active sites

in catalytic systems at the molecular scale. For instance, the specific vibrational

modes related to the hydrogen and the active site can be used for the Raman

imaging in a hydrogen evolution reaction. Combined with the ultrafast tip en-

hanced Raman spectroscopy, the transient intermediates could be captured. This

can elucidate important catalytic processes at nanoscale through in situ spectral

characterization.

By spatially modulating local light field distribution, specific excited states

can be selectively manipulated, which even has the ability to excite forbidden
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transitions as demonstrated previously. The activated “dark state” are expected

to have long life-time once they relax on their potential energy surfaces and thus

escape from the Franck-Condon region, which is expected to significantly affect

electron transport properties in single molecular devices. The manipulation of the

local light field in molecular electrical transport would be theoretically studied in

the near future.

In summary, the local field microscopy and spectroscopy are emerging tech-

nologies that can result in observations of novel phenomena. This will attract us

to further explore their fine applications.
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