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Introduction 

 

 Physics is a foundation of matter and energy. Ancestors invented a laser and a transistor by 

grace of physics. We created a first computer and a first airplane with the aid of physics, in 

other words almost everything you see in your living room and on a street can be traced back to 

physics. Utilizing physics, we have done and created many things for our better prosperity and 

have foretold future. Now we are going to have a car driving itself, which we couldn’t imagine 

20 years ago, and strive to seek the unified field theory which is believed to have one-inch long 

equation to explain everything. I was attracted such a potential of physics and I wished to be the 

one who apply physics to make new revolutionary products and a better future. 

 

 Now, while Moore's law, which is the observation that the number of transistors and integrated 

circuits doubles approximately every 18 months, is about to saturate, fundamental methods for 

breaking this stagnation is needed for us to prosper more forward to better life in the future. 

This year, a research group in Harvard University demonstrated carbon nanotubes (CNTs) 

circuits as a first report [1]. The accomplishment gave a great impact on all researchers in the 

field of nanotechnology because if we can apply CNTs to build circuits, performance of 

semiconducting products could be dramatically improved due to their wealth of electronic 

property and a size of their diameters with overwhelmingly small enough to reach to 1nm [2-5]. 

Therefore, it is no exaggeration to say that this event was the dawn of nano-electronic device 

utilizing CNTs. 

 

 My research purpose is to see nano-materials with light. Especially, the nano-materials I 

investigated were single-walled carbon nanotubes (SWCNTs). SWCNTs are molecules 

described as rolled up graphene sheet, which has a variety of band gap and play a role as metal 

and semiconductor depending on the combination of rolling angle and radius. Products made of 

SWCNTs such as nano-transistor [2], high integrated circuits [6] and field emitters in flat panel 

displays [23] are expected to have a great role as nano-electronic devices with a variety of 

electronic characteristic. A surge of the interests has given rise to many methods for tailoring 

electronic properties of SWCNTs such as chemical functionalization [7-8], encapsulation of 

organic and non-organic materials inside SWCNTs and structural deformation [9]. In particular, 

interesting configurations to study are arbitrary deformations and the deformations caused 

through the process of SWCNTs bridging over other SWCNTs. These deformations widen their 
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application possibilities because they are flexible techniques for making defects and modifying 

electronic band structure by strong pressurization on SWCNTs or interconnects which induce 

tunnel barriers. Interestingly, arbitrary deformations has been pointed out as a cause of strains, 

which is very significant for tuning electronic property of SWCNTs, and a pressurization on 

semiconducting SWCNTs was predicted to have a bearing on metallization of semiconducting 

SWCNTs attributable to π* - σ* hybridization effect [10]. The metallization is expected to occur 

also by crossing them each other. However, what types of strains is applied on deformed 

SWCNTs and what is the detailed cause of this metallization have not been supported well by 

other researches. Therefore, there remains considerable debates and stimulate extensive research 

enthusiasm on these types and main causes because they are localized property’s change and it 

needs analysis in nanoscale region. 

 

 Raman spectroscopic measurement is a suitable tool for paving the way to understand the 

physical properties of SWCNTs depending on their positions because of their ability to detect 

directly vibrational features of molecule and topographical information simultaneously. Raman 

spectroscopic measurement enables us to easily see what is happening on SWCNTs as a 2D 

imaging. From the first experimental report about Raman scattering of SWCNTs by Rao et. al. 

in 1997 [11], Raman spectroscopy has became a standard technique for understanding how 

physical properties change by a certain perturbation such as chemical functionalization, 

electronic field, strains and defects. In 2000, Alf Mews et. al. reported the imaging of CNTs by 

use of scanning confocal Raman microscopy for locating individual SWCNTs for the first time 

[12]. Since then, spectroscopic analysis of SWCNTs turned to microscopic one, which push 

researchers to perceive physical properties of them as 2D image.  

 

 Let me refer to prime researches on Raman investigations on SWCNTs for giving a detailed 

account. Mildred S. Dresselhaus et al. evaluated the defects induced on SWCNTs by Ar plasma 

through the detection of D-band signature [13]. New physical property achieved by 

functionalizing carbon nanotube with a dope of various types of foreign atoms [24-26] or with 

absorption of atoms or molecules [27, 28] has been evaluated by Raman measurements. For 

example, Richard E. Smalley [29] et al. succeeded to elucidate the charge transfer degree 

difference depending on types of doped atoms by monitoring the frequency shift of longitudinal 

optical mode in G-band [14]. Now since the report from M. S. Dresselhaus et al., an observation 

of strains applied nanotubes with Raman spectroscopy become more and more significant 
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because of an easy and a quick way to observe the tailored properties [15]. 

 

 One of challenges in a Raman observation of SWCNTs is high spatial resolution. This is 

because SWCNTs have nano-structure and their entire property can be affected completely by 

localized nano-change in their physical property. Kawata et al. suggested tip-enhanced Raman 

scattering (TERS) microscopy for reaching 10-30 nm spatial resolution [16-22]. Tip-enhanced 

coherent Raman scattering microscopy was developed by the combination of TERS with 

nonlinear optical response, which suggested a road for a better signal sensitivity and a better 

spatial resolution [19]. Such that, researches on physical properties of SWCNTs become more 

and more hot by the support of new optical microscope and techniques. However, you might 

think that Raman scattering of SWCNTs come into being as normal vibrations of whole crystal 

and we can’t regard vibrational modes as information of localized properties. It is not true. Each 

Raman mode has a line width. This implies that each vibrational motion is not complete 

coherent phenomena and it brings the information of localized properties. Therefore, the new 

optical microscopes suggested today will make a significant contribution to observe 

nano-localized properties in SWCNTs. 

 

 In first chapter, I introduce the principle of Raman scattering in SWCNTs. In second chapter, I 

explain the principle of tip-enhanced techniques for improving spatial resolution and efficiency 

of signal generation. In third chapter, I show the results of Raman scattering investigations on 

deformed SWCNTs. In forth chapter, I indicate that local pressure cause metal transition from 

semiconducting feature of SWCNTs, which was revealed through tip-enhanced Raman 

investigations on crossed SWCNTs. Finally, I conclude the dissertation by orderly explanations 

read off from the whole text in my dissertation. 
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Chapter 1. Raman scattering at single walled carbon nanotubes (SWCNTs) 

 A new type of secondary radiation found in 1928 became a ground-breaking discovery, which 

is now called Raman scattering [1, 2]. The discovery has stimulated researches in the fields of 

biological science, medical science, material science and so on. Time has passed and then since 

Iijima’s discovery of SWCNTs, which is fascinating materials for nano-electronic devices, in 

1991 [3], many analytical methods have been applied to observe the hidden nature in SWCNTs. 

However, most of the methods just revealed one or two particular properties of SWCNTs 

because of a lack of information in signal for analysis. Raman scattering totally resolve such 

problems. What does Raman scattering tell us? Before proceeding to following chapters, I 

decide myself to explain what Raman scattering tells us and how about the case in SWCNTs for 

your better understanding on how beneficial Raman scattering of SWCNTs is. In first section, I 

explain a principle of Raman scattering. In second section, I will introduce basics of Raman 

scattering of SWCNTs and how it relates to their own physical properties.  

1-1. Raman scattering 

 Raman scattering is the light interacted with a material and emerges in accordance with 

selection rule derived from a symmetric property of a material. At the beginning of this section, 

I would like to mention the overview of Raman scattering and pursue the subject toward 

Kramers-Heisenberg-Dirac (K-H-D) dispersion formula used for estimating the intensity of 

Raman scattering. Finally, I will develop the selection rule using K-H-D dispersion formula. 

Overview of Raman scattering 

 The scattering process of light can be considered as a collision process between photon and 

material. In this process, Rayleigh scattering takes place by an elastic collision without energy 

conversion and Raman scattering takes place by an inelastic collision with energy conversion 

[4]. The exchanged energy through the Raman scattering process corresponds to the energy 

required for a transition from an initial state to a final state of material as shown in Fig. 1. This 

energy is detectable as a spectrum.  
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Fig.1 | Scheme of Raman scattering process is shown above. When incident light comes into a 

certain system, an electron in ground state goes up to virtual state by absorbing one photon. 

After a vibrational lifetime, an electron goes down to a vibrational excited state of ground 

electronic state, then the system generate a scattered photon. 

 Fig. 2 shows a schematic image of a typical Raman spectrum from material. The frequency of 

the spectrum is equals to difference between that of incident light and that of Raman scattering. 

The Raman scatterings are classified as Stokes and Anti-Stokes scattering, respectively.  

 

Fig.2 | Schematic image of a typical Raman spectrum from materials. 

 The strongest peak positioned center is Rayleigh scattering. Three peaks positioned to the left 

side of the center are attributed to Anti-Stokes scattering and other peaks positioned to the right 

are attributed to Stokes scattering. This spectrum displays the intensity at its vertical axis and 

wavenumber at its horizontal one. Unit used either for intensity or Raman shift is arbitral unit or 

cm-1. This spectrum tells detailed molecular information with the intensity and the position of 

peaks. In usual, the intensity indicates the volume of molecule and the peak position tells 

chemical composition. 
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 Raman spectra can be classified by the state of motion of material. Raman scattering has been 

classified as following types: 1) Rotational Raman scattering caused by the intra transition 

between different rotational states in same vibrational and electronic states 2) Rotational Raman 

scattering caused by the intra transition between different rotational states in different 

vibrational and same electronic states. These modes appear in air condition, which does not 

regulate rotational motions. In contrast to that, in liquid and in solid condition, quantized energy 

levels of rotational motions disappear because of strict regulation imposed against rotational 

movements. Then vibrational Raman scattering, which derives from inter transition between 

different vibrational states in same electronic state, has a dominant role. The number of normal 

vibrational modes equals 3N – 6. The number derives from the number of degrees of freedom 

subtracted by 3 rotational motions and 3 translational motions. Since the Raman scattering by 

vibrational transition reflects the feature of their composition and configuration of atoms, it is 

called a fingerprint of molecules that is an identifier for the individuality of molecules. 

Therefore, it is used in the field of analytical science. In the case of crystals, vibration modes 

derive from translational motion of atoms and molecules. This is the quantized quasi-particle 

called “Phonon”. In the process of collision between photon and phonon, a part of light is 

scattered in sensitive with the structure of crystal. In this time, since the object of observation is 

a carbon nanotube composed of carbon atoms aligned in regulated manner, the concept of 

“Phonon” is quite important. 

K-H-D dispersion equation from a mutual effect between electron and radiant field  

 A theory of Raman scattering has been explained by two points of views. One is classical 

theory that Raman tensor is related to the intensity of the scattering but usually indicate just 

intuitive and qualitative comprehension of Raman scattering. Second is quantum theory that the 

intensity of Raman scattering is proportional to Kramers-Heisenberg-Dirac (K-H-D) dispersion 

equation [5, 6]. And whether the scattering is Raman active or not can be simply judged by 

K-H-D dispersion equation. 

 To begin with, I am going to develop K-H-D dispersion equation by quantization of a radiant 

field relevant to a thought that Raman scattering happens through a process of annihilation and 

generation of photons. A mutual effect between a molecule and a radiant field can be restated in 

an interaction between electrons in molecules and a radiant field. Therefore, classical 

Hamiltonian function of electrons is useful for mathematically expressing the interaction energy 
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between electrons and radiant field. Classical Hamiltonian function of an electron in 

electromagnetic field is given by [7], 

! = !
!! ! − !

! !
!
+ !ϕ        (1.1) 

 In this equation,!! is mass of electron and ! is charge and ! is kinetic momentum and ! is 

a vector potential and ϕ is scalar potential. If we neglect the effect of fields induced by 

electrons on themselves, it is quite sure that a vector potential ! and scalar potential ϕ is 

purely caused by the radiant field so that ϕ=0 is assumed. Hamiltonian of an interaction 

between electrons and radiant field corresponds to remaining terms of Hamiltonian ! after a 

deduction of kinetic energy of electrons !!/2!, which is described as, 

!! = !
!" !! +

!!
!!!! !!         (1.2) 

where ! is a speed of light. Quantized radiant field is given by.  

4!! !!!!"!!"!!!! = ℎ!!!!"!!"!!!!        (1.3) 

where !!" is a creation operator and !!" is an annihilation operator for one photon with ! 

propagating direction and ! direction of electronic field. ℎ!! is energy of photon with the 

propagating direction along !. !!" is Fourier amplitude of a vector potential of light. The 

value denoted as !!!! is a volume assigned to one lattice point in reciprocal space (k-space). 

The summation denoted as Σ! and Σ! is for summing up all Fourier amplitudes of vector 

potentials, creation operators and annihilation operators for photon in all !"  modes. The 

equation in Eq. (1.3) implies !!", which physically represents a creation operator for “Photon”, 

corresponds to !!", which is Fourier amplitude of a vector potential of “Light wave” used a lot 

in classical electrodynamics, namely we transcribe the equation used in classical physics to the 

one in quantum physics.  

 Quantization of the Hamiltonian representing an interaction between electrons and radiant field 

can be introduced by substituting Eq. (1.3) of quantized radiant field into Eq. (1.2), 

!! =
!ℎ

!
!

4!!! !!!!
!!
!

!!
!!" + !!" !!

!!
! + !!ℎ

32!!! !!
!!
! !!!

!!
!

!!!!!!
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× !!" + !!" × !!!!! + !!!!! ×!!′!!
!!
! !!!

!!
!       (1.4) 

 This is the Hamiltonian of quantized interaction between electrons and radiant field. The value 

denoted as ! and ! are discrete values of direction of propagation and field. The denotations 

indicate the modes of photon. The frequency of the photon in ! mode is represented as !!. 

The value of !!
!!/! is derived from the confinement effect of radiant field. The equation of 

!! !!" + !!" , which constitute the first term in Eq. (1.4), physically indicate that a state change 

of molecule is caused by perturbation of !! at the same time as a photon is generated and 

annihilated by !!" and !!". However, second term of Eq. (1.4) doesn’t have any operators 

denoted as ! promoting the state change, which physically means that there is no perturbation 

acting on a molecule. So the second term has nothing to do with scattering. Besides, Raman 

scattering is generated through the two-photon process with one photon generation and 

annihilation. Therefore, an equation corresponding to Raman scattering must be derived from 

second-order perturbation of the term of scattering. K-H-D dispersion equation is derived from 

second-order perturbation of the first term in Eq. (1.4). Here, the process through which initial 

state |!  at!! = 0 transits to final state |!  at!! = ! of a certain system by the perturbation 

!! yields the following probability amplitude using state vectors.  

!!! ! = ! !! ! ! !! !
!(!!!!!)! ∙ !

!!"(!!!!!)!!!
!(!!!!!)

      (1.5) 

where ℎ!! ,!ℎ!!  and ℎ!!  express energy of |! , |!  and |!  state, respectively. |!  is a 

state vector of an intermediate state. The probability amplitude described in Eq. (1. 5) is finally 

rewritten as following equations with the use of momentum operator !, 

!!! !, !! = ! !! !! !! !! !
!(!!!!!!)

= !!!
!"!!!!

! !!!! ! ! !!! !
!(!!!!!!!!!)

×(!!!!!)
!
!(!!!!!!!!!!!!!!)

!!
!   (1.14) 

where |! , |!  and |!  are state vectors of an intermediate state, an initial state and an final 

state, respectively. The above equation indicates the process that one-photon in the mode !!!! 
is absorbed and the one in the mode !!!!!!  is emitted by the Hamiltonian of quantized 

interaction denoted as !!. And the probability amplitude for another scattering process is given 

by, 
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!!! !, !! = ! !! !! !! !! !
!(!!!!!!)

= !!!
!"!!!!

! !!! ! ! !!!! !
!(!!!!!!!!!!)

×(!!!!!)
!
!(!!!!!!!!!!!!!!)

!!
!     (1.15)  

 This equation indicates the process that one-photon in the mode !!!!!! is absorbed and that in 

the mode !!!! is emitted by the Hamiltonian of quantized interaction denoted as !!. Let me 

spare the details for deriving Eq. (1.14-15) to avoid jumping out the rails. If you want to pursue 

the description for the probability amplitude written by the momentum operator of electron, 

please read through the details shown in Appendix (For pp.101-102). By substituting Eq. 

(1.14-15) into Eq. (1.5) and squaring the absolute value, one can have following equation as a 

transition probability of Raman scattering. 

!!! !
!
= !!

!"#!!!!
! !!!! ! ! !!! !
!(!!!!!!!!!)

+ ! !!! ! ! !!!! !
!(!!!!!!!!!!)!

!
×(!!!!!)(!!!!!!!!!!!!!!)!! ∙

!!!"#!!(!!!!!!!!!!!!!!)!
(!!!!!!!!!!!!!!)!

         (1.16) 

 Taking the summation of the equation with !! and !!! for an integration of whole incident 

and scattering components, one has following equation, 

 ! = !!! !
!
!!!′ !!!′′      (1.17) 

 This is the total probability of Raman transition from |!  to |!  occurring on molecules 

under radiant field during t=0 to t=t. Expressing the equation with the use of Fourier 

components of vector potential leads to the following equation, 

! = !!!!!! ! !!!!!!!!(!!! + !! − !!)!!!!!!!!!!!!!   (1.18) 

!!!!!! =
!!
!!

! !!!! ! ! !!! !
!(!!!!!!!!!)

+ ! !!! ! ! !!!! !
!(!!!!!!!!!)!     (1.19) 

 The frequency of a scattering is derived by using that of incident light and Raman shift as 

follows !!! + !! − !! = !!!! . Although the Fourier component of vector potential ! is 

written by the momentum of electron in a molecule !, the above equation in Eq. (1.18) and Eq. 

(1.19) are needed for being rewritten as a formula with electric dipole moment ! for easier 

comprehension of the electronic interaction, 
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! !! ! = − !!"#
!" (!! − !!) ! !! !      (1.20) 

 This equation is obtained with the Heisenberg equation of motion expressed by ! and !, 

!!!
!" =

!
!! (!!!! − !!!!)       (1.21) 

where !! is the Hamiltonian for electronic state of a molecule. By substituting the equation Eq. 

(1.20) into Eq. (1.19), the expression for the Fourier component ! is rewritten with the use of 

the electric dipole moment !. 

!!!!!! =
!!!
!! (!! − !!)(!! − !!)× ! !!!! ! ! !!! !

!(!!!!!!!!!)
+ ! !!! ! ! !!!! !

!(!!!!!!!!!)
!!    (1.22) 

Furthermore, Eq. (1.22) is simplified as a following formula, 

!!!!!! =
!!!
!! !!!(!!! + !! − !!) ! !!!! ! ! !!! !

!(!!!!!!!!!)
+ ! !!! ! ! !!!! !

!(!!!!!!!!!)
!!              (1.23) 

 Let’s think about a possibility to obtain a scattering with propagation vector !! and electric 

field direction !! from an incident light with propagation vector !! and electric field direction 

!!. !!!!! in Eq. (1. 18) has constant value only within ∆!!, ∆!! and ∆!! otherwise it is zero 

value. Therefore, the integral interval in Eq. (1.18) is simply converged in the range of 

∆!!∆!!∆!!  and the following equation can be derived with the integration operator ∭  

excluded, 

! = !
!! !!!!!!

!!!!!!!!!(!!! + !! − !!)∆!!∆!!∆!!   (1.24) 

 Energy of photon scattered into solid angle of ∆!! per unit time is given by multiplying 

ℎ!!! = ℎ!!!(!!! + !! − !!)  to Eq. (1.24) and dividing it by time ! , then we have the 

following equation, 

!!!!!∆!! =
!
!! !!!!!!

!!!!!!!!!(!!! + !! − !!)!∆!!∆!!∆!!  (1.25) 

 A total radiant energy from an incident photon in ∆!! and ∆!! is equal to the equation 

(!!ℎ!!!
!!!!!!/!!) ∙ ∆!!∆!!. A density of energy in a unit of time is derived from dividing the 

total radiant energy by !!/!, then we have, 
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!!!!! =
!!!!

!!!!!!
!! ∆!!∆!! ∙ !             (1.26) 

 This value is intensity of light in spectroscopy. With Eq. (1.26) and Eq. (1.23), Eq. (1.25) 

indicates the relation between vector potential and electric dipole moment, which is expressed 

as follows, 

!!!! =
!"!!(!!!!!!!!)!

!! !!"
!!!!!      (1.27) 

!!" =
! !! ! ! !! !
!(!!!!!!!!)

+ ! !! ! ! !! !
!(!!!!!!!!)

!!      (1.28) 

where !! and !! indicate the polarization directions of electronic field for incident light and 

scattering light each in space-fixed system of coordinates correspond with ! and ! (!, ! =
!, !, !) in molecule-fixed system of coordinates. The propagating directions of incident light and 

that of scattered light are denoted as !! and !!. Here, we have Kramers-Heisenberg-Dirac 

(K-H-D) dispersion formula written as Eq. (1.28). The equation is the expression for the cross 

section of one photon scattering by an atomic electron. ! !! !  in the first term represents 

that an incident light polarized in !  direction disappear and ! !! !  represents that a 

scattering light polarized in ! direction appears. Eq. (1.27) indicates the intensity of incident 

light !!!! generates the intensity of Raman scattering !!!!. Eq. (1.28) determines whether it is 

Raman active or not. Adding more, Eq. (1.27) is often used for polarized Raman scattering 

measurements. For example, if you illuminate the light from X direction in space fixed system 

of coordinates and detects scattering from Y direction in space fixed system of coordinates, all 

you need to observe is ! !!, !! !, which is a general writing style known as Porto notation 

used for finding the value of !!" from the given experimental configuration. The vector value 

!! and !! are the polarization directions of electronic field for incident light and scattering 

light, respectively. By the combination of electric field direction ! with !, !" component in 

Raman tensor !!" can be calculated. More general expression of Eq. (1.27) is written as 

! ∝ !! ∙ !!" ∙ !!
!
, which is for the case that !! and !! electronic field directions for incident 

light and scattering light doesn’t correspond with ! and ! components for Raman tensor !!".   
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Selection rule of Raman scattering and symmetric property of states of molecule  

 Relation between irreducible representations of states of molecule and Raman scattering tensor 

operator gives selection rule for Raman scattering, which simply expressed as Γ!×Γ! ⊂ Γ!". 

Γ!, Γ! and Γ!" denote irreducible representations of initial state, final state and Raman 

scattering tensor operator. Here, I try to derive the selection rule from K-H-D dispersion 

formula. K-H-D dispersion formula expressed in (1.28) is transcribed as the following 

equations, 

!!" = ! !!" !       (1.29) 

!!" =
!!|! !|!!

! !!!!!!!! !!!!
+ !!|! !|!!

!(!!!!!!!!)!!!!!!!,!      (1.30) 

where !!" is !" component in the Raman scattering tensor operator and Γ! is a damping 

constant for avoiding the situation that the denominator of ℎ !! − !! − !!  is close to infinite 

and !  is an electric dipole moment of molecule. Raman scattering tensor operator !!" 

physically means the capability of responding to electric field, which is a corresponding value 

to polarizability tensor in classical theory. Initial state |!  is in ground vibrational state |0) on 

ground electronic state [g] and final state |! � is in first excited vibrational state |1) on ground 

electronic state [g]. Adding more, if intermediate states |!  were expressed as a following 

general state, we can make Eq. (1.29) more clear form. 

|! = |!!!! |! = |! |!              (1.31) 

where |  or |  is state vector representing electronic or vibrational state, respectively. 

|!!!!  and |!  are represented as |!  and |!  for convenience. Removed summations 

expressed as Σ|v)(v|=1 in Poncelet's closure theorem, we can ignore contributions from all 

vibrational state during intermediate state, then we have the following equations. 

! 1 ← 0 = 0 ! 1              (1.32) 

!!" =
! !! ! ! !! !
!(!!!!!!!!)

+ ! !! ! ! !! !
!(!!!!!!!!)!             (1.33) 
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where |0  is a ground vibrational state and |1  is an excited vibrational state. The Poncelet's 

closure theorem approximate Raman tensor ! with vibrational matrix element |0  and |1  of 

polarizability !. Polarizability tensor ! is an operator depending on a core point of molecule. 

This polarizability tensor can be expanded into power series of !! around an equilibrium 

position because a molecule vibration is small oscillation along base coordinates around an 

equilibrium position, which is described as,  

!!" = !!"! +
!!!"
!!! !

!!! +⋯     (1.34) 

By substituting Eq. (1.34) into Eq. (1.33),  

! 1 ← 0 = !
! !!

!!!"
!!! !

     (1.35) 

is given. This equation indicates that Raman tensor of fundamental tone on mode ! near an 

equilibrium position is proportional to an amplitude of normal vibration and derivative of 

polarizability tensor !!" at !!. Eq. (1.35) is a basic formula of Placzek polarizability theory 

for the theoretical treatment of bond polarizability [8]. Symmetric property of polarizability 

tensor has to be same with that of base coordinates !! for obtaining a finite value of Raman 

scattering. In terms of group theory, Raman is active only if linear combination of irreducible 

representations of a polarizability tensor !!", which is expressed as Γ!", belongs to that of 

base coordinates on a molecule !! expressed as Γ!. 

Γ! ⊂ Γ!"              (1.36) 

 This is the selection rule for vibrational Raman scattering with Placzek polarizability theory. 

To derive the general selection rule, we can take a different path.  

 For detecting Raman scattering, ! ! ← ! = ! ! !  must have non-zero value. In terms of 

group theory, a direct product of ! ! !  must belong to totally symmetric representation, 

which is denoted as !, because the value is integrated over a whole space and must be invariant 

against all operations of symmetry group to which the molecule belongs. To obtain a totally 

symmetric representation from the direct product of Γ!×Γ!× Γ!", the obtained irreducible 

representation is required to equal !, where Γ!, Γ! and Γ!" are irreducible representations 
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of an initial state |! , a final state |!  and linear combination of irreducible representations of 

!" component of an operator of Raman tensor. This is also written as, 

Γ!×Γ! ⊂ Γ!"      (1.37) 

 Eq. (1.37) is completely same as Eq. (1.36) in principle because Γ!×Γ! is always equals to 

Γ! due to symmetric property of vibrational motion. 

 In either a resonance or pre-resonance condition that the energy of photon goes up to or close 

to excited electronic state, we can’t use Placzek polarizability theory. The value of !!" is 

practically determined by !!"|!! |! = |! |!  or by !!"|!! !!"|!! = |! |! , which 

indicate a pre-resonance and a rigorous resonance Raman scattering, respectively [see Fig. 3]. 

 

Fig. 3 | Jablonski-diagram illustrates (a) pre-resonance Raman scattering and (b) a rigorous 

resonance Raman scattering. 

 In the case of Fig. 3 (a), only one electronic state contributes to an operator of Raman tensor 

but all vibrational state in the electronic state have on an operator of Raman tensor, which can 

be seen as !!"|!! |! = |! |!  in K-H-D equation. Fig. 3 (b) shows only one vibrational 

state contributes to an operator of Raman tensor, which is described as !!"|!! !!"|!! =
|! |! .   

 In these cases, the irreducible representation of intermediate state has significant role for 

selection rules, which leads to a more strict condition expressed as, 

Γ! ⊂ Γ!"       (1.38) 

|e]Σ|v)

|g]

{
(a)

|e]|v)

(b)
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Selection rules of Raman scattering of crystal 

 Since a single walled carbon nanotube (SWCNT) has crystal structure composed of 

well-ordered six-membered carbon rings, selection rules derived from translation symmetries 

has to be considered. In the case that each element in crystal moves periodically, it is natural 

that polarizability of each element changes periodically, which is expressed as follows [9, 10]. 

!! = !! + !! cos(2!!!! − !! ∙ !!)      (1.39) 

where !! is phase vector of periodic motion of each element and !! is position in ! element. 

!!  is time-independent polarizability and !!  is time-dependent polarizability. !!  is the 

frequency of periodic motion of molecules. The second term of Eq. (1.39) is a relevant term 

with Raman scattering. The selection rule for Raman scattering from crystal is determined by 

translation symmetry of element and symmetry of Bravais lattice. Translation symmetry of 

crystal is reflected in the cosine function of the second term. Symmetry of Bravais lattice 

defines the symmetry of !! in the second term.  

 The equation of electric field component of second radiant wave from crystal, which is 

described as !! ∝ cos{2!!!! − !! ∙ ! − !! − !! − !! }! , gives the requirement to obtain 

Raman scattering from crystal given by, 

!! = ±(!! − !!)       (1.40) 

where !! and !! are allowed wave vector of incident light and scattering light. ! is position 

vector of observation point. The phase vector !! of Eq. (1.40) is within the following closed 

interval,  

!! − !! ≤ !! ≤ !! + !!      (1.41) 

 The phase vector is physically useless except for its being within Brillouin Zone. The range of 

Brillouin Zone is expressed as follows, 

− !
! ≤ !! ≤ !

! = !×10!!!"!!      (1.42) 

where ! is lattice constant for space between neighboring lattices. With visible light, the phase 

vector ineluctably satisfy !! + !! ≪ !
! because Brillouin Zone is far bigger than the allowed 
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region described as !! ≤ !! + !! ≈ 10!!!"!! ≪ !
! = !×10!!!"!! . That means Raman 

scattering occurs only in very limited region around !! = 0 

!! = 0        (1.41) 

Eq. (1.41) restricts the phase of the cyclic motion of the crystal. That means Raman scattering 

only occurs in the vicinity of Γ point. Fig. 4 shows dispersion curve of phonons of graphite. In 

graphite, there are six Γ phonons, i.e., the out-of-plane transverse acoustic (oTA), longitudinal 

acoustic (LA), in-plane transverse acoustic (iTA), out-of-plane transverse optical (oTO), 

in-plane TO (iTO), and longitudinal optical (LO) modes listed in order of increasing phonon 

frequency. At Γ point, we have phonons near 1600 cm-1, 800 cm-1 and 100 cm-1. That’s why we 

have Raman spectra whose frequency located on these Raman shifts. 

 

Fig. 4 | Dispersion curve of phonon of graphene and dispersion curve near k=0, calculated in 

following report [11]. 

 Provided that !! = 0, Raman scattering from crystals is treated equally with that from 

molecule. This is because the equation of polarizability of molecule is described as !! = !! +
!! cos(2!!!!), which is same as !! = !! + !! cos(2!!!! − !! ∙ !!) derived from that of 

crystal. In the above condition, Raman scattering of crystals depends on symmetric property of 

Bravais lattice, which is reflected in time-dependent polarizability !!. 
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Figure 2: (a) Phonon dispersion of 2D graphite using the force constants from [10]. The phonon
branches are labeled: oTA (out-of-plane transverse acoustic); iTA (in-plane transverse acoustic);
LA (longitudinal acoustic), oTO (out-of-plane transverse optic); iTO (in-plane transverse op-
tic); LO (longitudinal optic). (b) The phonon density of states for a 2D graphene sheet. (c) The
calculated phonon dispersion relations of an armchair carbon nanotube with (n,m) = (10, 10),
for which there are 120 degrees of freedom and 66 distinct phonon branches [13], calculated
from (a) by using the zone folding procedure. (d) The corresponding phonon density of states
for a (10,10) nanotube [1].

D バンド 1350cm�1にあらわれるラマンシグナル。結晶性と密接に関わっていて、欠陥が多
い結晶の場合には D バンドの強度が大きい。また、微結晶のサイズが小さい場合には、D バ
ンド と Gバンド の強度比が大きくなるので、結晶の評価に用いることができる。Dバンドの
ラマン周波数は入射光のエネルギーに依存し変化 (分散性)する。6 Dバンドのフォノンモード
は � 点のフォノンではなく、K 点付近 (六角形のブリルアン領域の角)のフォノンが関係する。
D バンドの強度は E�4

L に比例している。

D* バンド フォノン状態密度に関係したバンド : 1605cm�1にあらわれるラマンシグナル。D
バンドに比べて相対的に強度が小さいが、D* バンドも結晶性と密接に関わっていて、欠陥が
多い結晶の場合には D* バンドの強度が大きい。この D* バンドは、グラファイトのフォノン
の最高周波数に対応し状態密度が大きいところに対応する7。D バンドと異なり入射光エネル
ギー依存性はない。

G’ バンド D バンドの倍音: 2700cm�1にあらわれるラマンシグナル。Dバンドのフォノンの
倍音8であるが、シグナルと結晶性には直接関係がなく、常に Gバンドに匹敵する強度を持つ。
G’バンドのラマン周波数は、Dバンドと同じく入射光のエネルギーに依存して、2700cm�1の
周波数は、波長 515nm (2.41eV) の緑色の Ar-Krレーザの光による値である。レーザのエネル
ギーが 1eV 大きくなるとほぼ線形に 106cm�1だけラマン周波数がずれる。このずれる理由は
D バンドと同じく 二重共鳴 Raman 分光の理論で定量的に説明できる。Fig. 3は欠陥の多い 2

61350cm�1の周波数は、波長 515nm (2.41eV) の緑色の Ar-Krレーザの光による値である。レーザのエネル
ギー ELが 1eV 大きくなると ほぼ線形に 53cm�1だけ D バンドのラマン周波数が大きくなる。この周波数が変
化する理由は二重共鳴 Raman 分光の理論で定量的に説明できる [6, 15]。

7Fig. 2(a) の結果では少しわかりにくいが、LO フォノンモードは � 点から M 点にいく間に周波数が大きくな
り、極大値を持つ。

8倍音と結合音 光の非弾性散乱において、2 つ以上のフォノンを発生する場合がある。同じ振動数のフォノン
を発生する場合を 倍音 (overtone mode)、2 種類の振動数のフォノンを発生する場合を結合音 (combination tone
mode) モードとそれぞれ呼ぶ。ラマンシフト量は 2 つのフォノンのエネルギーを足したものになる。
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1-2.   Introduction of SWCNTs and its Raman scattering 

 Single walled carbon nanotubes (SWCNTs) have become a standard material in 

nanotechnology and a wide variety of applications using nanotubes have been proposed and 

investigated intensively due to its having 1D nano-structure which provides a wealth of 

electronic and mechanical property. However, there are unknown properties concealed in 

SWCNTs, which inhibited their practical applications. One of the most attractive subjects is to 

reveal intrinsic properties of them in a simple and quick way. To apply SWCNTs into 

nanotechnology, we need the information of following points: 1) the purity of SWCNTs 2) 

diameter and chirality 3) whether it is metallic or semiconducting 4) whether a perfect or 

defective crystal 5) strains applied to SWCNTs. Raman spectroscopy is a non-destructive 

measurement which is powerful tool for investigating the intrinsic properties in a simple and 

quick way. Rao et al. showed the Raman signal from the carbon nanotube not only consists of 

the graphite-oriented A1, E1 and E2 (for armchair, A1g, E1g and E2g) modes but also contains 

a strong low frequency Ag-active mode in its spectrum, known as radial breathing mode (RBM), 

which is special to the diameter of SWCNT [22]. The result was in good agreement with lattice 

dynamics calculations and precisely characterized their physical properties, which fuel 

researcher’s motivation to apply Raman scattering for their evaluation. In this session, firstly, I 

explain fundamental physics of SWCNTs about geometry and electronic properties. Then I 

introduce the Raman scattering of SWCNTs and how to utilize it for the characterization of 

SWCNTs. 

Physical property of SWCNT 

 A SWCNT is depicted as a single layer of a graphite crystal that is rolled up into a seamless 

cylinder. Each SWCNT is specified by the chiral vector !! = !!! +!!!, where ! and ! 

are integers and where !! and !! are unit vectors of graphene layer, as shown on Fig. 5. 
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Fig. 5 | The fixed (x,y) and chirality dependent (n, m) coordinates. !! , !!, and !! correspond 

to bonds 1, 2, and 3, respectively. !! and !! are the lattice vectors of the two dimensional 

sheet [23]. 

 Using above integers, types of SWCNTs are simply expressed by the pair of indices (n, m), 

which is called chirality. The chirality provides information about electronic and mechanical 

property. The diameter ! of the SWCNTs is calculated by using chirality. It is expressed with 

(n, m) as ! = !!/! = ! !! +!! + !"/! , where a=|!!|=|!!|=2.46Å is three times as 

long as the nearest C-C distance.  

 The electronic σ bands binding each neighboring C atoms build the strong planar covalent 

bonds over the 2D graphene sheets, while the π bands gives weak van der Waals interactions 

between graphene sheets in graphite. The π bands are closer to the Fermi level than the σ bands, 

so that electrons can be excited from the valence (π) to the conduction (π∗) band optically. The 

electronic structure of a SWCNT can be obtained from 2D graphite as shown in Fig. 6(a), but in 

the case of SWCNTs, the quantum confinement of the 1D electronic states must be taken into 

account because SWCNTs has a rolled up structure of 2D graphite, which gives Periodic 

Boundary Condition in !! vector. That’s why the cutting lines of allowed wave vectors can be 

represented in the 2D graphene sheet Brillouin zone [see Fig. 7]. 
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We use a simple picture based on the # electron approximation to study the band-gap variation of carbon

nanotubes with uniaxial and torsional strain. We find !i" that the magnitude of slope of band gap versus strain
has an almost universal behavior that depends on the chiral angle, !ii" that the sign of slope depends on the
value of (n!m) mod 3, and !iii" a novel change in sign of the slope of band gap versus uniaxial strain arising
from a change in the value of the quantum number corresponding to the minimum band gap. Four orbital

calculations are also presented to show that the # orbital results are valid. $S0163-1829!99"00844-9%

I. INTRODUCTION

The mechanical and electronic properties of carbon nano-
tubes !CNT" have individually been studied in some detail1–5

and the predicted dependence of band gap on chirality1–3 has
been observed.6 The study of band-gap variation with me-
chanical deformation is important in view of the ability to
manipulate individual nanotubes.7 Additionally, they could
form the basis for nanoscale sensors in a manner similar to
experiments using C60 molecules.

8 Recent studies of band-
gap change of zig-zag and armchair tubes on mechanical
strain have shown interesting behavior.9–11 References 9 and
10 studied the effect of uniaxial strain using a Green’s func-
tion method based on the # electron approximation and a
four orbital numerical method, respectively. Reference 11
predicted the opening of a band gap in armchair tubes under
torsion, using a method that wraps a massless two-
dimensional Dirac Hamiltonian on a curved surface. In this
paper, we present a simple and unified picture of the band-
gap variation of chiral and achiral CNT with uniaxial and
torsional strain. The method used is discussed in Sec. II. The
results obtained by using a single # orbital are discussed in
Sec. III A and are compared to four orbital calculations in
Sec. III B. The conclusions are presented in Sec. IV.

II. METHOD

In the presence of a uniform uniaxial and torsional strain,
a distorted graphene sheet continues to have two atoms per
unit cell !Fig. 1". It is convenient to represent the change in
bond lengths using the chirality dependent coordinate sys-
tem. The axes of the chirality dependent coordinate system
corresponding to (n ,m) CNT are the line joining the !0,0"
and (n ,m) carbon atoms ( ĉ), and its perpendicular ( t̂ ) !Fig.
1".12 The fixed and chirality dependent coordinate system are
related by, ĉ"cos &x̂#sin &ŷ and t̂"!sin &x̂#cos &ŷ, where
sin(&)" 1

2(n!m/ch) and cos(&)"!3/2(n#m/ch). ch
"!n2#m2#nm , is the circumference of the tube in units of

the equilibrium lattice vector length, !a! 1!"!a! 2!"a0. The
bond vectors are given by

r!1"
a0

2

n#m

ch
ĉ!

a0

2!3
n!m

ch
t̂#'r!1

and !1"

r!2"!
a0

2

m

ch
ĉ#

a0

2!3
2n#m

ch
t̂#'r!2 ,

where 'r! i represents deviation from an undistorted sheet and
r!3"!(r!1#r!2). Within the context of continuum mechanics,
application of a uniaxial or torsional strain causes the follow-
ing change in the bond vectors of Fig. 1:

rit→!1#( t"rit and ric→!1#(c"ric !tensile" !2"

ric→ric#tan!)"rit !torsion", !3"

where i"1,2,3 and rip is the p component of ri! (p"c ,t). ( t
and (c represent the strain along t̂ and ĉ , respectively, in the
case of uniaxial strain. ) is the shear strain.
Using Eqs. !1"–!3", the lattice vectors of the distorted

sheet are

FIG. 1. The fixed (x ,y) and chirality dependent ( ĉ , t̂ ) coordi-

nates. r1 , r2, and r3 correspond to bonds 1, 2, and 3, respectively.

a! 1 and a! 2 are the lattice vectors of the two dimensional sheet.
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Fig. 6 | (a) shows the electronic dispersion for the π and π∗ bands of 2D graphite in the first 

Brillouin zone, obtained with the tight binding (TB) method. The optical transitions occur close 

to the corners of the Brillouin zone, called the K points, where the valence and conduction 

bands touch each other and near Fermi energy [M. S. Dresselhaus et. al., “Raman spectroscopy 

of carbon nanotubes” Physics Report, (2005)]. (b) shows Brillouin zone of grapheme sheet. kx 

and ky are reciprocal space axes. Γ and K point are the position where the wavenumber equals to 

0 and 2! +! !! /3 respectively. M point is a fractional coordinate, which gives the edge of 

unit cell in reciprocal lattice space. (c) Unit cell of grahene sheet described as a shallow black 

area, which includes 2 carbon atoms. 

 The optical absorption or emission of SWCNTs is related primarily to the electronic states at 

the van Hove singularities (vHSs) closer to the Fermi level. The vHSs related to optical 

absorption/emission originate from the cutting lines closer to the K point in the 2D Brillouin 

zone as shown in Fig. 6(b). 2D Brillouin zone of graphene is calculated by taking inverse of the 

unit cells shown in Fig. 6(b). Each unit cell has two carbon atoms colored as red and blue as 

shown in Fig. 6(c). By using the 2D Brillouin zone, SWCNTs can be classified into three 

different classes, according to whether MOD (2n + m, 3) = 0, 1 or 2, where the integers 0, 1, 2 

denote the remainders when (2n + m) is divided by 3 as shown right panels in Fig. 7. This 

classification is based on the fact that the distance from Γ to K point equals to 2! +! !! /3 

where !! is a unit reciprocal vector that is in inverse proportion to diameter of nanotube. 

(a)(a)

ky
kx

(b)

K
M

b2

b1
(b) (c)
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Fig. 7 | Cutting line in Brillouin zone of graphene is shown in left scheme. This cutting line is 

defined by chirality of carbon nanotube. K1 and K2 are decided by inverse components of a 

chiral vector and translation vector. And right panel shows how the feature of electronic 

property of nanotube is decided. Only MOD 0 has a cutting line at K-point, which means this 

chiral nanotube is metal.  

 Here, MOD1 and MOD2 SWCNTs are two types of semiconducting nanotubes, since allowed 

k vectors (cutting lines) don’t cross the K point. Regarding MOD0 SWCNTs, a cutting line 

crosses the K point. The cutting line classifies SWCNTs as metal. 

  I show here the typical electronic dispersion relation and the typical vHSs of semiconducting 

carbon nanotubes, whose chirality is (10, 0) in Fig. 8 (a) and (b), respectively.  

8 M.S. Dresselhaus et al. / Physics Reports ( ) –
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Fig. 4. The left panel shows the electronic transition energies Eii vs. nanotube diameter dt for SWNTs calculated by the
first-neighbor tight binding method, with the transfer integral !0 = 2.9 eV, the carbon–carbon distance aC–C = 0.142 nm, and
neglecting nanotube curvature effects. Stars, filled and open circles stand for MOD0, MOD1 and MOD2 SWNTs, respectively
[11]. The right panels show schematic figures defining the SWNT classes: MOD0—metallic, where one cutting line crosses
the K point; MOD1 and MOD2—semiconducting, with an opposite chirality dependence for ESii , as shown on the left panel,
where it is, for example, seen that the energy levels for MOD1 semiconducting SWNTs ES33 and ES44 lie close to one another
but MOD2 ES33 and ES44 lie far apart. The spread in the Eii bands at constant diameter within this approximation is due to a
trigonal warping effect (see text).

Fig. 4) [11]. Here MOD1 and MOD2 SWNTs are two types of semiconducting nanotubes, since no
allowed k vector crosses the K point. For MOD0 SWNTs a cutting line crosses the K point and these
SWNTs are classified as “metallic”. However, due to the curvature effect, only armchair (n=m) SWNTs
are truly metallic, while the other MOD0 SWNTs (n != m) are metallic at room temperature, but exhibit
a small (∼ meV) chirality-dependent energy gap (quasi-metallic) at lower temperatures.
The distanceK1 between two neighboring cutting lines in Figs. 2(c) and 3(a) is related to the nanotube
diameter dt by K1 = 2/dt , leading to a 1/dt dependence for the distance between van Hove singularities
(vHSs). The direction of the cutting lines relative to the axes of the hexagonal 2D Brillouin zone depends
on the rolling up direction relative to the unit vector directions a1 and a2 of the 2D-graphite sheet. Thus
the cutting line direction depends on the nanotube chiral angle ", leading to a chirality dependence for
the energies where the van Hove singularities occur, since the equi-energy contours around the K points
are not circles, but rather exhibit a trigonally warped shape [1]. It is, therefore, easy to imagine that each
(n, m) SWNT exhibits a different set of vHSs in its valence and conduction bands, and a different set
of electronic transition energies for optical transitions between its valence and conduction band vHSs.
For this reason, optical experiments can be used for the structural determination of a given (n, m) carbon
nanotube.
By calling Eii the electronic transition energies between the electronic valence and conduction bands
with the same symmetry (see Section 4.2 for symmetry considerations), with the subscript i = 1, 2, 3, . . .
labeling the Eii values for a given SWNT as their energy magnitude increases [1], we see that the set of
measuredEii values will be specific to each individual (n, m) nanotube. Fig. 4 shows theEii values for all
the (n, m) SWNTs with diameter between 0.5 and 2.0 nm, calculated using the tight binding method. This
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Fig. 8 | (a) shows 1D electronic dispersion relation of carbon nanotubes (10, 0) near EF. (10, 0) 

nanotube has a band gap at the point where the wavenumber equals to 0, which is very feature 

of semiconducting material. (b) shows vHSs of (10, 0) nanotube. E11 is denoted as a solid arrow 

and E22 is denoted as a dotted arrow.  

 Fig. 8(a) shows conduction band and valence band near EF do not cross together. In this case, 

the nanotube has a semiconducting feature. The energy of absorbed light is determined by the 

band gap corresponding to energy difference between first or second vHSs in valence band and 

in conduction band, each of which is called E11 or E22. In general, light is absorbed when the 

energy of light corresponds to E22 denoted as a dotted arrow in Fig. 8(b). After that, SWCNT 

emit the light whose energy corresponds to E11 denoted as a solid arrow in Fig. 8(b).  

 I show next the typical electronic dispersion relation and the typical vHSs of metal carbon 

nanotubes, whose chirality is (10, 10) in Fig. 9(a) and (b), respectively. 
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図 3.2: (a) (10,0)ナノチューブのEF付近のエネルギー分散関係．(10,0)ナノチューブは
エネルギーギャップが存在することから半導体となる．(b) (10,0)ナノチューブの状態密
度．図の赤線がE11，緑線がE22に対応する．
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図 3.3: (a) (10,10)ナノチューブのEF付近のエネルギー分散関係．(10,10)ナノチューブ
はエネルギーギャップが存在しないことから金属となる．(b) (10,10)ナノチューブの状態
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Fig. 9 | (a) shows 1D electronic dispersion relation of carbon nanotubes (10, 10) near EF. (10, 

10) nanotube has no band gap because a cutting line pass through K-point, which indicates this 

nanotube is metallic material. (b) shows vHSs of (10, 10) nanotube. E11 is denoted as a solid 

arrow and E22 is denoted as a dotted arrow. 

 Fig. 9(a) shows conduction band and valence band near EF cross together. In this case, the 

nanotube have metal feature. It provides optical absorption when inter peak between vHSs 

correspond to the energy of light but no fluorescence can be obtained. Electrons in the nanotube 

always move freely owing to no band gap near EF.   

 The 2D graphene sheet has two atoms per unit cell, thus having 6 phonon branches as shown 

in Fig. 4. Since the SWCNT is based on a 2D graphene sheet that has been rolled up seamlessly, 

a similar folding procedure is applied to obtain the phonon dispersion relations and phonon 

density of states for SWCNTs. The phonon dispersion for a (10,10) SWCNT is obtained by this 

folding procedure. The phonon dispersion is illustrated in Fig. 10 (a), and the relevant phonon 

density of states (DOS) is shown in Fig. 10 (b). The large amount of sharp structure in the 

phonon DOS reflects the many phonon branches derived from the quantum confinement of the 

phonon states. 
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Fig. 10 | (a) The calculated phonon dispersion relations of an armchair carbon nanotube with (n, 

m) = (10, 10), for which there are 120 degrees of freedom and 66 distinct phonon branches [12], 

calculated from by using the zone folding procedure. (b) The corresponding phonon density of 

states (DOS) for a (10,10) nanotube. 

 Carbon nanotubes also exhibit other unusual aspects regarding their phonon dispersion 

relations, such as four acoustic branches. In addition to LA and TA modes, there are two 

acoustic twist modes for rigid rotation around the tube axis, which are important for heat 

transport and charge carrier scattering. Also important for coupling electrons to the lattice are 

the low-lying optical modes at the center of the Brillouin zone q = 0. These modes include one 

with E2 symmetry expected at ∼ 17 cm−1, one with E1 symmetry, expected at ∼ 118cm−1, and 

one with A symmetry expected at ∼ 165 cm−1 for a (10,10) SWCNT [11]. Among these three 

low-energy phonon modes, it is only the radial breathing mode (RBM) that is attributable to A 

symmetry. And a vibrational motion in plane directions of nanotubes is reflected at ∼ 1590 

cm−1. And quantum confinement appears as splits in the modes near ∼ 1590 cm−1. The most 

interesting details about the rich phonon structure of carbon nanotubes will be discussed in the 

next sections. 
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so-called Kataura plot [12] has been widely used to interpret the optical spectra from carbon nanotubes.
Superscripts S or M are used to denote the electronic transition energiesEMii for metallic SWNTs andESii
for semiconducting SWNTs.
It is important to introduce the concept of the joint density of states (JDOS), that is pertinent to the
optical processes.While the DOS is the density of electronic states vs. energy above and below the Fermi
level, the JDOS is the density of electronic states that can absorb/emit photons as a function of the photon
energy. Therefore, the JDOS starts from zero energy, and exhibits vHSs at energies equivalent to the
energy difference between vHSs in the DOS, subject to optical selection rules. Fig. 4 plots the positions
of the vHSs in the JDOS for many SWNTs, considering the selection rules for light polarized along the
nanotube axis, as discussed in Section 4.2.

2.3. Phonon structure

Phonons denote the quantized normalmode vibrations that strongly affectmany processes in condensed
matter systems, including thermal, transport and mechanical properties. The 2D graphene sheet has two
atoms per unit cell, thus having 6 phonon branches, as shown in Fig. 5(a). Since the SWNTs can be
considered to be a 2D graphene sheet that has been rolled up seamlessly, a similar folding procedure, as
was used for describing the electronic structure in Section 2.2, is generally applied to obtain the phonon
dispersion relations and phonon density of states for SWNTs from those of the 2D graphene sheet [1].
The phonon dispersion for a (10,10) SWNT obtained by this folding procedure is illustrated in Fig. 5(c),
and the respective phonon DOS is shown in Fig. 5(d). The large amount of sharp structure in the phonon
density of states in Fig. 5(d) for the (10,10) SWNT reflects themany phonon branches and the 1D nature of
SWNTs relative to 2D graphite arising from the quantum confinement of the phonon states into van Hove
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Raman scattering of SWCNT 

 The number of emitted phonons before relaxation of the lattice can be one, two, and so on, 

which we call, respectively, one-phonon, two-phonon and multi-phonon Raman processes. The 

order of a scattering event is defined as its number in the sequence of the total scattering events, 

including elastic scattering by an imperfection (such as a defect or edge) of the crystal, which 

occurs through the higher order process (two-phonon or multi-phonon). Second-order Raman 

scattering is the process with two scattering events. The lowest order process is first-order 

Raman scattering process with one scattering event which gives Raman spectra involving 

one-phonon emission. A scattering event with only elastic scattering, i.e., change of photon 

direction but no frequency shift, corresponds to Rayleigh scattering of light [M. S. Dresselhaus 

et. al., “Raman spectroscopy of carbon nanotubes” Physics Report, (2005)].  

 Raman active modes in carbon nanotube are shown in below with irreducible representations. 

!"#"$!!"#$%&: 

Γ = 2!! + 3!!! + 3!!!!(For zig-zag)!
Γ = 2!! + 2!!! + 4!!!!(For armchair) 

 The two !! phonons are the RBM and high energy longitudinal mode (G+ mode) for zig-zag 

nanotube and transverse (G- mode) for armchair nanotube. !!!  and !!!  modes usually 

belongs to G-band. From now, I explain the first-order Raman peak known as G-band and RBM 

and second order Raman peak known as D-band. 

G-band 

 A Raman-active mode of G-band appearing at 1585cm−1 originate from LO (Longitudinal 

Optic) mode and TO (Traverse Optic) mode of graphite degenerated near Γ point of Brillouin 

zone (q=0), both of which are Raman active as !! , !!  and !!  symmetry. A phonon 

dispersive relation of graphite is shown on Fig. 4. In the case of carbon nanotubes, LO mode 

and TO mode are separated at zone center (q=0) owing to resolving a degeneracy caused by 

cylinder geometry, which I mentioned above as a quantum confinement, and they appear as G+ 

mode and G- mode. Fig. 11 (a) and (b) show the vibration direction of G+ and of G- mode 

occurring at Γ point.  
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Fig. 11 | (a) shows G+ mode, which is a normal vibrational motion in nanotube axis, which is 

LO mode. (b) shows G- mode, which is a normal vibrational motion in circumferential direction 

of the nanotube, which is iTO mode. 

 For more detailed explanation of G+ and G- modes, I show the projection of Raman active 

displacement patterns of G-band in armchair nanotube in Fig. 12. 

 

Fig. 12 | Projection of Raman-active displacement of G-band in an armchair nanotube. 

 As you can see from Fig. 12, !!! modes of armchair nanotube are singled out as LO mode 

where carbon atoms vibrate in axial, which comes to be in G+ mode. !!! and !!! modes 

constitute iTO mode, which belongs to G- mode. However, !!! mode has vibrations in axial 

direction in armchair but circumferential direction in zig-zag, which means we can’t single out 

!!! as LO mode. And !!! mode constitute LO mode in zig-zag. So unless we can separate 

chiral nanotube perfectly, we can not distinguish the origin of each eigenvector in G-band. In 

usual, polarized Raman scattering measurement is used for identification of the eigenvector. 

(a)

G+ mode

(b)

G- mode

G- mode G+ mode
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D-band 

 D-band has been considered as one-phonon double resonant Raman scattering mode through a 

second order Raman process, which is given by one-phonon inelastic scattering and elastic 

scattering. D-band is observed at around 1350 cm-1, which is not a group theory predicted but be 

said to be caused by defects on SWCNTs [10]. Second-order Raman scattering usually consists 

of (1) two-phonon scattering events, or (2) one-phonon and one-elastic scattering event. In 

electronic band structure of carbon materials, such as graphite and carbon nanotubes, excited 

electrons appear only nearby K points located on the corner of Brillouin zone because graphite 

and carbon nanotube both have Fermi energy at K points. If the summation of ! vector, which 

is wave vector of phonon, is equals to 0 value, Raman scattering happens and can become 

detectable even in K point but weak compared to G-band signal. Double resonance (DR) Raman 

theory [18] works well for explaining a non-zone-center (except for Γ point) phonon mode and 

a second-order Raman process [16,17,19,20].  

 

Fig. 13 | One-phonon second-order Resonance Raman spectral processes. For one-phonon, 

second-order transitions, one of the two scattering events is an elastic scattering event. 

Resonance points are shown as solid circles. See text for details. 

 Fig. 13 depicts the scheme of the second-order DR Raman processes near K points. In the 

process, the electron (1) absorbs a photon at a k state, (2) scatters to k + q states by elastic or 

inelastic scattering, (3) scatters back to a k state by inelastic or elastic scattering, and (4) emits a 
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photon by recombining with a hole at a k state. The scattering processes of either elastic 

scattering or inelastic scattering are caused by defects of the crystal or by emitting a phonon.  

 In a DR Raman process, there are the electrons excited around K point (near the Fermi surface) 

scattered to K’ point by phonon modes near the K point. This phenomenon is called “intervalley 

scattering”, which is shown on Fig. 13 and on upper part of Fig. 14. On the other hands, the 

process caused by the electrons excited near the K point scattered to the same K point by the 

phonon modes around the Γ point is called “intravalley scattering”. D band belongs to 

intervalley scattering. The initial (or final) k and the intermediate k + q state exist on the 

equi-energy contour of the electronic structure. An equi-energy contour of graphite is a circle as 

you see around the K and K’ points in the 2D Brillouin zone shown in Fig. 14. As a result, the 

possible q states are on many circles made by rotating them around K’’ point. In this case, the 

density of states for possible q states becomes singular for q = 0 and 2k, both of which we have 

near K point and far from K point, respectively [20]. Thus there are two double resonance peaks 

corresponding to the q = 0 and 2k conditions. For the peak at q = 0, the corresponding phonon 

frequency does not depend on laser energy, while for the peak at q = 2k the corresponding 

phonon frequency change dependent on laser energy. Therefore, D-band has a dispersive 

behavior with energy of laser light.   

 This dispersive behavior is explained using the schematic image in Fig. 13. The electronic 

structure of 2D graphite near the Fermi energy is linear in wave vector k, which is expressed by 

the crossed solid lines in Fig. 13. The crossing point corresponds to the Fermi energy located at 

the K point. When the laser energy increases or decreases, the resonance k vector for the 

electron moves away from or close to the K point. In the DR process, the corresponding q 

vector for the phonon increases with increasing k vector. Thus by changing the laser energy, we 

can observe the electronic structure along the phonon dispersion relations. This effect is 

observed experimentally as a dispersion of the phonon energy as a function of excitation laser 

energy [19], which is dispersive behavior. A tunable laser system can directly show this 

dispersive behavior in the Raman spectrum. In carbon materials, we have D-band whose 

phonon frequencies change with changing laser excitation energy [13–17]. We see dispersive 

feature in the D-band as frequency changes by 53 cm−1 per 1 eV in laser energy. 
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Fig. 14 | One of the possible double-resonance (DR) Stokes Raman processes involving the 

emission of a phonon with wave vector q. The set of all phonon wave vectors q which are 

related to tran- sitions from points on the two circles around K and K’ gives rise to the collection 

of small circles around the K’’ point. Note that this collection of circles is confined to a region 

between the two circles with radii �q and 2�k0-�q. The differences of the radii of the circles 

around K and K’ and thus the radius of the inner circle around K’’ were artificially enlarged for 

clarity [21]. 

 In 1970, Tuinstra et. al. found that the intensity of D-band can be described as the following 

equation. 

!!
!!
= 44(Å)

!!
 

where !! is the size of cluster and !! is the intensity of D-band and !!  is the intensity of 

G-band. By heat treatment with high temperature, the size of cluster increases, which is caused 

by decline of defects. In 2005, L. G. Cancado found the relation between laser energy and !! 

as follows. 

!!
!!
∝ 1
!!"#$%! !!

 

tensity of the Raman peak around 1250 cm!1. On the other
hand, the D band is associated with the phonons with ends at
the outer circle around K!.
Table I also shows the radii of the outer circles around K!.

Note that these radii always involve the distance !k0 and
thus, according to Eq. "3#, they always depend on E laser . The
dependence of $D on the laser energy is explained by the
E laser dependence of the radius of the outer circle around K!.7
According to the results presented in Table I, we must expect
two peaks D1 and D2 in the S spectrum, associated with the
two phonon singularities at 2!k0!%q and at 2!k0. For the
AS spectrum, the corresponding two phonon singularities are
at 2!k0 and at 2!k0"%q , and the associated peaks are D2
and D3, respectively. Moreover, the D2 peak is expected to
appear in both the S and AS spectra.
The double-resonance mechanism of the second-order G"

band involves two phonons, instead of one phonon and one
defect. In this case, only processes "a# and "c# in Figs. 2 and
3 are possible, since the resonant scattering from a circle
around K to a circle around K" is always associated with the
emission "or absorption# of a phonon. Therefore, we must
expect a single peak for the G" band, centered at 2$D1 and
2$D3 in the Stokes and anti-Stokes spectra, respectively.
It is interesting to observe that, in the Stokes spectra, the

D1 peak is associated with processes "a# and "c# in Fig. 2,
whereas D2 is associated with processes "b# and "d# "see
Table I#. For the anti-Stokes mechanisms illustrated in Fig. 4,
the highest frequency peak D3 is associated with processes
"a# and "c#, whereas processes "b# and "d# give rise to the
intermediate peak D2. Therefore, we conclude that the two
peaks in the S and AS D band are not related to resonances

with the incident and scattered photons, but rather are asso-
ciated with the scattering from a point around K to a point
around K", by a phonon &processes "a# and "c#' or by a defect
&processes "b# and "d#'.
Let us now estimate the frequency shift %$D between the

two peaks which constitute the S and AS spectra. Consider-
ing that the phonon energy is much smaller than the visible
photon energies (Ephonon#E laser/10), we obtain !q(2!k0,
where !q is the distance of the phonon singularity from the
K point (!q$!K!q!). Therefore, using Eq. "3#, the laser
energy is given by E laser(A!q . Experimentally, it is known
that the dispersion )$D /)E laser is approximately
50 cm!1/eV.5 We can thus write that )$D /)!q$A
%50 cm!1/eV. The distance between the phonon singulari-
ties associated with the two peaks in both the S and AS
spectra is %q$Ephonon /A , where Ephonon is approximately
0.17 eV. Therefore the shift between the two peaks which
compose the D band is expected to be %$D$Ephonon
%50 cm!1/eV$8.5 cm!1.
Figure 1 also shows the fit of the Stokes and anti-Stokes

D and G" bands for E laser$2.41 eV, according to the model
discussed above. We adopted the following constraints in the
fit procedure. The D band in the Stokes spectrum was fit by
two Lorentzians centered at $D1 and $D2, and in the anti-
Stokes spectrum by two Lorentzians at $D2 and $D3. We
kept the same width and intensity for the three Lorentzians,
for a given laser energy, and the D2 frequency was always
the same in the S and AS spectra. On the other hand, the G"
band was fit by a single Lorentzian, centered at 2$D1 in the
S spectrum and at 2$D3 in the AS spectrum. Table II shows
the fitting parameters of the Stokes and anti-Stokes Raman D
band of PPP1500, for incident laser energies E laser$1.92,
2.18, 2.41, and 2.54 eV, respectively, measured using a low
laser power density (#105 W/cm2). The errors in the fre-
quencies and widths "full widths at half maximum# of the
Lorentzians are about 2 and 4 cm!1, respectively.
It is interesting to note that the experimental shift of the D

band in the S and AS spectra, of about 9 cm!1, is related to
the mean frequencies ($D1"$D2)/2 and ($D2"$D3)/2 of
the S and AS D bands, which is in excellent agreement with
the theoretical value of 8.5 cm!1. On the other hand, the
shift of the G" band in the S and AS spectra is expected to be
2($D3!$D1)$34 cm

!1, which is also in excellent agree-
ment with the results shown in Fig. 1 and the results reported
in Ref. 9.

FIG. 4. One of the possible double-resonance "DR# Stokes Ra-
man processes involving the emission of a phonon with wave vector
q. The set of all phonon wave vectors q which are related to tran-
sitions from points on the two circles around K and K" gives rise to
the collection of small circles around the K! point. Note that this
collection of circles is confined to a region between the two circles
with radii %q and 2!k0!%q . The differences of the radii of the
circles around K and K" and thus the radius of the inner circle
around K! were artificially enlarged for clarity.

TABLE II. Frequencies and widths "in cm!1) of the Lorentz-
ians used to fit the D bands for different E laser "in eV#, measured
using a low laser power density (#105 W/cm2). For a given E laser ,
the widths of all peaks are the same.

E laser $D1 $D2 $D3 *D

1.92 1324 1333 1342 64
2.18 1336 1345 1354 66
2.41 1352 1361 1370 69
2.54 1357 1366 1375 72

L. G. CANÇADO et al. PHYSICAL REVIEW B 66, 035415 "2002#

035415-4



 33 

 That means the intensity of D-band changes by a change of laser energy !!"#$% and amount of 

defects. By scrutiny of D-band, we can investigate the amount of defects and electronic band 

structure.  

RBM 

 The atomic vibration of the C atoms in the radial direction is called Radial Breathing Mode 

(RBM). RBM is used for characterizing nanotube diameters !! through the relation !!"# =
!/!! + !, where the ! and ! parameters are determined experimentally [24]. For typical 

SWNT bundles in the diameter range !! = 1.5 ± 0.2!!" , ! = 234!!"!! ∙ !"  and 

! = 10!!"!! has been found for SWCNT bundles [25]. For isolated SWCNTs on an oxidized 

Si substrate, ! = 248!"!! ∙ !" and ! = 0 have been found [26]. Recently, it was found 

that ! = 227!"!! ∙ !" gave a reliable !! for a given !!"# [27]. However, for !! < 1!!", 

the simple !!"# = !/!! + ! relation is not expected to be applied, what with nanotube lattice 

distortions, which leads to a chirality dependence of !!"# . For large diameter tubes 

(!! > 2!!") the intensity of the RBM feature is weak and is hardly observable. 

 In 1998, Kataura plotted transition energy Eii as a function of !!, which is now called Kataura 

plot (see Fig. 15) and which is widely used for characterization of nanotube. From the Kataura 

plot, which shows the relation between resonance energy of nanotube and a diameter of 

nanotube, the chirality of nanotube under resonance condition with incident can be estimated 

[28-29]. In accordance with Kataura plot, metallic nanotube with 1.4 nm diameter resonate with 

1.95 eV (633 nm) light, while semiconducting one with 1.4 nm diameter resonates with 2.54 eV 

(488 nm) light. 

 We have two types of resonant scatterings. One is the resonant scattering occurring when the 

energy of incident light has same energy to inter band transition between E11 or E22 of matter. 

Another is the resonant scattering when the energy of scattered light !!"#$% − !!!!"!" equals 

the inter band transition of matter, which differs by the energy of phonons. That implies that 

!!"#$% − !!!!"!"!  is different from !!"#$% − !!!!"!!! , where !!!!"!"!  or !!!!"!"!  is 

energy of phonon1 and phonon2. Therefore, one can have only one phonon resonant with 

incident light in spectrum. Actually, energy difference of phonons between RBM (120-250 

cm−1) and G-band (1590 cm−1) is 150 meV, while an energy window for resonant Raman 

scattering is only 10 meV. Therefore, if you have either a RBM or a G-band in spectrum, it is 
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highly likely that a resonantly scattered light described by !!"#$% − !!!!"!" = !!!!!"!!!!!takes 

place. 

 

Fig. 15 | Relation between excitation energy and diameter of nanotube under resonance 

(Kataura plot). Black circles denote semiconducting nanotube and red circles denote metallic 

nanotube. Blue line shows an energy of 488 nm light [28].   

 Finally, I show the projection of Raman active displacement patterns of RBM in armchair and 

zig-zag nanotube. Lowest frequency modes of !!! of armchair and zig-zag are out of plane 

modes in radiation direction of nanotube, which is the totally symmetric vibration as shown in 

Fig. 16. 
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Fig. 16 | Projection of Raman-active displacement of RBM in an armchair nanotube (Left) and 

an zig-zag nanotubes (Right). 

 In my research, I used Raman modes of SWCNTs such as G-band, D-band and RBM for 

characterizing physical properties in SWCNTs. In following sections and chapters, I often refer 

to the above information for an evaluation of SWCNTs. 
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Summary 

 I have introduced the principle of Raman scattering through first section for comprehension of 

it in a quantitative way. In order to explain the principle, I developed the K-H-D dispersion 

equation from quantization of radiant field for a thought that Raman scattering happens through 

a process of annihilation and generation of photons in materials. K-H-D dispersion equation is 

derived from the simple concept that molecule interacts with photons via electrons. The 

selection rule of Raman scattering is used for deciding whether Raman scattering takes place or 

not by irreducible representations of initial, final states of material and an operator of Raman 

tensor. Then I mentioned about the case of crystal material because I investigated SWCNTs, 

which is one of crystal, for my research. Finally, I have introduced characteristics of SWCNTs 

and shown the examples of Raman scattering of SWCNTs, which can be used for 

characterization of SWCNTs.  
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Chapter 2.  Plasmonic enhancement and nano-imaging technique 

 Low efficiency of Raman scattering has been a problem for all in the field of analytical science. 

To detect enough signals, a method for enhancing signal has been required. There is one method 

enhancing Raman signal dramatically, which use metal nano-particles for intensifying signal in 

the vicinity of them. This is called surface enhanced Raman scattering (SERS) effect [1]. In 

1974, Fleischmann, Hendra and McQuillan reported about enhanced Raman scattering from 

pyridine molecules absorbed on Ag electrode for the first time [2]. The initial paper has been 

cited more than 3300 times, and the early papers triggered a sustained output of SERS 

publications, currently numbering more than 8000. However, SERS has drawbacks of spectrum 

fluctuations and low reproducibility of quantitative measurements. To resolve the problems, 

SERS is optimized as the technique capable of scanning the nano-metal particle. This is known 

as tip enhanced scanning technique for imaging nanomaterials. In the first section, I will explain 

behavior of electromagnetic field near a metal nano-structure under light illumination. Then, in 

next section, I talk about tip enhanced scanning technique.  

2-1.   Principle of surface enhanced Raman scattering (SERS) 

 Surface enhanced Raman scattering from a material can be recognized on the condition that 

the material is irradiated with light near metal nano-structure through the coupling of electrons 

in metal with photon. This SERS effect is caused by “Plasmon”. Plasmon is regarded physically 

as a quantized collective oscillation of electron. This is a physical particle to enhance optical 

signals, which is a beneficial phenomenon for analytical science because it leads us to 

nano-world.  

 In a bulk metal, plasmon doesn’t couple with photon because plasmon is based on longitudinal 

wave that never couple to transversal wave of photon. However, a situation of surface of metal 

is different. Plasmon on an interface between a metal and a dielectric medium can couple with 

photon under a satisfied boundary condition [see Fig. 1]. 
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Fig. 1 | Propagating surface plasmon: On the surface of a metal material, we have transversal 

components which can couple with a wave of light.  

 Such plasmons coupling with photon on metal surfaces are called surface plasmon polaritons 

(SPPs), and resonant excitation of SPPs induces field enhancement of light on the metal surface. 

The SPPs is excited through an effective matching of spatial wavenumbers of surface plasmon 

(SP) expressed mathematically as follows [3]. 

!!" = !
!

!!!!
!!!!!

!
!          (2.1) 

where ! is the angular frequency of the SP, !! is the complex dielectric constant of the metal, 

and !! is that of the surrounding medium. The absolute value of !!" is greater than that of the 

propagating light (!! = !
! ) at any given frequency, as schematically shown in Fig. 2. 
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Fig. 2 | The dispersion relation of light in vacuum (Light line) and evanescent light (Evanescent 

wave) at surface of prism have linear functions. Surface plasmon at boundary of metal/air has 

non-linear function in Dispersion relation.    

 Surface plasmon can be induced only by matching wavenumber and frequency of propagating 

light to those of surface plasmon. For the matching, the wavenumber of propagating light have 

to increase greater than that of propagating light, which is called evanescent light. Then the 

energy of evanescent light is converted to the energy of surface plasmon, which is expressed as 

coupling. Dispersion relationship of light, surface plasmon and evanescent light give a simpler 

understanding about what is the coupling. The group velocity of SPPs is always slow compared 

with that of propagating light as shown on Fig. 2, so SPPs are often called “slow light”. 

Physically speaking, the electromagnetic energy is condensed in the propagating direction. 

From quantum point of view, slow light can be understood as an increase of the number of 

photon in a unit value. For the conversion of energy, dispersion curve of propagating light and 

surface plasmon have to cross together because of matching of wavenumber and frequency of 

light and surface plasmon. In addition, SPs can be excited using a metal nanoparticle smaller 

than the wavelength of light. SPP generated by a metallic nanoparticle is called localized 

surface plasmon (LSP). When light pass easily through a nano-metal structure, an oscillation of 

electron is formed in a metal nano-particle. That oscillation gives a localized field behaving as a 

near field light. Unlike propagating SPs on a metal surface, which appear along Eq. (2.1), LSPs 

on a metallic nano-structure can always couple with an electromagnetic field of propagating 

light. 
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Fig. 3 | The localized plasmon near surface of metal nanoparticle oscillating along a field of 

light.  

 Resonance condition of LSPs is derived from resolving Lsplace equation of Mie scattering 

equation. From the equation of scattered field derived from the Mie scattering equation with 

quasi-static approximation, which is used only in the case that phase retardation can be 

neglected, a metal nanoparticle in static field can be regarded as one dipole in the center of the 

metal nanoparticle under the static field. 

! = !!!! 

! = 4!!! !! − !!!! + 2!!
 

where ! denotes the diameter of the nano-particle. From the polarizability denoted as !, the 

amplitude of the dipole, which is polarizability, drastically increase when the real part of 

!! + 2!! equals to 0, which means !! = −2!!. This is localized surface plasmon resonance. In 

the above condition, the frequency of electronic oscillation is sometimes called Fröhlich 

frequency. Satisfying the condition, metals such as silver and gold show strong electric-field 

enhancement in the visible region, because in this region they have small imaginary part of 

dielectric constant, then absorption by metals becomes low. Silver has plasmon resonance 

frequency in 340 nm and gold has the one in 490 nm.  
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 An enhancement ratio of the enhanced field to the incident field under the resonance condition 

can be estimated by the following equation, 

! = !!"#$$%&%'!!"#$% + !!
!!

!
 

 The maximum value of an enhanced field on the surface of a metallic nano-particle, which is 

denoted as !!"#$$%&%'!!"#$%, is developed by solving scattered field equation under time variable 

condition. 

!!"#$$%&%'!!"#$% = 2 !! − !!
!! + 2!!

!! 

In that case, the enhancement ratio is expressed as follows, 

! =
2 !! − !!
!! + 2!! !! + !!

!!

!

= 3!!
!! + 2!!

!
 

In a resonant condition, assuming !! = !!! + !!!!, 

!!"# = 9 !!!
!!!!

!
+ 1  

 So far, Raman scattering was enhanced typically by a factor of 10!-10!. The enhancement 

factor for the observed Raman signals is resulted from both the enhancement factors for the 

excitation field and the scattered Raman field, because the field enhancement of a metallic 

nano-particle act on both fields, which is described as, 

!!"#"$ = !!"#!$%"& ∙ !!"#$$%&%' 

 The field enhancement effect I mentioned above is used as an intensifier for a weak optical 

signal such as Raman scattering. One of the methods using this enhancement is SERS technique. 

However, in SERS technique, Raman signal from a material is enhanced by metalic 

nano-particles dispersed randomly on substrate. Therefore, it can not be used for quantitative 

analysis and imaging. For quantitative analysis and imaging, scanning probe technique to 
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manipulate a nano-particle is needed. Now, tip enhanced Raman scattering (TERS) microscopy 

takes much attention as a quantitative nano-imaging technique. 

2-2.   Principle of tip enhanced Raman scattering (TERS) spectroscopy and microscopy 

 The electronic field enhancement derived from the above sequence of the equations can be 

used for nanoscopic technique because of the localized feature of LSPs. From 1998, scanning 

probe microscopic technique using LSPs has been reported frequently as a tip enhancing 

technique [4-5]. Concept of enhancing optical signal was proposed by Weels in 1985, but 

couldn’t stimulated relevant researches much [6]. Nanosocopy, which enable us to observe and 

analyze nano-material, can be achieved by replacing a metal nanoparticle with a nano-metal 

probe, which is called TERS microscopy or apertureless plasmonic near field scanning optical 

microscopy (p-NSOM). TERS can be categorized as one of SERS technique which controls the 

position of metallic nano-particle for scanning it over a sample and detecting SERS from the 

sample. Using this technique, the spatial resolution of the optical image improved much beyond 

the diffraction limit. The resolution is determined by the radius of a nano-metal probe. 

 TERS has been utilized for the researches from 2000 by the reports claiming its great 

capability of imaging nanomaterial [7-8].  Now, TERS spectroscopy and microscopy have 

became a great tools for sensitive nano-analysis and nano-imaging. 

 Here I explain about how can we achieve nano-resolution and sensitive analysis by using 

TERS.  

Optical setup and basic performance of TERS microscopy  

 Our optical setup of TERS microscopy is based on an inverted optical microscope combined 

with a contact-mode AFM. In Fig. 4, I show the optical configuration of TERS microscopy. 
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Fig. 4 | The optical setup for tip-enhanced Raman scattering microscope. (BE) Beam expander, 

which can expand wave surface of light. (HWP) Half wave plate. (P) Polarizer (Z) Z-polarizer. 

(M) Mirror. (HM) Half mirror without polarization dependence. (EF) Edge filter. (SL) Single 

lens. (PZT) Piezoelectric element. 

 Before a light comes into microscope (NIKON: Eclipse TE2000-U), solid state laser (λ: 488 

nm) is collimated with a beam expander and is radially polarized with the use of eight divided 

half wave plates so as to efficiently excite localized surface plasmon polariton along tip apex 

[9-11]. The laser light pass through a mask for rejecting the low N.A. components, which is less 

than N.A.=1.0, and is introduced into inverted objective lens (Nikon, Plan Apo.) [12]. By 

focusing only high N.A. components onto the surface of substrate, the evanescent light occurs. 

A sillicon cantilever tips used in this measurements were water-oxidized in order to make 

plasmon resonance shift to shorter wavelength before the cantilever was silver-coated up [13] 

until the end of a diameter reach 15 nm by the vacuum evaporation method. This tip approaches 

into the evanescent light and is always adjusted onto the focus spot of evanescent light by 

controlling precisely the tip position on plane direction of sample stage by feedback system 

using a quadrant detector. For adjustment of the tip into focus spot, scattering image of tip apex 

is taken and tip is moved to center of focus spot. The tip with evanescent light works as 
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plasmon enhanced near field light and display the sample and the enhanced Raman scattering 

from sample is collected by the same objective lens, then is navigated into spectrometer 

(Princeton instruments, Inc., SpectraPro -300i). Finally, the enhanced Raman scattering is 

detected by a liquid nitrogen cooled CCD camera (Rope, 1340×400 channel, -100) incorporated 

in a spectrometer. Through the navigation process, the Raman scattering is dispersed by a 

grating, which has blaze wavelength of 1200 lines/mm. The spectrometer gives 1.2 cm-1 spectral 

resolution. This resolution is calculated by following equations.  

! = !!!! 

where !! cm-1 mm-1 is linear dispersion of spectroscope and !! mm is mechanical slit width. 

And linear dispersion of spectroscope is determined by ! wavenumber in center of spectra and 

by !! wavelength dispersion. 

!! = !!! ∙ 10!! 

In the case of Czerny-Turner spectrometer, focal length of spectrometer ! mm and the blaze 

wavelength of grating ! mm-1 and an order of diffracted light ! need to be considered.  

!! =
10!
!"# 

Our spectrometer has ! = 300!!!, ! = 1200 mm-1 and ! = 1. So if 488 nm laser light 

(20419.8 cm-1) is used, the resolution of spectroscope is, 

!! = 20419.8 ! ∙ 10!
300 ∙ 1200 ∙ 1 ∙ 10

!! = 115.82 

Then I always set the slit width as 10!", which leads to following spectral resolution. 

! = 115.82 ∙ 0.01 = 1.1582!!"!! 

Raman scattering is detected point by point with raster scanning of sample stage. 

 Tip condition is important for an enhancement of LSPs. Nano particle on tip apex work as 

intensifier of LSPs so that Raman scattering from sample can be detected by CCDs and the 
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spatial resolution is determined by size of nanoparticle. Here, I show SEM image of metallic Ag 

coated AFM tip used for TERS system.  

 

Fig. 5 | SEM image of an apex of a silver coated oxidized Si tip. At very apex, we have silver 

nano-particle which gives effective enhancement for scattering of material at just below tip.  

 The curvature of silver nano particles attached on tip apex or apex of metallic tip itself 

determine the resolution of TERS microscopy [30]. As decrease more the curvature, we have a 

higher spatial resolution. The size of nanoparticle at tip apex shown in Fig. 5 is around 50 nm. 

Therefore, less than 50 nm spatial resolution far beyond the diffraction limit of visible light is to 

be expected. For reference, I show an equation for spatial resolution achieved by using a 

conventional microscope as follows. 

! = 0.61 ∙ !!" 

where ! is wavelength of incident light and !" is numerical aperture of objective lens used 

for focusing light. When one use !" = 1.4 and ! = 488 nm, light is confined within around 

200 nm.  

100 nm
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 Sometimes tip can be degenerated by the strong force applied to the tip apex. To avoid this 

kind of degeneration, tip applied force should be set to 0.1nN and low intensity of incident laser, 

which is less than 500!"/diffraction limit, is needed [see Fig.6]. 

 

Fig. 6 | SEM image of an apex of a damaged silver coated oxidized Si tip (Left). At very apex, 

we see silver nano-particle being peeled off from apex of tip (Right).  
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Tip position adjustment 

For an effective coupling of localized surface plasmon with light, tip position relative to focus 

spot is significant. An objective lens with high N.A. is useful to induce the strong z-polarized 

fields and tip apex has to be on the position where there are the strong z-polarized fields. I show 

the optical system used for tip positioning in Fig. 7 (a). For a rough positioning of the tip 

relative to focus spot, an image of tip shone by white light is taken by CCD camera as shown on 

Fig. 7 (b). Then the tip is moved to the position of focus spot. For a more precise adjustment, tip 

scans over a focus spot and scattered signals from tip apex, which are detected by a photo 

detector, are used for constructing the scattering image as shown on Fig. 7 (c). Yellow spot in 

Fig. 7 (c) indicates the position showing strong interaction between the focus spot and metallic 

tip, where we have a strong sufficient excitation of localized surface plasmon. Relative position 

of tip to focus spot can be monitored by CCD image incorporated in microscope. Fig. 8 (a) and 

(b) show the image of focus spot and tip apex both taken by the same CCD camera. The place 

of focus spot and the tip position are confirmed by the images. By monitoring these CCD 

images and scattering image taken by photo detector, which is shown in Fig. 7 (c), I easily bring 

the tip apex to the focus spot to induce localized surface plasmon at tip apex. 

 

Fig. 7 | (a) Schematic image for tip positioning (b) CCD image of tip (c) Field distribution of 

focus spot constructed by scattering light interacted with metallic tip. 
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Fig. 8 | CCD images of (a) focus spot and of (b) a tip apex shone by white light from bottom 

side. 

Polarization tendency for enhancement  

 Electrons at metallic tip apex resonantly oscillate when they perceive electric field oscillating 

parallel to the tip axis due to lightning rod effect [14, 29]. Therefore, polarization property of an 

incident light is important and the polarization should be set to have as much z-vertical 

components as possible onto a surface of substrate because tip has a sharp structure in 

z-coordinate [see Fig. 9].  

 

Fig. 9 | Plasmonic enhanced near-field induced at silver tip apex by z-polarized light. Polarized 

light whose polarization lie in axis of tip comes into tip apex, which results in exciting strong 

z-polarized near field at the apex.  
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 In conventional microscopic technique, a focusing of ordinary laser beam such as linear 

polarized laser beam doesn’t provide a polarization component along tip axis at the center of 

focus spot because polarized light coming with angle to substrate are cancelled out at the center. 

Then we have two strong z-components at the position deviated from the center as shown on 

Fig. 10 (a). Therefore, tip has to be placed on one of spots induced near off from the center 

position of focus spot where strong z-components appear, which gives low z-components even 

on effectively interacted positions. To resolve these problems, radial polarizer can be employed 

for making radial polarization of light having z-components at the center when it is focused on 

sample plane with the use of objective lens. Inserting π phase plate to one half of beam resolve 

the problem that z-components are canceled out and z-polarized light constructively interfere at 

the center of the focus spot, which provide one strong z-components at the center as shown on 

Fig. 10 (b).  

 

Fig. 10 | Two types of configuration of laser focusing (a) linear polarized laser light, which 

results to have two strong z-components off-center (b) z-polarized laser light, which results to 

have one strong z-components at center. 

 I show a scattering image of focus spot in Fig. 11 when z-polarized light is focused onto the 

substrate with high N.A. objective lens after passing through mask to remove low N.A. 

components. Fig. 11 implies that the focus spot has strong z-components at the center, which 

means that a metallic tip can interact effectively with light at center. 
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Fig. 11 | Field distribution of focus spot with the use of z-polarized laser light, which results to 

have one strong z-components at center. 

Optimization of geometry and material of metallic tip 

 Geometry and material of metallic tip are quite important to induce strong enhancement of 

electronic field of plasmon on tip apex. Au or Ag has been utilized for TERS tips because of 

plasmonic resonance located in visible region. And metallic smooth surface or rough surface of 

tip apex are tried to be evaluated for inducing strong electronic field of plasmon and base 

materials such as SiO2, AlF3, SiOx, Si3N4 and W have been selected for changing resonance 

wavelength of plasmon by changing refractive index near plasmonic tip. This is because TERS 

performance has been theoretically predicted to improve by using an AFM tip with a low 

permittivity [13, 15-18]. The plasmonic resonance wavelength is greatly altered according to a 

refractive index of materials. For example, since a refractive index of Si and SiO2 is 
4.3 and 


1.5 at the wavelength of 488 nm, the plasmon resonance wavelength of a Ag-coated silicon 

tip is dramatically blue shifted with a replacement from Si to SiO2. Numerical analysis is 

conducted to estimate the plasmon resonance shift, magnitude and field distribution for TERS 

by altering base materials of nano-shell structure or sample thickness [19-21]. In addition, 

coating treatment on a metallic tip surface has came under the spotlight for improving a stability 

of plasmonic metal tip. One report claimed that metallic tip gives constant enhancement for over 

40 days by pre-coated with ultra thin aluminum oxide [22]. And Zenobi et. al. have 

demonstrated theoretically that a SiOx layer can protect metallized tips for TERS too [23]. 
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These kinds of works provide a new method to prevent metallic tips from undesired physical 

and chemical damages without losing their original performance for TERS. 

  Reports on a size effect of nanoparticle and an aspect ratio of ellipsoid structure on the 

frequency of plasmon are important for TERS. The report by Luis M. Liz-Marza ́n showed that 

an increase in diameter from 10 up to 100 nm leads to red-shift of 47 nm for spherical particles, 

whereas a change in aspect ratio from 2.5 up to 3.5 for prolate ellipsoids promotes red-shift of 

the longitudinal plasmon band of 92 nm, which is almost double the size effect [24]. Therefore, 

it can be said that the change of an aspect ratio of tip is more crucial for resonance shift of 

localized surface plasmon. This implies that cone angle of metallic tip have to be taken account 

of for deciding wavelength of laser light. And also a finite tip gives higher enhancement for 

apertureless NSOM probe and the length of finite tip is important factor for an optimum 

enhancement, which revealed that partial peeling off technique could have effect on TERS 

optimization [25]. 

 The tip geometry for enhancement is still under discussion because of difficulty in elucidating 

the relation between tip apex structure and how the signals are enhanced [26-27].   
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Summary 

 I have introduced the principle of SERS, which gives us comprehension of plasmonic field 

enhancement in the close vicinity of metal nanostructures and behavior of electromagnetic field 

near a metal nano-structure under light illumination. Then I have explained about how SERS 

got involved in nano-analysis and nano-imaging, one of which has been now utilized as TERS 

technique. Then I explained about the principle of TERS. Through this TERS section, I 

described the property of localized suface plasmon and effective enhancement of local field of 

plasmon at the tip apex. Optical setup of TERS spectroscopy/microscopy was described with 

simple scheme and I mentioned what keys are in this technique. Finally, I showed effective 

inducing and collection of Raman signal. And I push the importance of polarizability on metal 

tip and the tip geometry.   
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Chapter 3.  Manipulation of SWCNTs 

 This chapter represents effects of manipulations on properties of SWCNTs. I present the 

strains and defects distribution induced by atomic force microscope (AFM) tip manipulation 

and how it affects on the properties of SWCNTs by conventional Raman 

spectroscopic/microscopic investigation as well as tip-enhanced Raman investigation for nano 

analysis and nano-imaging. This chapter is divided into 4 sections. Each section is about strain 

generation on a SWCNT caused by manipulation, quantum chemical calculation of strain 

effects on Raman spectra, Raman investigation of manipulated SWCNTs and tip enhanced 

Raman investigation of manipulated SWCNTs.  

3-1.  Manipulation of SWCNTs and strain generation in SWCNTs 

 SWCNTs are promising candidates for novel nano-electronic devices because of their unique 

mechanical and electronic property [1-6]. Making well organized nano-electronic devices 

requires precise and desired positioning of SWCNTs using precisely controlled AFM tip, which 

is often called a manipulation. Any manipulation of SWCNTs may induce highly localized 

variation in their physical properties, such as electronic property, mechanical property and heat 

conductivity caused by localized defects or strains along their lengths. However, still how the 

localized defects and strains affect on their electronic property and other physical properties has 

been unclear, which has made many researchers be interested in properties changing depending 

on strains and defects induced by deformations [7-14]. Raman spectroscopic and microscopic 

investigations are used for this property change by analyzing Raman signature precisely.  

 In order to explain my AFM-based manipulation technique utilized for manipulating SWCNTs, 

Fig. 1 (a) illustrates manipulation steps where a nanotube is being dragged through a series of 

lateral pushes by the AFM tip apex, and Fig. 1 (b) shows the scanning scheme of an AFM tip 

during topographic imaging of manipulated SWCNT. After several precisely controlled 

manipulation steps, which are shown in Fig. 2 (a) and (b), the isolated SWCNTs could be 

manipulated to any desired shape as shown on the AFM image of manipulated SWCNTs in Fig. 

3. Through the sequence of manipulations, the AFM tip operating under the contact mode 

configuration was positioned near a specific site of the nanotube and was scanned towards the 

nanotube along a straight line by maintaining the tip-applied vertical force constant at 20 nN, 



 56 

which dragged the nanotube locally in the direction of tip scanning and was deformed into the 

“C” shape as shown on Figure.2 (b).  

 

Fig. 1 | Manipulation of CNTs by an AFM tip. (a) An illustration showing the manipulation 

scheme where a straight isolated CNT lying on a glass substrate is locally dragged by the sharp 

apex of an AFM tip, as the tip scans along a straight line in a contact- mode operation with a 

constant tip-applied force of 20 nN. (b) An illustration showing AFM imaging of a manipulated 

CNT. The imaging is performed in tapping-mode operation, where there is no more 

manipulation of the CNT during the imaging process. 

 

Fig. 2 | Manipulation process of CNTs by an AFM tip (a) AFM image of target area and target 

sample colored by red square. And line profile along blue line on (a) is shown on bottom of this 

image (b) Manipulation process for making “C” alphabet is shown in order of steps from 1 to 8 

steps. 
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 The examples in Fig. 3, which are AFM images of manipulated nanotube deformed to “A”, 

“B”, “C”, “P”, “Q” and “R” alphabets, show that my AFM-based dragging technique works 

well for manipulating SWCNTs to any desired shape and dragging them to any required 

location. 

 

Fig. 3 | Some examples of manipulated CNTs, where the CNTs take the shapes of alphabets. 

 Raman measurement is still strong to study many physical phenomena occurring in a SWCNT, 

although there are even only limited parameters in a Raman spectrum, namely, the intensity, the 

frequency positions and the peak broadening. Variations in these parameters can be related to 

different kind of physical phenomena. Through the manipulation process, rolling, moving and 

stretching are developed up on SWCNTs as strains, which could be thought to be a direct factor 

on the change of electronic property of SWCNTs. What we need to disclose from this 

manipulated SWCNTs is what types of strains could be applied to SWCNTs through 

manipulation. The shift, intensity and splitting of particular modes in Raman spectra can help to 

evaluate this strains. 

 From now, I present what G-band shift in Raman spectra stands for and how it relates to types 

of strains, which can be achieved by just dragging with the AFM based manipulation system. 

 The strains in SWCNTs are developed by displacements of carbon atoms, which are caused by 

the friction between the substrate and the SWCNTs. By manipulating straight shape SWCNTs 

into a desired shape, the nanotubes locally roll on the substrate, inducing a local torsional strain, 

and a part of it is elongated on the substrate to induce local tensile strain. These local strains 

remain in the SWCNT permanently if it stably sticks onto substrate after the manipulation. Fig. 
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4 can explain the physical condition of SWCNT during local rolling and elongation, which 

induce torsional and tensile strains, respectively.  

 

 

Fig. 4 | Illustration of strain in SWCNT developed by (a) twist and (b) stretching. The lower 

curves show calculated shifts in G-mode (both G+ and G- modes). The G+ mode shifts in 

higher-frequency direction for torsional strain, while it shifts in the lower frequency direction 

for tensile strain. 

As illustrated in Fig. 4(a), the SWCNT is locally twisted with some angle of twist, θ, which can 

be used to quantify the amount of torsional strain on the SWCNT. The lower curves in Fig. 4(a) 

show the calculated shifts in G-modes as a function of θ. Similarly, Fig. 4(b) shows an 

illustration of tensile strain in SWCNT, developed by stretching of SWCNT in tangential 

direction by a length ΔL. Here, the relative increase in length, ΔL/L, can be used to quantify the 

amount of tensile strain. The lower curves in Fig. 4(b) show the calculated shifts in G-modes as 

a function of ΔL/L. The calculations are performed for a SWCNT possessing (10, 0) chirality. A 

similar result is expected for other chirality, as well. 
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 For the calculation, I used Density Functional Theory (DFT) method by using Gaussian 

software, which is a computer program for quantum chemical calculation built by John Pople 

[27-28]. The concept of this calculation is that the Hamiltonian operator and the energy of a 

certain system is derived only from the value of electron density ! ! . In DFT method, 

electronic energy is calculated by solving Kohn Sham equation. 

− 12 ∇
! − !!

!!

!

!!!
+ ! !!

! − !! !" + !!" ! !! ! = !!!! !  

where first term is an operator for a motion energy and second term is an operator for a motion 

for inter electron-core attracting force and third term is an operator for Coulomb repulsive force 

and forth term is a exchange correlation functional operator. !! !  is !-state Kohn–Sham 

wavefunction in multielectron system. And from Kohn-Sham orbit, electron density ! !  is 

calculated as shown in following equation. 

! ! = !! ! ∗ !! !
!

!
 

Electronic energy !! can be simply described as following equation. 

!! = !! + !! + !! + !!"  

where !! is a term for a motion energy and !! is a term for potential energy of internuclear 

repulsive force and inter electron-core attracting force and !! is a term for repulsive force 

between electrons and !!"  is a term for exchange correlation and electron correlation. Proper 

solution for the exchange and correlation energy expressed as !!"  is still under controversial. 

Following exchange and correlation energy is often used, which is known as B3LYP type 

functional. 

!!!!"#!" = !!"#! + !! !!"! − !!"#! + !!!!!!! + !!"#!
! + !! !!"#! − !!"#!

!  

where each parameters are !! = 0.20, !! = 0.72 and !! = 0.81. Explanation of LDA, B88, 

VWN3 and LYP is beyond the scope of this chapter. To calculate Raman scattering intensity, 

following equation is used. 
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!!"#"$ =
!!!"
!!! !

Ψ!!!!!Ψ!!" 

where is 
!!!"
!!! !

derivative of polarizability tensor !!" at !!, which is base coordinates, and 

Ψ!!! and Ψ! are final-state and initial-state wave function in multielectron system composed 

of linear combination of Kohn Sham orbits. 

 For a calculation of normal vibrational modes, a hybrid functional of !3!"# and a base 

function of 6 − 31!(!) are used. First step for the calculation, a structure of the nanotube is 

optimized by !3!"#/6 − 31!(!)  and normal vibrational frequency is calculated in the 

calculation level of !3!"#/6 − 31!(!) with the use of the optimized structure. When a 

potential energy of whole system you modeled takes minimum value through the calculation, 

DFT calculation converges. For modeling a structure of carbon nanotube, I used WINMOSTAR 

and GAUSSVIEW, both which are computer software works on Windows and Linux. 

 One can notice that the direction of shift for the G+ mode in Figs. 4(a) and (b) are opposite, 

which can be utilized to understand whether the developed strain is torsional or tensile. One has 

qualitatively estimated the amount as well as the nature of strain within the CNT by measuring 

the value as well as the direction of shift in the frequency position of the G+ mode [8]. That 

means the shift in G+ mode can be in both positive and negative directions, depending upon 

whether the tensile or the torsional strain is dominant. Thus, we can also estimate the nature of 

dominant strain from the shift in G-mode. 

3-2.  Raman spectra analysis of G+ mode of manipulated SWCNTs 

 I present here a Raman investigation of strain distribution on manipulated SWCNTs and 

process of growing strains up by manipulation. Finally, I show a mixing of a tensile and a 

torsional strain made up by simple dragging. 

  In my experiment, semiconducting SWCNTs used for Raman microscopic measurements 

were produced by Meijo carbon Inc., with a purity of ∼99%. Individual bundle of this 

semiconducting SWCNTs with the diameter equal to 1.4 nm were ultrasonically dispersed with 

1-2 dichrolethane, then the droplets of this solution were spin-casted onto the glass coverslip. 

The probable rolling indexes, which are often called chirality, of SWCNTs used for my study 
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are (12, 11), (15, 7) (16, 5) base2d on Kataura plot and the peak value of Raman frequency in 

radial breathing mode [15]. My experimental setup, based on an inverted optical microscope 

combined with a tapping-mode AFM capable of manipulating sample on the substrate, was 

especially established for Raman microscopy to analyze strained SWCNTs. Raman scattering 

from the sample were excited by solid state laser (λ: 488 nm, Nippon roper, Inc., Sapphire LP). 

The Raman scattering was detected by CCD (Princeton instruments, Inc., LNCCD, 1340/400. 

EB/1) incorporated into a Raman spectrometer (Acton, Inc., Spectrapro 300-i, focal length is 

300 mm), which provide 1.2 cm-1 spectral resolution with 10 �m slit with in front of 

spectrometer. 

 

Fig. 5 | AFM images of SWCNTs sample (a) before and (b) after manipulation. Raman images 

of the sample (c) before and (d) after manipulation, which are constructed from the peak shift of 

G+-mode.  

 

  SWCNTs lied on substrate, whose shape is straight, were used as a target sample for Raman 

microscopic measurements, which is shown in Fig.5 (a) as an AFM image. The diameter of the 

bundle of SWCNTs was estimated around 2.5 nm by the line profile of the AFM image in Fig.5 

(a), which is the evidence that this sample consists of 2-3 SWCNTs. AFM based manipulation 

system was utilized to form arbitrarily a shape on SWCNTs, in this time I made “V” shape, as 

shown in Fig.5 (b) as topographic image of the manipulated SWCNTs, by dragging them from 

its side. The shape in Fig. 5(b) was so stable that SWCNTs could keep deformed shapes under 

the strains developed by dragging (manipulation) owing to strong adhesion on the glass 

substrate. For evaluating types of strains developed through forming “V” shape, a comparison 
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of Raman image of the SWCNTs before and after dragging, which were constructed from the 

peak shift of Raman G+ mode, was shown on Fig.5 (c) and (d), respectively. In this time, a 

polarization of the light was a circular polarization. 

  In general, Raman imaging, which includes Raman spectroscopy, is the best way to visualize 

and analyze these strains [12] and Raman scattering can even distinguish between torsional and 

tensile strains in SWCNTs, because the high-frequency G-band vibrational mode (G+-mode) 

shifts towards higher frequency under a torsional strain, while it shifts towards lower frequency 

under a tensile strain as I said previous section [9]. In Fig. 5 (c) and (d), stretching and torsional 

strain each denoted as red color and blue color, which was induced by manipulation from the 

side at the center of SWCNTs with the AFM tip. 

  From the existence of higher frequency shift of G+ mode, colored by blue in Fig. 5 (d), 

torsional effect took over at two points of supports where smooth curves emerge after 

manipulation. Interestingly, a strong curved part, which is colored by green and is most dragged 

to form kink shape, didn’t show any Raman shift. This result could be the evidence of a mixing 

effect of stretching and torsional strain. From these results, manipulating nanotube from an 

inner location could provide a possibility of SWCNTs being got a torsional train except for kink 

part (pushed region). 

  As a next step, for observing how strains are developed during a dragging (manipulation) 

process, a spectra evolution analysis as a function of step numbers of manipulation was 

conducted. During manipulating SWCNTs, laser focus was fixed onto the position of tip apex 

and tip moved with focus spot. Steps of dragging are 50 steps. At each steps, Raman scattering 

spectra from focus spot on the tip apex were detected, as shown in Fig. 6(c). And SWCNTs are 

dragged from inner part by tip. From the previous results shown in Fig. 5, one can expect that 

G+ mode cold be getting higher shift as manipulation proceeds. However, as a result shown in 

Fig. 6 (a), which shows spectra change in G-band region through the sequence of step numbers, 

I noticed the discreet change in G+ mode as a jump to lower frequency just when the tip started 

to touch SWCNTs, which implies the evidence of being incurred by stretching effect as easily 

seen in Fig. 6 (b). However, more manipulation steps proceeds, G+ mode gradually recovered 

back to the original position around 1590 cm-1. This result indicates that the more deformation 

proceeds, the more complicated strains applied to SWCNTs become enough to cancel stretching 
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effect by torsional or just by symmetry breaking. For the easier look, the comparison of spectra 

of SWCNTs before manipulation and the end of manipulation are shown on Fig.6 (d). 

 At the beginning of manipulation, stretching strain, which was confirmed as a lower frequency 

shift of G+-mode as you can confirm by red spectra shifting to blue spectra in Fig.6 (d), was 

found to be dominant in strains applied to SWCNTs. However, as taking more steps, the 

dominance of stretching strain became weaker, confirmed by G+ mode recovering back to the 

original position, as shown on green colored spectra in Fig.6 (d), from which I concluded that 

there was relaxation of strains or mixing effect of torsional with stretching strain on SWCNTs. 

 

Fig. 6 | (a) Raman evolution image during manipulation. Raman intensity is denoted as 

black-yellow color. (b) A magnified image in yellow dotted region in (a) and white lines 

denoted as (i) and (ii) show the peak positions of G+ mode. (c) The schematic image of spectra 

evolution analysis. Tip moves from top right to bottom left along arrow through manipulation 

process over nanotubes colored by yellow. (d) The Raman spectra taken from red, blue and 

yellow dotted lines in Fig.2 (a). 

 

 Let me start my discussion by taking the results obtained through far field Raman studies into 

consideration for explaining what came to happen on the SWCNTs after the manipulation. 

Manipulating SWCNTs gave rise to complicated strains on their structure, which was confirmed 

by the Raman peak shift in G+ mode. Then from a time-lapse measurement of Raman evolution 

during manipulating, I concluded that tensile strain was dominantly applied to SWCNTs at the 

beginning of manipulating while torsional strain sets off the effect of the tensile in the end.   
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 More simply speaking, from results shown in Fig. 5 and Fig. 6, it seems that a degree of 

manipulation decides the main strains applied to SWCNTs and a slight manipulation from inner 

position of SWCNTs gives a stretching effect, whereas an excessive manipulation gives a 

torsional effect.  

3-3.  Defect evaluation in manipulated SWCNTs by D/G ratio analysis 

 I present here a Raman investigation of defects distribution on manipulated SWCNTs, process 

of growing defects developed by manipulating and finally we show a tangible interplay between 

torsional strain and defect. 

 Change of lattice distance between C-C atoms is possibly considered to be a main factor for an 

increment of D-band intensity. For an investigation of how the pure defects are induced upon 

SWCNTs, I imaged manipulated SWCNTs, which was in the white dotted rectangular region in 

AFM image shown in Fig. 7 (a), with the ratio of D-band intensity divided by G-band intensity 

as shown in Fig. 7 (b). From the image of Fig. 7 (b), I noticed that defects were mainly induced 

at highly bended part in SWCNTs, which can be seen as a bright white color in this image. This 

result seems to be conceivable and reasonable because lattice distance change at bend region 

should be larger than that at straight part. 

 

 

Fig. 7 | (a) AFM image of manipulated SWCNTs to shape “C” character and (b) Raman image 

with the ratio of D-band intensity divided by G-band intensity in the white dotted region in (a). 
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Fig. 8 | Raman image of SWCNTs with the peak intensity in G-band (a) before and (b) after 

manipulation. D/G ratio image (c) before and (d) after manipulation. (e) A comparison of 

G-band at dragged area and non-dragged area. 

 

 For an evaluation of how defects are induced on SWCNTs through manipulation and what 

types of strains are related to an inducer of defects, a comparison of D/G-ratio images of 

SWCNTs between before and after manipulating and Raman shift investigation were conducted, 

which are shown on Fig.8 (c), (d) and (e). The process of the manipulation are shown as Raman 

images of SWCNTs before and after manipulation as shown in Fig.8 (a) and (b). White arrow 

on Fig.8 (a) shows the part where SWCNTs was dragged. From Fig.8 (d), lattice defects were 

found at manipulated area. Compared the G-band in manipulated area to that in 

non-manipulated area, full width of half maximum (FWHM) of G-band in manipulated area is 

tangibly larger than that of G-band in non-manipulated area, as seen from Fig.8 (e). This 

broadening implies that internal strains were applied to SWCNTs, which means that we 

disclosed the relation between a deterioration of lattice arrangements and strains. More looking 

inside, types of strains were verified by frequency shift of peak position of G-band. Higher 

frequency shift indicates torsional strain on SWCNTs, which occurred at defect area. The fact 

that defects seemed to be related not only with bend as you could see in Fig.7 but also with 

torsional strain was revealed. 

D
-b

an
d 

G
-b

an
d 

ra
tio

 [a
rb

.u
ni

t.]
Ra

m
an

 In
te

ns
ity

 [a
rb

.u
ni

t.]
1 um

(a) (b)

(c) (d)
0

20

40

60

80

100

200

150

100

50

0

1600

1550 1600 1650 1700
Raman shift [cm-1]

N
or

m
al

iz
ed

 R
am

an
 In

te
ns

ity
 [a

.u
.]

1400

1000

800

600

400

1200

(e)

G-band

3 cm-1 shift

FWHM

Dragged
Non-dragged

Tip manipulation



 66 

 Let me summarize this section, I noticed that it was quite possible that the manipulation caused 

defects to SWCNTs. Then next, I found a main cause of defects could be torsional effect rather 

than tensile strain as well as bending. Note that it is interesting to find that deformations are 

likely to induce defects in SWCNTs because this is the fist time experiment to succeed to 

compare the defects before and after being induced on SWCNTs by Raman imaging. Finally, I 

conclude that the broadening feature of SWCNTs is the evidence of the fact that manipulation 

always cause internal strains on SWCNTs, and in addition defects were built up on SWCNTs 

through manipulation. Looking inside more, I also revealed a torsional strain was main cause of 

defects emerging. 

 In summary of section 3-2 and 3-3, strains distribution over manipulated SWCNTs was 

revealed by Raman microscopic measurement, making clear the relation of types of strains with 

the defects on SWCNTs. These studies indicate a potential ability of AFM dragging precise to 

control the properties of SWCNTs, which is basic necessity for producing nano-electronic 

devices. Even though Raman spectroscopic and microscopic techniques are good for making 

clear the relation, there are no established methods to optically visualize the variation of 

physical and intrinsic properties at nano-scale resolution, which are enough to evaluate material 

properties as point-by-point information corresponding to their topographical distribution. So 

nano-scale resolved optical investigation has been desired for nano-structured material such as 

SWCNTs. In next section, I show the tip enhanced Raman investigation for getting over the 

problems. 

3-4.  2D color nano-imaging of manipulated SWCNTs 

 High-resolution characterizations of SWCNTs to understand local variations of deformations 

and how it affects on their own physical properties have always been challenging. It can be 

speculated that Raman spectroscopic/microscopic measurements would give direct information 

related to the intrinsic properties of SWCNTs. However, the diffraction limit of light is always a 

problem for resolving materials with the size of less than half of the wavelength, which would 

be about 250~300 nm for visible light. There have been some advances in Raman imaging 

techniques to overcome the diffraction limit, and researchers have shown impressively high 

spatial resolutions, which is tip-enhanced technique as I mentioned in chapter 2 [16-23]. In this 

section, I demonstrate color-coded 2D Raman image of locally strained SWCNTs where the 

colors represent strain distribution within the SWCNTs at high spatial resolution far beyond the 

diffraction limit of light. Tip enhanced Raman investigation represented deformation of 
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molecular alignment of SWCNTs due to the existence of local strain. This investigation 

revealed extremely localized variations of strains developed on SWCNTs as a convenient form 

of color images. 

  

Fig. 9 | Strain distribution along a nanotube at high spatial resolution. a, 2D Colour image of a 

nanotube manipulated into the shape of the word “CNT”. This image was constructed by 

colour-coding the frequency position of G+-mode in TERS spectra. The colour variation shows 

strain distribution along the nanotube at high spatial resolution. b-c, For comparison, TERS 

image of the same sample constructed from the intensity of G+- mode is shown in b, and 

simultaneously obtained AFM image is shown in c. d-k, AFM images showing intermediate 

steps during the fabrication of the “CNT” shaped sample. Yellow arrows indicate the dragging 

directions in each step. 

 Firstly, I tried to make a shape of the word “CNT” with SWCNTs by a series of AFM 

manipulation. With the same manner with manipulation technique mentioned in section 3-1, tip 

dragged the SWCNTs locally in the direction of tip scanning and SWCNTs was deformed into 

the “CNT” shape (Fig 9a). A TERS image of the sample is shown in Fig. 9a and a spatial 

resolution of that image was better than 20 nm far beyond the diffraction limit of light. TERS 

imaging was performed under contact mode operation of the tip by raster-scanning the sample 

under a constant tip-applied force of about 0.1nN. This force was small enough to prevent any 

dragging, scratching or physical damage of the sample. This TERS image was constructed from 
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the shift of the G+-mode in G-band, which depends sensitively on the local strain and which can 

distinguish between torsional and tensile strains in SWCNTs by higher frequency shift for a 

torsional strain and by lower frequency shift for a tensile strain [24-26]. In a simple term, 

various colors along the length of the SWCNTs in Fig. 9a represent the variation of local strain 

in the sample. I show a TERS image constructed from the peak intensity of G+ mode in Fig. 9b, 

and Fig. 9c shows an AFM image simultaneously taken with the TERS image. Both of the 

images are taken and compared for confirming the physical existence of nanotube manipulated 

in the shape of the word “CNT”. The other AFM images in Figs. 9d-9k were measured with a 

silicon tip during the process of manipulation, which show a sequence of several intermediate 

manipulation steps where the arrows indicate the direction of dragging in each step.  

 For avoiding confusions, let me emphasize that a complicated structure seen near the lower left 

end in the AFM images was a dust particle attributed to the fact that there were no Raman signal 

within the signature frequency range of a SWCNT. Therefore, this structure is visible in the 

AFM images, but not seen in the TERS images. 

 I explain what the colors in TERS image tells physically with the step-by-step development of 

strain in the manipulation process as follows. It can be understood that the SWCNTs pushed 

from an inner location could have a possibility of providing an elongation on SWCNTs if a 

degree of manipulation is slight, whereas SWCNTs pushed from its end could have more 

possibility of shifting and rolling rather than getting elongated. Such manners and tendencies 

can be seen in our sample as the two ends of the SWCNT. The upper part of the letter “C” and 

the lower part of the letter “T”, which is made by tip push from the two end of SWCNT, show 

blue and green colors in Fig. 9a, indicating the dominance of torsional strain. The dominance of 

rolling continues further near the free ends of the nanotube to provide green color to the left 

lower part of “C” and to the mid-lower part of “T”. The left part of the letter “N” was created 

from the second push in Fig. 9e, which being located far from the end of the SWCNT is 

expected to dominantly stretch the nanotube if the manipulation is slight. Some orange and 

yellow colors can be seen near the upper left part of “N”, however the top area briefly shows 

blue color, indicating that rolling took over the stretching at that point. It seems that this part of 

the nanotube has rolled due to the excessive pushes from inner part and resulted in blue-green 

colors for the lower part of the letter “N”. The upper part of the letter “T” was created by the 

pushes in Figs. 9f, 9g and 9j, all of which correspond to locations away from the ends of the 
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nanotube, and manners of manipulation is totally different from pushes shown in Fig. 9e, which 

finally gave red-orange-yellow colors indicating the dominance of stretching on the upper part 

for “T”. In Figs. 9i, SWCNTs incurred a slight push from side, which is understandable for us to 

expect an elongation induced on SWCNTs. 

 

Fig. 10 | Strain induced in CNTs having higher frictional forces. (a) An AFM image of a 

nanotube, which was dragged along the yellow arrows from two distinct points marked by A 

and B. (b) A composite TERS image constructed from Raman intensities at three frequencies of 

1590 cm-1 (red), 1600 cm-1 (blue) and 1610 cm-1 (green). Frequency-shifted intensity 

components (blue and green) are dominantly seen at the bent corners. (c) An AFM image of a 

neighbouring non-manipulated straight part of the sample. (d) The frequency positions of G+ 

-mode in TERS spectra obtained along the length of the manipulated part of the CNT 

(corresponding to the red dotted path shown in a) and (e) along the non-manipulated 

neighbouring area (corresponding to the red dotted path shown in c). Raman frequency variation 

can be seen only in the manipulated part. The vertical dashed lines correspond to the bent points 

A, B and C in a where large frequency shifts in the G+ -mode are observed. 

 It can be understood that a SWCNT would not be much elongated when dragged from its end, 

and hence the torsional strain should dominate in this case. However, when the nanotube is 

dragged from an inner location, it could be elongated if this dragging is slight and it could be 

torsion if the dragging is excessive. The amount of rolling would depend on the frictional forces 

between the substrate and the SWCNTs, which actually depends on the kind of nanotubes 
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utilized in the experiment. In the cases where frictional force is large, the effect of rolling would 

surpass the effect of elongation so that G+-mode may show a higher shift by the manipulation 

from an inner position. In order to explain this, I demonstrate a simple sample where a nanotube 

was dragged from just two inner locations, marked by points A and B in Fig. 10a, where the 

yellow arrows indicate the directions of dragging. AFM image in Fig. 10a shows the area where 

the CNT was dragged and Fig. 10b shows TERS image constructed with peak-shift of 1591 

cm-1, while the AFM image in Fig. 10c shows a neighboring area of the same CNT where it was 

not dragged. Figures 10d and 10e show shifts in Raman frequency of the G+-mode along the 

length of the CNT corresponding to Figs. 10a and 10c, respectively. Raman frequency of 

G+-mode in Fig. 10e remains constant at about 1591 cm-1 for the straight part of the CNT, while 

it varies from 1590 to 1618 cm-1 along the length of the CNT in the dragged area in Fig. 10d. 

This confirms that the strain was developed only in the manipulated part of the nanotube. In 

contrast to the previous sample, sharp up-shifts that correspond to torsional strain can be seen 

near those points where the tip apex dragged the SWCNT, even though the dragging points lie 

at inner locations of the nanotube. In addition, up-shifts can also be seen at the other corner 

points, such as at point C in the figure, where the SWCNT locally rolled even without a push at 

that location. This result leads us to the conclusion that the nanotube used in this particular 

experiment had stronger frictional force on the substrate that provided rotational torque to the 

SWCNT during manipulation, thus the resultant strain was a combination of tensile and 

torsional strains, with torsional strain being stronger in magnitude.  
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Fig. 11 | Symmetry breakdown induced at the bent corners of the CNT. (a) A TERS intensity 

image, which is a black-and-white version of Fig. 10b. Three bent corners are marked by the 

points A, B and C, and the bending curvatures are shown by dotted circles. Point D is marked 

on the non- manipulated straight part of the CNT. Scale bar, 100 nm (a). (b–e) TERS spectra 

measured at the points A, B, C and D, indicated in a. The observation of several new modes in 

the G-band spectral range only at the corners is attributed to the local breakdown in the 

circumferential symmetry. 

 Here, let me mention about an interesting fact I found through the experiment shown on Figure. 

10. Localized strain in CNT modifies the arrangement of carbon atoms in the nanotube. 

Particularly, if the CNT is locally bent, the inner and the outer curvatures around the bend are 

different, causing a modified atomic arrangement. This results in the local breakdown of 

symmetry around the bend, leading to a relaxation in the selection rules of Raman scattering. A 

previous study has predicted that the relaxation of selection rules by symmetry breakdown in 

CNT can lead to the observation of as many as six Raman modes in the G-band spectral rage, 

which are not observed in a relaxed CNT [29]. Thus, besides the shift in the G+-mode shown 

before, I also expect to observe several new modes in the G-band spectral range around the bent 

area of the nanotube.  

 I expected to have these change in G-band and tried to investigate the curvature effect. For this 

purpose, I explored the same TERS image shown in Fig. 10, and investigated the spectral 

variation along the length of the CNT. The TERS image is reproduced in black-and-white again 
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in Fig. 11a. The radius of curvature at the corner points A, B and C are approximately estimated 

to be smaller than 100nm, where we could recognize slight variation in the radii, as shown by 

the dotted circles around the corners. The spectra obtained from these three points are displayed 

in Fig. 11b–d, respectively. In addition, a spectrum measured from a point on the non- 

manipulated straight part of the CNT, marked by D, is shown in Fig. 11e. As expected from the 

un-manipulated part of the sample, the spectrum in Fig. 11e shows only two peaks 

corresponding to the usual G− - and G+ -modes. However, because of the breakdown in 

symmetry near the bent corners, the G-band splits into several peaks at all the three points A, B 

and C. To understand this splitting numerically, we tried to fit the three spectra A, B and C with 

six Lorentzian peaks, keeping in mind that not all peaks would have non-zero intensity. The 

best-fitted Lorentzian components are shown by the red dashed curves and the total intensities 

are shown by the red solid curves in Fig. 11b–d. As expected, smaller radius of curvature causes 

greater breakdown in symmetry leading to the appearance of larger number of peaks. Six peaks 

are observed at point B where the radius of curvature is the smallest, whereas only three peaks 

are observed at point A where the radius of curvature is the largest amongst the three bent 

corners. The number of peaks, their relative intensities and their frequency positions 

significantly change when measured at the intervals of 10nm, confirming that the effect of 

symmetry breakdown is localized within the vicinity of about 10 nm from the bent corners. 

Such a highly localized appearance of the symmetry breakdown can only be revealed by my 

TERS techniques, which cannot be observed in usual far-field Raman measurements. 

The TERS image in Fig. 9 show the variation of strain along the CNT with high spatial 

resolution. I showed the amount of strain developed as well as the frictional force responsible 

for providing the rolling of the CNTs which is in usual observed by excessive manipulation. 

And I confirmed small curvature gives symmetry breaking. I thus confirm an important aspect 

that the strain developed along the manipulated CNT significantly depends on the intrinsic 

properties of the nanotubes, such as the chirality and the diameter, which could affect the 

frictional coefficient. 

 Apart from the results shown here with the manipulation of single nanotubes, I have also 

successfully performed the movement of an entire nanotube from one location to another and 

have written various two-dimensional patterns by manipulating more than one nanotubes (a 

example can be seen in Fig. 9). This manipulation technique is extremely precise and it gives us 
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freedom to utilize a pre-grown nanotube of our choice, and to manipulate them to a shape and a 

location of our requirement. I have confirmed that these manipulated nanotubes are 

mechanically stable after the manipulation. The combination of my manipulation and 

high-resolution characterization techniques opens paths for the development of well-controlled 

CNT-based devices with proper characterization of their performances. The methods are well 

suited for a variety of applications in optical, electronic, mechanical or bio-related usage of 

SWCNTs. 
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Summary 

I have explained AFM based manipulation technique and how the manipulation affects on the 

strains and defects generation through this chapter. I described that Raman investigation is a 

great tool for visualizing the strains and defects induced by the manipulation system. In 

particular, I affirmed that a shift of G+ mode is sensitive for identifying types of strains applied 

to SWCNTs, which was caused by tangential or circumferential displacement of carbon atoms 

on a wall of SWCNTs. Then, experimentally I proved powerfulness of the Raman analytical 

method for strains and defects distribution by analyzing G+ mode and D-band intensity 

increment. And also I showed that my AFM-based manipulation works properly for precisely 

making deformation on SWCNTs. Through the experiment, I claimed that a torsional strain 

produces defects. However, the diffraction limit of light in visible region prevents us from 

visualizing the localized strains and localized defects with nano-meter spatial resolutions, which 

make property identification on SWCNTs intricate. I applied tip-enhanced technique for 

improving the resolution as well as efficiency of signal enhancement. Through the study, I 

confirmed nano-meter strains distribution appeared up on SWCNT by TERS. However, I 

couldn’t utilize the RBM and D-band for nano-imaging of SWCNTs but the insufficiency of 

this technique will evoke more researches about optical methods for nano-material imaging.      
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Chapter 4.  Localized S-to-M transition in “X”-shaped semiconducting SWCNTs 

 Theoretical studies have predicted a modulation of electronic bands in SWCNTs due to 

deformation caused by bridging SWCNTs over electrodes or by crossing one SWCNT over 

another, which makes “X” shape  (from now on, I will refer to it as X-CNTs) [1, 2]. In 

particular, the electronic transport properties measured at the junctions of X-CNTs showed 

interesting changes in the conductance of the junctions [2, 3]. X-CNTs can be fabricated 

intentionally or may happen accidentally, then both SWCNTs can be locally deformed near the 

junction due to their mechanical interactions via the van der Waals binding of the upper 

nanotube to the substrate away from the junction. It has been said that such deformation near 

junction cause metallization on semiconducting SWCNTs. Again Raman spectroscopic and 

microscopic technique prove usefulness for disclosing what is happening on this junction 

because of its ability of sensing metallic features in materials by analyzing Fano-shape of G− 

mode. In this chapter, I demonstrate the semiconductor to metal transition of SWCNTs induced 

at the junction with nano-meter spatial resolution by tip-enhanced Raman investigation. Before 

moving forward to experimental section, I explain about the history of researches on X-CNTs 

and what is Fano-shape of G− mode in section 1 and in section 2 respectively.  

4-1.   Existing researches on SWCNTs crossing each other in “X”-shape 

 A study of X-CNT via scanning tunneling microscopy (STM) has predicted that a radial 

compressional force of about 1 nN can modify their electronic band structure at the junction 

point [4]. Interestingly, the compression of a semiconducting SWNT was predicted to be the 

reason of its metallization, which was attributable to the π∗ − σ∗ hybridization effect occurring 

near the compression point revealed by band gap closing at near K-point calculated with 

quantum chemical calculation as shown on Fig.1 [5].  
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Fig. 1 | Theoretical calculation results of band gap closure at Fermi energy of carbon nanotube 

under a radial compression [5]. Γ is zero wavenumber in cutting line (! = 0) made by zone 

folding. !Χ is an edge of wavenumber in cutting line (! = !
!).  Wavenumber for the cutting 

line is derived by the equation equals to Κ = !!! + !!!/ !! , where !!  and !!  are 

reciprocal vector and ! ranges from − !
! to !!. 

 This phenomenon can also be expected for the X-CNTs because the X-CNTs goes under a 

slight compression at the crossing point. A dramatic transformation of SWCNTs from 

semiconductor to metal, invoked by localized pressure, was observed using scanning tunneling 

spectroscopy (STS) [6]. However, the modification of electronic properties has not been 

observed at high spatial resolution so far, and hence an ambiguity about the extent of such 

localized metallization still exists, which keeps this topic a subject of discussion, and there 

remains considerable debate to stimulate extensive research enthusiasm on this subject. 

4-2.   Fano effect on metallic SWCNTs  

 One of the prominent first-order vibrational mode in a typical Raman spectrum of SWNT is 

the so called G-band, which comprises two distinct Raman modes, G− mode and G+ mode, 

arising from the tangential vibrations of carbon atoms along the periphery and along the length, 

respectively. In metallic nanotubes, it is believed that the G− and G+ modes represent the LO 

and TO phonons, respectively [7, 8]. In general, it is common that the conduction electrons in 

SWCNT couple strongly to the Γ-point LO phonon because each produces a longitudinal field 

that interacts with the charge density of the other. Since the conduction electrons represent a 

formations along AA! in Fig. 1!b" also break mirror
symmetries. However, the #-#* hybridization effect plays a
minor role in changing the already existed semiconducting
gap. Regardless of whether deformation breaks mirror sym-
metry or not, the gap is mostly affected by the increase of
curvature-induced hybridization. Particularly, the $*-#* hy-
bridization effect6 becomes a key factor in gap closure before
layer-layer interactions start to grow.
To investigate the effect of radial deformations on the

electronic structure, we perform extensive tight-binding !TB"
!Ref. 21" and first-principles pseudopotential22 calculations
within the local-density-functional approximation !LDA".
The wave functions are expanded in a plane-wave basis set
with kinetic energy cutoffs of 36–49 Ry. We carry out all the
LDA calculations using a tetragonal supercell geometry, in
which the closest tube-tube distance is about 6 Å. Various
collapsed nanotubes are generated by fixing the layer-layer
distance (d) and relaxing all the remaining atoms with use of
empirical Tersoff’s potentials,23 where d is defined as the
separation of the two facing atoms or bonds !on AA! or BB!
in Fig. 1" in a cross section. Since the stress acting along the
tube axis increases very slowly in the process of flattening,
the relaxation along this axis is neglected, so that the same
length of the unit cell is used as that of the tube generated by
rolling up a graphitic sheet. In a perfect !5,5" nanotube, the
layer-layer distance is equivalent to the diameter of 6.88 Å.
Along line AA!, a breaking of mirror symmetry clearly
opens the gap, as demonstrated in Fig. 2!a". For similar de-
formations along BB! !not shown in Fig. 2", the two linear
bands still cross at the Fermi level because of the one mirror
symmetry survived. For collapsed !5,5" nanotubes along
AA!, the analysis of wave functions indicate that the two
linear bands are mixed as a linear combination of # and #*,
i.e., % 1/& (!#!"!#*!), splitting off the degeneracy.
These mixed orbitals without mirror symmetry reside alter-
nately on the atomic sites along the circumference, but their
atomic positions differ by a C-C bond as shown in Fig. 3!a".
For both the highest occupied and lowest unoccupied states,
the charge densities are distributed with almost equal
weights inside and outside the flattened layers, while a small
charge transfer occurs toward outside in the curved zones,
where $-# hybridization effects are slightly enhanced. In the

highest occupied state, since the p orbitals in the facing lay-
ers point to each other, they tend to form bonds as the layer-
layer distance decreases. At d#3.35 Å, pp$ bonds are de-
veloped in both the flattened and curved zones, as shown in
Fig. 3!b", which enhance significantly the gap. On the other
hand, the p orbitals of the lowest unoccupied state point to
empty regions, so that no bonds are formed even at d
#3.35 Å. We also find similar bonding characteristics for
the mixed #—#* orbital states at d#2.71 Å. Under radial
deformation, the total energy is found to increase monotoni-
cally with the layer-layer distance, although interlayer bond-
ings grow up; the energy increase is 0.14 eV/atom at d
#3.35 Å. This increase of energy results from the fact that
the strain energy caused by the curved edge of the tube is
larger than the energy gain due to attractive interactions be-
tween the layers.
The variation of the band gap in the !5,5" nanotube with

the layer-layer distance is drawn in Fig. 4!a". When radial
distortions are small (d!4.0 Å), the gap opening of less

FIG. 2. !a" The LDA band structure of the deformed !5,5" nano-
tube with d#3.35 Å is drawn near the Fermi level (EF). An en-
larged view is shown in the inset. !b" The LDA band structure
evolution of the deformed !9,0" nanotubes is plotted from & to 'X
('#0.1). From left to right the values of d are 7.15, 6.50, 6.00, and
5.29 Å. Solid lines represent the singly degenerate levels.

FIG. 3. !a" and !b" Contour plots of the charge densities for the
valence band maximum !VBM" and conduction band minimum
!CBM" states in the deformed !5,5" nanotubes with d#4.30 and
3.35 Å. !c" Similar plots for the singly degenerate states in the !9,0"
nanotubes with d#7.15 and 6.00 Å. Solid dots denote atoms in the
cross section.

FIG. 4. The variation of the band gap with layer-layer distance
in the !a" !5,5" and !b" !9,0" nanotubes. Filled circles and open
boxes denote the LDA and TB results, respectively. Dotted lines in
the hexagonal BZ of a graphite sheet denote allowed wave vectors
along the tube axis, which pass high symmetry points. Blank circles
and arrows describe the Fermi point and its movement.
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continuum plasmon and the LO phonons are bound, the interaction is of Fano-type, which 

incorporates an asymmetric broadening accompanied with a line-shift [9–11]. For 

understanding this asymmetric broadening, I derive mathematically the equation of intensity of 

G− mode in the case that there are free electrons in the system. The coupling represented as 

Breit-Wigner-Fano (BWF) line in G− mode is the phenomenon of an interaction of discrete 

excited phonon state which is denoted as |p) with continuum state of excited electron which is 

denoted as |e) in according to quantum theory. The electron-phonon coupling is assumed to be 

present in the form of a matrix element V between |e) and |p). Then a mutual repulsion of the 

levels Ee against Ep produce positions of E� due to V elements. If a Raman-active transition is 

allowed to both a discrete level of energy and a continuum with a density of levels ρ(ω) which 

is coupled with an interaction of strength V, the resulting interference gives rise to a Raman 

scattering intensity proportional to  

!!" = !"(!) !! !!!! !!!! !

!!!!!!!!(!) !! !"!!(!) !                          (4.1) 

Here Tc and Td are, respectively, Raman transition amplitude for the continuum and discrete 

transitions, and  

! ! = ! !!! !(!
!)

!!!!                                    (4.2) 

where P denotes the principal part of the integral. We can recast Eq. (4.1) into the form more 

commonly found in the literature, namely, 

! ! = !!!!"(!) !!! !

(!!!!)                                      (4.3) 

by setting  

Ω = !! + !!!    Γ = !!!!   ! = (! − Ω)/Γ  ! = !!! + !!!/!!  

 Then BWF function used in this study can be simply described as [10] 

! ! = !! !!(!!!!"#)/!! !

!! (!!!!"#)/! !                                   (4.4) 
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where I0, ωBWF, Γ, and 1/q are intensity, renormalized frequency, broadening parameter and the 

asymmetric parameter, respectively. 1/q reveals the strength of electron-phonon coupling [6] 

because 1/q includes the ratio of interaction of continuum state with discrete states equals 

to!!!!/!!. So if you assumed that free electrons filled in electronic band of materials, a shape 

of spectra becomes asymmetric shape, which is came from particular discreet phonon states 

interacting with continuum electrons state. Therefore, the G− mode contains information related 

to the electronic properties of the nanotube in the form of asymmetry of the mode.  

 

Fig. 2 | Scheme of asymmetric Raman shape induced by a repulsion between states with the 

state with free electrons. Incident light comes into a certain system filled with free electrons 

denoted as a grey square. Coupling of electrons with LO phonon of SWCNTs provide an 

asymmetric shape on a shape of G− mode.  

 However, as for the origin of Fano lineshape and the broadening, there have been unsound 

arguments. LO mode has been expected to have a bearing on electronic damping on phonons, 

which cause a frequency softening, which is derived from the coupling of single-particle 

electron-hole pair with phonon via Kohn anomaly (KA) [22-25] or the coupling of collective 

excitation of electron (plasmon) with a phonon [26]. KA is one of strong candidates as the 

relevant phenomena to the BWF lineshape of G− mode. LO phonon distorts reciprocal lattice 

space in such a way that a dynamic bandgap is induced in the electronic band structure, which is 

called KA [27]. The dynamic bandgap lowers the energy of the valence electrons near the Fermi 

point, and thus it lowers the electronic energy required to keep the lattice constant or binding, 

leading to phonon softening, which recursively lower the frequency of LO phonon.  
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 Note that the detailed mechanism of the Fano line shapes in LO mode has remained a 

long-standing debatable topic, so let me spare the detailed discussions on it now. 

 

Fig. 3 | (a) Example of typical Raman spectra of metallic and semiconducting SWNTs presented 

in blue and brown colors, respectively, in the G-band spectral range showing both G− and G+ 

modes. (b) Raman spectrum of metallic SWNTs could be best fitted with an asymmetric Fano 

peak and a symmetric Lorentzian peak, shown by pink dashed line and green dotted line, 

respectively. As one can notice in Fano peak, an asymmetry around the peak position can be 

clearly observed. 

 The spectra are normalized at the intensity of the G+ mode. As one can notice here, the G− 

mode at about 1560 cm−1 is significantly asymmetric for metallic SWCNT in comparison to that 

for the semiconducting SWNT, whereas the G+ mode remains the same for the two kinds of 

nanotubes [see Fig. 3(a)]. The Raman spectrum of the metallic nanotubes in the G band spectral 

region can be best fitted with an asymmetric Fano peak and a symmetric Lorentzian peak, as 

shown in Fig. 3(b). The red dashed curve in Fig. 3(b) shows the Fano component, where a clear 

asymmetry around the peak position can be observed. The Raman spectrum from 

semiconducting nanotubes, however, can be best fitted with two symmetric Lorentzian peaks 

(not show here). Thus, by observing the asymmetry in the line shape of the G− mode in Raman 

spectrum, one can understand the electronic nature of the nanotube. 

 In general, BWF mode has a frequency dependence, 1/q dependence and Γ dependence on the 

diameter of nanotube and an intensity dependence on the degree of bundle [16, 20-21]. Note 

2

The semiconducting SWNTs used in present study were pro-
cured from Meijo carbon Inc. These nanotubes with the diam-
eter of 1.4 nm and a purity of > 99% were first ultrasonically
dispersed with 1-2 dichrolethane, and then a droplet of this so-
lution was spin-casted onto the glass coverslip. The chirality of
these nanotubes were estimated from the radial breathing modes
in Raman measurements using the Kataura plot [18] and were
found to be (12, 11), (15, 7) and (16, 5). We then searched for
nanotubes laying on each other in the shape of the letter “X”
using atomic force microscopy (AFM) imaging. As estimated
from the height in the line profile of AFM images, we could
find such X-CNTs in bundles with approximately 2 to more than
10 nanotubes. When 2-3 nanotubes bundle together, there are
no observable bundling effects on their vibrational, electronic or
resonance properties, and hence can be considered as isolated
nanotubes. On the other hand, bundles containing 10 or more
nanotubes show the effect of bundling. In the present work, we
have studied X-CNT samples with 2-3 nanotubes, and later have
also compared them with bundles of more than 10 nanotubes.

Our Raman experimental setup, based on an inverted opti-
cal microscope combined with a contact-mode AFM, was es-
pecially established for TERS microscopic measurements. In
order to obtain the desired plasmon resonance, silicon cantilever
tips, commercially available for AFM, were first oxidized at high
temperature in water vapor and then coated with a 50-nm-thick
layer of evaporated silver. The apex of the tip after silver depo-
sition was observed by scanning electron microscope and was
confirmed to be about 15 nm in diameter. This allowed us to
obtain strong plasmon resonance at the excitation wavelength
of 488 nm, which was the excitation wavelength used for near-
resonance Raman measurements of our SWNT sample. Raman
scattering from the sample were excited by a solid-state laser,
which was radially polarized with the use of eight divided half-
waveplates so as to efficiently excite the SPP along the tip apex.
The incident beam was focused on the sample by an inverted
microscope using oil immersion lens (NA = 1.4), where the low-
NA (< 1.0) component of the incident beam was rejected by
placing a mask at the center of the beam. The high-NA illumi-
nation facilitated total internal reflection of the incident light,
resulting in pure evanescent illumination of the metalized tip
placed on the sample from the top. The enhanced Raman scatter-
ing was collected back by the same objective and was directed
to a Raman spectrometer, where it was detected by a charge-
coupled device detector.

One of the prominent first-order vibrational bands in a typi-
cal Raman spectrum of SWNT is the so called G-band, which
comprises two distinct Raman modes, a G� mode and a G+

mode, arising from the tangential vibrations of carbon atoms
along the periphery and along the length, respectively. In metal-
lic nanotubes, it is believed that the G� and G+ modes represent
the LO and TO phonons, respectively [19, 20]. It has also been
known that the conduction electrons in SWNT couple strongly
to the �-point LO phonon because each produces a longitudinal
field that interacts with the charge density of the other. Since the
conduction electrons represent a continuum plasmon and the LO
phonons are bound, the interaction is of Fano-type, which incor-
porates an asymmetric broadening accompanied with a line-shift
[21–23]. Therefore, the G� mode contains information related
to the electronic properties of the nanotube in the form of asym-
metry of the mode. The frequency dependence of Raman inten-
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FIG. 1. (color online). (a) Example of typical Raman spectra of metal-
lic and semiconducting SWNTs presented in blue and brown colors,
respectively, in the G-band spectral range showing both G� and G+

modes. (b) Raman spectrum of metallic SWNTs could be best fitted
with an asymmetric Fano peak and a symmetric Lorentzian peak, shown
by pink dashed line and green dotted line, respectively. As one can no-
tice in Fano peak, an asymmetry around the peak position can be clearly
observed.

sity in a Fano-type interaction is usually given as [23]

I(!) = I0 · {1 + (! � !0)/q�}2

1 + {(! � !0)/�}2
, (1)

where I0, !0 and � represent the intensity, renormalized fre-
quency and broadening parameter, respectively. The parameter q

represents coupling between the phonon and the plasmons, and
provides asymmetry to the line-shape of the G� mode in Raman
spectrum of metallic SWNTs. For large value of q , Eq. (1)
takes the form of Lorentzian equation, and q = 1 or 1/q = 0
refers to a purely symmetric phonon shape corresponding to
the G� mode of semiconducting SWNTs. Therefore, absolute
value the term 1/q, i.e., |1/q|, obtained from Fano curve fitting
of the G� mode in a SWNT can be used as a measure of the
degree of metallization of the nanotube.
Figure 1(a) shows an example of near-resonant far-field Raman
spectra in the G-band spectral region from bundles of semi-
conducting and metallic SWNTs, shown with blue and brown
colors, respectively. The spectra are normalized at the intensity
of the G+ mode. As one can notice here, the G� mode at about
1560 cm�1 is significantly asymmetric for metallic SWNT in
comparison to that for the semiconducting SWNT, where as
the G+ mode remains the same for the two kinds of nanotubes.
The Raman spectrum of the metallic nanotubes in the G band
spectral region can be best fitted with an asymmetric Fano peak
and a symmetric Lorentzian peak, as shown in Fig. 1(b). The
red dashed curve in Fig. 1(b) shows the Fano component, where
a clear asymmetry around the peak position can be observed.
The Raman spectrum from semiconducting nanotubes, however,
can be best fitted with two symmetric Lorentzian peaks (not
show here). Thus, by observing the asymmetry in the line shape
of the G� mode in Raman spectrum and by obtaining the value
of |1/q| from the same, one can understand the electronic nature
of the nanotube.
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that, for fitting BWF mode near 1550 cm-1 and decomposing the mode from other modes in 

G-band, Fano function described in (4. 4) is often used, which is useful for following discussion 

in next section. 

4-3.   TERS investigation of extremely localized semiconductor-to-metal transition in 

SWCNTs 

 Here, I show the investigation of the vibrational features of semiconducting X-CNTs utilizing 

TERS spectroscopy and microscopy across the junction at a high spatial resolution. The 

well-known G− mode Raman vibration of SWCNTs contains a signature of the electronic 

property of the nanotubes in the form of the line-shape of the vibrational mode as I mentioned at 

previous section, which is denoted as G− mode. By investigating whether G− mode has the 

symmetry shape or not at a spatial resolution far beyond the diffraction limit, I have observed 

the phenomenon of metallization of semiconducting SWCNTs as well as its extreme 

localization near the junction point in a X-CNT sample. 

 Sample preparation for this study was as follow: The semiconducting SWCNTs used in 

present study were procured from Meijo carbon Inc. These nanotubes with the diameter of 1.4 

nm and a purity of > 99% were first ultrasonically dispersed with 1-2 dichrolethane, and then a 

droplet of this solution was spin-casted onto the glass coverslip. The chirality of these 

nanotubes were estimated from the radial breathing modes in Raman measurements using the 

Kataura plot [12] and were found to be (12, 11), (15, 7) and (16, 5). I then searched for 

nanotubes laying on each other in the shape of the letter “X” using atomic force microscopy 

(AFM) imaging. As estimated from the height in the line profile of AFM images, I could find 

such X-CNTs in bundles with approximately 1 to more than 3 nanotubes. 

The frequency dependence of Raman intensity in a Fano-type interaction is usually given as 

again from Eq. (4.4) [11]  

! ! = !! !!(!!!!"#)/!! !

!! (!!!!"#)/! !                         (4.4) 

where !! , !!"#  and Γ  represent the intensity, renormalized frequency and broadening 

parameter, respectively. The parameter ! represents coupling between the phonon and the 

plasmons, and provides asymmetry to the line-shape of the G− mode in Raman spectrum of 
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metallic SWNTs. For large value of !, Eq. (4.4) takes the form of Lorentzian equation, and 

! = ∞ or 1/! = 0 refers to a purely symmetric phonon shape corresponding to the G− mode 

of semiconducting SWNTs. Therefore, absolute value the term 1/!, i.e.,! 1/! , obtained from 

Fano curve fitting of the G− mode in a SWNT can be used as a measure of the degree of 

metallization of the nanotube. 

 

Fig. 4 |  (a) A 3D AFM image of our X-CNT sample. TERS spectra were measured from the 

area enclosed by the white dashed lines. (b) TERS image of the enclosed area of the sample, 

constructed from the peak intensity of the G+ mode. (c) TERS spectra obtained from points (i) 

through (iv) indicated in (b). The spectra obtained far from the junction could be decomposed 

into two symmetric Lorentzian peaks (peak 1 and peak 2), while the spectra obtained near the 

junction required two additional peaks, one asymmetric Fano peak (peak3) and one symmetric 

Lorentzian peak (peak 4) for the best fitting. (d) and (e) show magnified Raman spectra 

obtained near the junction and far from the junction, respectively, in the spectral range of 1520 

to 1580 cm−1. 
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FIG. 2. (color online). (a) A 3D AFM image of our X-CNT sample. TERS spectra were measured

from the area enclosed by the white dashed lines. (b) TERS image of the enclosed area of the

sample, constructed from the peak intensity of the G+ mode. (c) TERS spectra obtained from

points (i) through (iv) indicated in (b). The spectra obtained far from the junction could be

decomposed into two symmetric Lorentzian peaks (peak 1 and peak 2), while the spectra obtained

near the junction required two additional peaks, one asymmetric Fano peak (peak3) and one

symmetric Lorentzian peak (peak 4) for the best fitting. (d) and (e) show magnified Raman

spectra obtained near the junction and far from the junction, respectively, in the spectral range of

1520 to 1580 cm−1.

and Raman scattering is degenerated with additional phonons becoming observable. In

addition to the reduction of symmetry, the deformation also causes the electronic bands to

modify locally, resulting in a modification in the electronic properties of the SWNT near

the junction point, where it turns metallic from semiconducting. This local semiconductor-

to-metal transition gives rise to the Fano-type broadening in the G− mode arising right

from the junction point. It can also be concluded by examining the spectral shape that the

7
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 Fig. 4(a) shows a 3D AFM image of our X-CNT sample consisting 1-3 SWNTs (height within 

1 nm - 2.8 nm), as estimated from the height in the image. A TERS image of the same sample 

but from a smaller area enclosed in the white rectangle, constructed from the peak intensity of 

the G+ mode, is shown in Fig. 4(b). TERS spectra obtained from 4 different points along one 

branch of X-CNT, as indicated by the points (i) through (iv), are shown in Fig. 4(c). A careful 

observation of these spectra reveals that the spectra obtained far from the junction, at points (i) 

and (iv), could be best fitted with two Lorentzian curves centered at 1565 and 1588 cm−1, 

representing the G− and G+ modes of SWCNTs, respectively. I will call these peaks as peak 1 

and peak 2, as also indicated in the figure. On the other hand, the spectra obtained around the 

junction at points (ii) and (iii), required two extra curves for best fitting, one Fano curve 

centered at 1548 cm−1 and one Lorentzian curve centered at 1607 cm−1, which I will call as peak 

3 and peak 4, respectively. Thus, around the junction, I needed four curves to best fit the raw 

data. For clarity, Figs. 4(d) and 4(e) show the presence and absence of the Fano curve (peak 3) 

for the spectra obtained at points (ii) and (iv), respectively, in zoomed illustration. 

 It is clear from Fig. 4(c) that the G-band spectral shape is significantly changed around the 

junction of the nanotubes in X-CNT sample. Noticeably, there are two interesting differences in 

the spectra obtained near the junction as compared to those obtained far from the junction. The 

first difference is the presence of two extra modes, and the second is the appearance of the 

asymmetric Fano curve. Indeed, both these differences arise from the fact that two branches of 

the X-CNT sample are locally deformed at the junction point. Provided that the reports by T. 

Hertel is true [1], this extremely localized deformation results from their interactions via the van 

der Waals binding of the upper nanotube to the substrate away from the junction. Then the 

nanotubes lose their radial symmetry locally at the junction point due to the deformation, and 

thus the selection rules are relaxed and Raman scattering is degenerated with additional phonons 

becoming observable. In addition to the reduction of symmetry, the deformation also causes the 

electronic bands to modify locally, resulting in a modification in the electronic properties of the 

SWCNT near the junction point, where it turns metallic from semiconducting. This local 

semiconductor-to-metal transition gives rise to the Fano-type broadening in the G− mode 

arising right from the junction point. It can also be concluded by examining the spectral shape 

that the extent of deformation is much smaller than the size of the confined light at the tip apex, 

and hence when a TERS spectrum is measured right at the junction point, it always contains 

contributions from both deformed and non-deformed areas of the nanotube.  
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 To wrap up the point of the above discussion, the appearance of four peaks at the junction can 

be explained as follows – First, peak 1 and peak 2 originate from the unperturbed part of the 

nanotube immersed within the confined light. Then, peak 3 originates from the Fano interaction 

arising from the local deformation of nanotubes at the junction. The Fano interaction, as defined 

in Eq. (4.4), causes an asymmetrical broadening as well as a shift towards lower frequency to 

the G− mode, which causes peak 3 to show up distinctly at a shifted frequency compared to 

peak 1. Finally, peak 4 arises from the degeneration of Raman modes caused by the reduction in 

radial symmetry at the junction point, which is not observed in the total radial symmetry. The 

existence and the location of this peak is in good agreement with a previous report, where the 

authors concluded that as many as six Raman modes can be observed in G-band spectral range 

due to symmetry breaking [14]. In the present case, the nanotubes are only slightly distorted, 

and hence I observe only one additional peak. I also expect, but could not confirm, that peak 2 

might have some contribution from the deformed area of the nanotube as well. In this way, I can 

observe one Fano and three Lorentzian peaks at the junction point. 

 In order to understand the localization of this modified electronic property of the nanotubes 

near the junction point, TERS spectra obtained from the entire X-CNT are decomposed sample 

into Fano and Lorentzian curves for their best fittings. As expected, at all points far from the 

junction, the Fano parameter, 1/!, in the fitting was zero, which means the Fano curves were 

essentially nothing but symmetric Lorentzian curves. On the other hand, the value of 1/! 

varied from -0.2 to -0.4 for spectra obtained from points near the junction, indicating that 

nanotubes had significant amount of phonon-plasmon coupling around the junction [15-16]. 
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Fig. 5 |  (a) A 4D TERS image of our X-CNT sample, where x- and y-axes show the sample 

plane, the color represents TERS intensity of the G+ mode in accordance with the color bar 

shown on left, and the z-axis shows the value of 1/! , which provides a measure for the 

metallization of the nanotubes. Clear increase of 1/!  and its localization near the junction 

confirms that the semiconductor-to-metal transition is strongly confined to the junction point. 

(b) A line profile of 1/!  along the yellow arrow in (a) is shown. 

 Fig. 5(a) shows a 4D TERS image of the X-CNT sample (with 3 dimensions in space and one 

in color), where the x-y plane shows the sample plane, the color indicates the TERS intensity of 

G+ mode and the z-axis in the vertical direction shows the absolute value of the Fano parameter, 

1/! . As it can be clearly seen, a sharp peak in z-direction can be seen around the junction 

point, indicating strong localization of 1/!  in the x-y plane. I measured a line profile along 

the yellow dashed line in Fig. 5(a), which is shown in Fig. 5(b). The full width of half maxima 

for the line profile of 1/!  was estimated to be 15 nm. I expect the local deformation is 

confined to even smaller length than 15 nm, which is also evident from the observation of 

Raman signals from both metallic and semiconducting nanotubes in Fig. 4(c) near the junction 

point. It has also been theoretically predicted for flattened SWNTs that such metallization could 

be localized to a much smaller length [17, 18].  
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FIG. 3. (color online). (a) A 4D TERS image of our X-CNT sample,
where x- and y-axes show the sample plane, the color represents TERS
intensity of the G+ mode in accordance with the color bar shown on
left, and the z-axis shows the value of |1/q|, which provides a measure
for the metallization of the nanotubes. Clear increase of |1/q| and its
localization near the junction confirms that the semiconductor-to-metal
transition is strongly confined to the junction point. (b) A line profile
of |1/q| along the yellow arrow in (a) is shown, which confirms that
metallization of nanotubes is confined to 15 nm, hitting the resolution
limit of our TERS system.

were essentially nothing but symmetric Lorentzian curves. On
the other hand, the value of 1/q varied from -0.2 to -0.7 for
spectra obtained from points near the junction, indicating that
nanotubes had significant amount of phonon-plasmon coupling
around the junction. Figure 3(a) shows a 4D TERS image of
the X-CNT sample (with 3 dimensions in space and one in
color), where the x-y plane shows the sample plane, the color
indicates the TERS intensity of G+ mode and the z-axis in
the vertical direction shows the absolute value of the Fano
parameter, |1/q|. As it can be clearly seen, a sharp peak in
z-direction can be seen around the junction point, indicating
strong localization of |1/q| in the x-y plane. We measured a
line profile along the yellow dashed line in Fig. 3(a), which
is shown in Fig. 3(b). The full width of half maxima for the
line profile of |1/q| was estimated to be 15 nm. We expect the
local deformation is confined to even smaller length than 15 nm,
which is also evident from the observation of Raman signals
from both metallic and semiconducting nanotubes in Fig. 2(c)
near the junction point. It has also been theoretically predicted
for flattened SWNTs that such metallization could be localized
to a much smaller length [25]. However, we cannot distinctly
measure the confinement beyond the spatial resolution of our
TERS system.

We further investigated the other new mode, peak 4, which
was also observed only in the close vicinity of the junction
point. As explained before, this mode becomes observable in
Raman scattering due to the reduction of symmetry, and thus
expected to be found only around the junction point. Figure 4
shows the spatial confinement of this mode. The white dashed
lines in Fig. 4(a) are drawn from the TERS image in Fig. 2(a)
and they depict the location of the X-CNT sample. The dots
with different colors represent the observation of peak 4, where
the color is a measure of the peak intensity, in accordance with
the color bar on the left. As one can see here, the intensity of
peak 4 is strong only in the very close vicinity of the junction
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FIG. 4. (color online). (a) White dashed lines are drawn from Fig. 2
and they depict the location of nanotubes in X-CNT sample, whereas
the colored spots indicate TERS intensity of peak 4, in accordance with
the color bar on the left. The intensity of peak 4 is strong only in the
close vicinity of the junction. (b) TERS intensity plotted along one
branch of the nanotube across the junction showing sudden increase in
intensity at the junction.

point. This is also displayed in Fig. 4(b), where the peak
intensity is plotted with respect to distance measured from the
junction point. The dashed line refers to the junction point.
Some existence of peak 4 can be still seen at locations far from
the junction point, albeit with very low intensity. We do not
expect peak 4 to appear far from the junction, however the
peak fitting process brings them with some non-zero intensity.
Nevertheless, they can be ignored as their intensities are close
to the background intensity. Figure 4 clearly shows strong
localization of the distortion or the relaxation of symmetry near
the junction point.

From the results obtained in Figs. 3 and 4, we can conclude
that the pressure applied by the nanotubes on each other at
the junction point in X-CNT sample deforms the nanotubes
in extremely localized area near the junction, which results in
local semiconductor-to-metal transition and also in symmetry
breaking. We were also interested in understanding as to what
would be the situation of local deformation and semiconductor-
to-metal transition when there are large numbers of nanotubes
in the bundle. In order to investigate that, we studies another
sample with similar shape, but with more than 10 nanotubes in
each branch. We would call this sample as X-CNT2, on which
we performed same investigations as on the previous sample.
TERS spectra in the G-band spectral range from the X-CNT2
sample, obtained at a point far from the junction and at a point
on the junction is shown in Figs. 5(a) and 5(b), respectively.
Very similar to the case of previous sample in Fig. 2(c), we
could best fit the TERS spectrum with two Lorentzian curves
at a point far from the junction (peak 1 and peak2), while we
needed four curves to obtain a best fit to the TERS spectrum
obtained at the junction point. We call the two additional peaks
observed at junction point as peak 3 and peak 4, similar to the
previous case. However, the interesting difference in X-CNT2
compared to the previous X-CNT is that peak 3, which was
expected to have Fano shape, was always found symmetric with
|1/q| = 0. This essentially means that all four peaks in X-CNT2
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Fig. 6 |  (a) White dashed lines are drawn from Fig. 4 and they depict the location of nanotubes 

in X-CNT sample, whereas the colored spots indicate TERS intensity of peak 4, in accordance 

with the color bar on the left. The intensity of peak 4 is strong only in the close vicinity of the 

junction. (b) TERS intensity plotted along one branch of the nanotube across the junction 

showing sudden increase in intensity at the junction. 

 In order to find the origin of the semiconductor-metal transition, I further investigated the 

other new mode, peak 4 shown in Fig. 4(c) (ii), which was also observed only in the close 

vicinity of the junction point. As explained before, this mode becomes observable in Raman 

scattering due to the reduction of symmetry, and thus expected to be found only around the 

junction point. Figure. 6 shows the spatial confinement of this mode. The white dashed lines in 

Fig. 6(a) are drawn from the TERS image in Fig. 4(a) and they depict the location of the X-CNT 

sample. The dots with different colors represent the observation of peak 4, where the color is a 

measure of the peak intensity, in accordance with the color bar on the left. As one can see here, 

the intensity of peak 4 is strong only in the very close vicinity of the junction point. This is also 

displayed in Fig. 6(b), where the peak intensity is plotted with respect to distance measured 

from the junction point. The dashed line in Fig. 6(b) refers to the junction point. Some existence 

of peak 4 can be still seen at locations far from the junction point, albeit with very low intensity. 

I do not expect peak 4 to appear far from the junction, however the peak fitting process brings 

them with some non-zero intensity. Nevertheless, they can be ignored as their intensities are 
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FIG. 3. (color online). (a) A 4D TERS image of our X-CNT sample,
where x- and y-axes show the sample plane, the color represents TERS
intensity of the G+ mode in accordance with the color bar shown on
left, and the z-axis shows the value of |1/q|, which provides a measure
for the metallization of the nanotubes. Clear increase of |1/q| and its
localization near the junction confirms that the semiconductor-to-metal
transition is strongly confined to the junction point. (b) A line profile
of |1/q| along the yellow arrow in (a) is shown, which confirms that
metallization of nanotubes is confined to 15 nm, hitting the resolution
limit of our TERS system.

were essentially nothing but symmetric Lorentzian curves. On
the other hand, the value of 1/q varied from -0.2 to -0.7 for
spectra obtained from points near the junction, indicating that
nanotubes had significant amount of phonon-plasmon coupling
around the junction. Figure 3(a) shows a 4D TERS image of
the X-CNT sample (with 3 dimensions in space and one in
color), where the x-y plane shows the sample plane, the color
indicates the TERS intensity of G+ mode and the z-axis in
the vertical direction shows the absolute value of the Fano
parameter, |1/q|. As it can be clearly seen, a sharp peak in
z-direction can be seen around the junction point, indicating
strong localization of |1/q| in the x-y plane. We measured a
line profile along the yellow dashed line in Fig. 3(a), which
is shown in Fig. 3(b). The full width of half maxima for the
line profile of |1/q| was estimated to be 15 nm. We expect the
local deformation is confined to even smaller length than 15 nm,
which is also evident from the observation of Raman signals
from both metallic and semiconducting nanotubes in Fig. 2(c)
near the junction point. It has also been theoretically predicted
for flattened SWNTs that such metallization could be localized
to a much smaller length [25]. However, we cannot distinctly
measure the confinement beyond the spatial resolution of our
TERS system.

We further investigated the other new mode, peak 4, which
was also observed only in the close vicinity of the junction
point. As explained before, this mode becomes observable in
Raman scattering due to the reduction of symmetry, and thus
expected to be found only around the junction point. Figure 4
shows the spatial confinement of this mode. The white dashed
lines in Fig. 4(a) are drawn from the TERS image in Fig. 2(a)
and they depict the location of the X-CNT sample. The dots
with different colors represent the observation of peak 4, where
the color is a measure of the peak intensity, in accordance with
the color bar on the left. As one can see here, the intensity of
peak 4 is strong only in the very close vicinity of the junction
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FIG. 4. (color online). (a) White dashed lines are drawn from Fig. 2
and they depict the location of nanotubes in X-CNT sample, whereas
the colored spots indicate TERS intensity of peak 4, in accordance with
the color bar on the left. The intensity of peak 4 is strong only in the
close vicinity of the junction. (b) TERS intensity plotted along one
branch of the nanotube across the junction showing sudden increase in
intensity at the junction.

point. This is also displayed in Fig. 4(b), where the peak
intensity is plotted with respect to distance measured from the
junction point. The dashed line refers to the junction point.
Some existence of peak 4 can be still seen at locations far from
the junction point, albeit with very low intensity. We do not
expect peak 4 to appear far from the junction, however the
peak fitting process brings them with some non-zero intensity.
Nevertheless, they can be ignored as their intensities are close
to the background intensity. Figure 4 clearly shows strong
localization of the distortion or the relaxation of symmetry near
the junction point.

From the results obtained in Figs. 3 and 4, we can conclude
that the pressure applied by the nanotubes on each other at
the junction point in X-CNT sample deforms the nanotubes
in extremely localized area near the junction, which results in
local semiconductor-to-metal transition and also in symmetry
breaking. We were also interested in understanding as to what
would be the situation of local deformation and semiconductor-
to-metal transition when there are large numbers of nanotubes
in the bundle. In order to investigate that, we studies another
sample with similar shape, but with more than 10 nanotubes in
each branch. We would call this sample as X-CNT2, on which
we performed same investigations as on the previous sample.
TERS spectra in the G-band spectral range from the X-CNT2
sample, obtained at a point far from the junction and at a point
on the junction is shown in Figs. 5(a) and 5(b), respectively.
Very similar to the case of previous sample in Fig. 2(c), we
could best fit the TERS spectrum with two Lorentzian curves
at a point far from the junction (peak 1 and peak2), while we
needed four curves to obtain a best fit to the TERS spectrum
obtained at the junction point. We call the two additional peaks
observed at junction point as peak 3 and peak 4, similar to the
previous case. However, the interesting difference in X-CNT2
compared to the previous X-CNT is that peak 3, which was
expected to have Fano shape, was always found symmetric with
|1/q| = 0. This essentially means that all four peaks in X-CNT2
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close to the background intensity. Fig. 6 clearly shows strong localization of the distortion and 

the relaxation of symmetry near the junction point. 

 From the results obtained in Figs. 5 and 6, I can conclude that the pressure applied by the 

nanotubes on each other at the junction point in X-CNT sample deforms the nanotubes in 

extremely localized area near the junction, which results in local semiconductor-to-metal 

transition and also in symmetry breaking. However, I want to press points that the localized 

pressure couldn’t make a deformation on SWCNTs much, which was concluded by the RBM 

signal. A shift of RBM was not much enough to indicate radial deformation of SWCNTs by the 

comparison of RBM in crossed point and edge point of crossed SWCNTs as shown on Fig.7. 

 

Fig. 7 | Raman spectra of X-CNTs used in this study. The difference of Raman shift of RBM 

between junction part and other part is just 2 cm-1 which is not enough to indicate strong deform 

on SWCNTs at crossed part.  

 By using the equation of !!"# = !/!!, where ! = 248!"!! ∙ !", I found that the diameter 

of each nanotube included in the bundle changed from 1.485 nm to 1.460 nm at junction point. 

This difference means 1.5% distortion, which is estimated from Fig. 7, implies that the band gap 

closure reported by Bin Shan et. al. is completely overestimated [18]. My results revealed slight 

radial compression cause metallization experimentally. 
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Fig. 8 | (a) AFM image of an X-CNT sample consisting single nanotubes in each branch. (b) A 

line profile along the white dashed line confirming the diameter of the nanotubes is about 1.5 

nm. (c) TERS spectrum in the G-band region measured from point (i) at the junction and point 

(ii) far from the junction. Similar to Fig. 4, the spectrum far from the junction can be fitted with 

two Lorentzian curves, while the spectrum at the junction requires one additional Lorentzian 

and one Fano curves for the best fitting. 

 I would like to mention again that even though our X-CNT sample in Fig. 4 consisted 1-3 

aggregated nanotubes in each branch, the phenomenon of localized semiconductor-to-metal 

transition at the junction point was identical as expected for a sample with single nanotubes in 

each branch. In order to establish our point, I demonstrate similar measurements in Fig. 8, 

which were performed on an X-CNT sample consisting single nanotubes. Fig. 8(a) shows an 

AFM image of the sample, and Fig. 8(b) shows a line profile along the white dashed line in Fig. 

8(a). The line profile confirms that both branches in this sample contain single nanotubes with 

diameter of 1.5 nm, which is a similar value that we estimated from the RBM, 1.4 nm. TERS 

spectra measured in the G-band spectral region are shown in Fig. 8(c), where spectra measured 

at the junction point and far from the junction point are shown by (i) and (ii), respectively. The 

curve fitting shows that the spectrum measured near the junction at point (i) can be best fitted 

(orange dashed line) to the measured spectrum (black solid line) with one Fano-curve (brown 

dotted line) and three Lorentzian curves. At the same time, the spectrum measured far from the 

FIG. 3. (color online). (a) AFM image of an X-CNT sample consisting single nanotubes in each

branch. (b) A line profile along the white dashed line confirming the diameter of the nanotubes is

about 1.5 nm. (c) TERS spectrum in the G-band region measured from point (i) at the junction

and point (ii) far from the junction. Similar to Fig. 2, the spectrum far from the junction can

be fitted with two Lorentzian curves, while the spectrum at the junction requires one additional

Lorentzian and one Fano curves for the best fitting.

the junction, indicating that nanotubes had significant amount of phonon-plasmon coupling

around the junction. The maximum value of the parameter |1/q| has been reported to be

0.4 [26, 27], which indicates that the SWNTs at the junction point turn completely into

metallic. Figure 4(a) shows a 4D TERS image of the X-CNT sample (with 3 dimensions in

space and one in color), where the x-y plane shows the sample plane, the color indicates the

TERS intensity of G+ mode and the z-axis shows the absolute value of the Fano parameter,

|1/q|. A sharp peak in z-direction can be clearly seen around the junction point, indicating

strong localization of |1/q| in the x-y plane. A line profile along the yellow dashed line in

Fig. 4(a) is shown in Fig. 4(b), where the full width at half maxima was estimated to be 15

nm, though we expect that the local deformation is confined to even smaller length than 15

nm. It has also been theoretically predicted for flattened SWNTs that such metallization

could be localized to a much smaller length [28]. However, we cannot distinctly measure the

confinement beyond the spatial resolution of our TERS system.

We further investigated the other new mode, peak 4, which was also observed only in the

9
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junction at poimt (ii) can be best fitted with two Lorentzian curves. This result confirms that 

even though the sample in Fig. 4 contained 1-3 nanotubes in each branch, this small aggregation 

did not affect our analysis about localization of deformation and electronic properties of the 

SWCNTs.  

 I was also interested in understanding as to what would be the situation of local deformation 

and semiconductor- to-metal transition of the bundle consisting of large numbers of nanotubes. 

In order to investigate that, I studied another sample with similar shape, but with more than 10 

nanotubes in each branch. I would call this sample as X-CNT2, on which I performed same 

investigations as on the previous sample. TERS spectra in the G-band spectral range from the 

X-CNT2 sample, obtained at a point far from the junction and at a point on the junction is 

shown in Figs. 9(a) and 9(b), respectively. Very similar to the case of previous sample in Fig. 

9(c), we could best fit the TERS spectrum with two Lorentzian curves at a point far from the 

junction (peak 1 and peak2), while we needed four curves to obtain a best fit to the TERS 

spectrum obtained at the junction point. I call the two additional peaks observed at junction 

point as peak 3 and peak 4, similar to the previous case. However, the interesting difference in 

X-CNT2 compared to the previous X-CNT is that peak 3, which was expected to have Fano 

shape, was always found symmetric with 1/! = 0. This essentially means that I have 

revealed the phenomenon of semiconductor-to-metal transition that occurs at extremely 

localized area of the sample near the junction point of the X-CNT sample made of few 

semiconducting SWCNTs through the appearance of Fano-interaction between plasmon and 

phonon in Raman scattering but in the X-CNT2 case I couldn’t. I listed detailed line-shape 

analysis of TERS spectra of crossed nanotube taken at junction part and at far from junction part, 

which is referred as straight point, each in Table. 1. All parameters including 1/!  value and 

FWHM of vibrational modes and the frequency for X-CNT (Sample I) and for X-CNT2 

(Sample II) are listed in Table. 1.  

 Table. 1 show that FWHM of the G− mode observed in this experiment was narrower than that 

of general BWF modes (40-60 cm-1). However, the broadening is a sufficient, but not necessary 

signature of a metallic feature of SWCNTs [22, 28]. Therefore, one-to-one correspondence 

between line broadening (2Γ ranges from 10 cm-1 to 100 cm-1) and 1/!  factor is invalid. 
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TABLE. 1 | Detailed line-shape analysis of TERS spectra of X-CNT (Sample I) and X-CNT2 

(Sample II) taken at junction part and straight part each. The frequency (ω) and FWHM (2Γ) are 

listed for Lorentzian and BWF features. 1/q value shows asymmetric feature for BWF line. The 

fitting parameters were obtained by the means of smallest root square error of fitting procedure. 

 At the same time, I have also discovered that Raman spectrum are degenerated in the same 

area near the junction, confirming extremely localized physical distortion of the nanotubes due 

to the pressure applied on one nanotube by the other. The modification of electronic properties 

as well as the physical distortion takes place within a length smaller than 15 nm, however, I 

could not distinctly confirm the exact size beyond the spatial resolution of our TERS system, 

which was 15 nm.  

 

 

1/qFWHM (cm-1)ω(cm-1)
Fitting curve
(component)

In junction part In straight part

1/q

BWF (GBWF -)
Lorentzian (G E1 -)
Lorentzian (G  E1+)
Lorentzian (G E2+)

1548
1565
1589
1607

-0.1 -0.4

FWHM (cm-1)

10-24
14
16
30

14
16

Sample
 Ⅰ

Sample
 Ⅱ

BWF (GBWF -)
Lorentzian (G E1 -)
Lorentzian (G  E1+)
Lorentzian (G E2+)

1548
1565
1588
1603

030
14
16
30

14
16

0

0

30

10-15

10-17

30
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Fig. 9 | TERS spectra obtained from a point (a) far from the junction, and (b) at the junction, of 

the sample X-CNT2 containing more than 10 SWNTs in each branch. The spectrum in (a) could 

be best fitted with two Lorentzian peaks (peak 1 and peak 2), while the spectrum in (b) could be 

best fitted with four Lorentzian peaks. In contrast to Fig. 4, peak 3 was found to be a symmetric 

Lorentzian peak, rather than an asymmetric Fano peak. (c) White dashed lines depict the 

location of nanotubes in X-CNT2 sample, and the colored spots indicate TERS intensity of peak 

4, in accordance with the color bar on the left. The intensity of peak 4 is strong only in the close 

vicinity of the junction, depicting strong confinement of this peak around the junction. 

 Fig. 9(c) shows an image obtained from the intensity of peak 4 in TERS spectra from X-CNT2 

sample. As can be seen from the color, the peak intensity was found to drastically increase near 

the junction. The spatial resolution in this case was again the same as the size of the tip apex, 

confirming a strong localization of distortion-induced effects. The results confirm that for 

sample containing bundles of many nanotubes, the physical distortion leading to a reduction of 

symmetry still exists at the junction point, however, there are negligible interactions between 

the phonon and the electron via KA. The absence of Fano interaction indicates that either there 

are no free electrons in bundled nanotubes even after compression, or the LO phonons are no 

more bound due to the bundled effect, which make a strong plasmon enhancing [19]. The actual 

reason is not clear, but my results show that there are no Fano interactions in bundled SWNTs, 

even though physical deformation, as seen via degenerated phonon modes, is present. However, 

I must say that this is very interesting, because no other technique can reveal this information 

simultaneously at such a high spatial resolution. 
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FIG. 5. (color online). TERS spectra obtained from a point (a) far from
the junction, and (b) at the junction, of the sample X-CNT2 containing
more than 10 SWNTs in each branch. The spectrum in (a) could be
best fitted with two Lorentzian peaks (peak 1 and peak 2), while the
spectrum in (b) could be best fitted with four Lorentzian peaks. In con-
trast to Fig. 2, peak 3 was found to be a symmetric Lorentzian peak,
rather than an asymmetric Fano peak. (c) White dashed lines depict the
location of nanotubes in X-CNT2 sample, and the colored spots indi-
cate TERS intensity of peak 4, in accordance with the color bar on the
left. The intensity of peak 4 is strong only in the close vicinity of the
junction, depicting strong confinement of this peak around the junction.

sample around the junction point were symmetric Lorentzian
peaks, confirming that there was not phonon-plasmon inter-
action in this sample. At the same time, the observation of
additional phonons confirmed the symmetry reduction and
observation of otherwise non-observable degenerated modes. It
is interesting to note that even when there is no Fano-shifted
peak, we still have peak 3 that is shifted with respect to peak 1.
We confirmed that there is one possible degenerated phonon that
is expected to be at the position of peak 3 [24], which is now
observable in our X-CNT2 sample at the junction. Figure 5(c)
shows an image obtained from the intensity of peak 4 in TERS
spectra from X-CNT2 sample. As can be seen from the color,
the peak intensity was found to drastically increase near the
junction. The spatial resolution in this case was again the same
as the size of the tip apex, confirming a strong localization of
distortion-induced effects. The results confirm that for sample
containing bundles of many nanotubes, the physical distortion
leading to a reduction of symmetry still exists at the junction
point, however, there are negligible interactions between the
phonon and the plasmons. The absence of Fano interaction
indicates that either there are no free electrons in bundled
nanotubes even after compression, or the LO phonons are no
more bound due to the bundled effect. The actual reason is not
clear, but our results show that there are no Fano interactions in
bundled SWNTs, even though physical deformation, as seen via
degenerated phonon modes, is present.
In summary, by utilizing our state-of-the-art TERS spectroscopy

and microscopy techniques, we have investigated a sample
where one SWNT lays over other in the shape of “X. We have
revealed the phenomenon of semiconductor-to-metal transition
that occurs at extremely localized area of the sample near the
junction point of the X-CNT sample made of semiconducting
SWNTs through the appearance of Fano-interaction between
plasmon and phonon in Raman scattering. At the same time, we
have also discovered that Raman spectrum are degenerated in
the same area near the junction, confirming extremely localized
physical distortion of the nanotubes due to the pressure applied
on one nanotube by the other. The modification of electronic
properties as well as the physical distortion takes place within
a length smaller than 15 nm, however, we could not distinctly
confirm the exact size beyond the spatial resolution of our TERS
system, which was 15 nm. This is very interesting, because
no other technique can reveal this information simultaneously
at such a high spatial resolution. The present results could be
very interesting for CNT-based device fabrication where the
local modification of electronic properties could play a very
important role.
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The present results could be very interesting for CNT-based device fabrication where the local 

modification of electronic properties could play a very important role I believe. 
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Summary 

In summary, I briefly introduced the trends in researches on X-CNTs for pointing out the 

significance on an investigation of X-CNTs. Through the introduction of existing researches, I 

emphasize that the metallization of semiconducting SWCNTs has attracted many researchers 

because of its leading to exploiting new application using SWCNTs. I explained that BWF 

mode in G− mode help us to see the metallization. And the Fano feature derived from electron–

phonon interaction appearing on SWCNTs. By utilizing our state-of-the-art TERS spectroscopy, 

localized S to M transition was visualized at the junction of X-CNTs and I found that strains 

applied to SWCNTs were main inducers for this transition. The transition was a localized 

phenomenon on SWCNTs, which implies the capability of its nano-switching features from 

semiconductor to metal nature. This research provided noticeable facts that SWCNT’s 

electronic features have no limitation with just strains. However I couldn’t disclose the types of 

strains affecting on the metallization, which needs more spatial resolution and enhancement 

mechanism for improving analytical precision of this technique. 
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Conclusion 

 In this dissertation, the response of SWCNTs on deformations has been discussed on the basis 

of tip-enhanced Raman spectroscopic and microscopic investigations. The capability of TERS 

microscopy as a nano-imaging method was experimentally verified.  

 In first chapter, the principle of Raman scattering in SWCNTs was introduced on the basis of 

group theory and quantum theory of Raman scattering process. I made a point that 

understanding of group theory and symmetry property of materials is needed for comprehension 

of the selection rules. And a basic physics on the property of SWCNTs was mentioned. 

 In second chapter, the principle of tip-enhanced techniques for improving spatial resolution 

and efficiency of signal generation was explained. For improving a TERS performance, I 

explained precise tip positioning, z-polarized excitation and optimum geometry of tip apex.  

 In third chapter, Raman scattering investigations on deformed SWCNTs was conducted with 

far field and with near field Raman microscopy. I visualized the strains and defects induced by 

the home-made manipulation system with the use of conventional confocal Raman microscopy 

and TERS. Through this chapter, I explained about relationship between types of strains and 

defects by analyzing G+ mode and D-band intensity increment. “CNT” character of bundle 

SWCNTs was imaged as 2D-color imaging with TERS. This study proved that this 

manipulation technique was extremely precise and it gave us freedom to utilize a pre-grown 

nanotube of our choice, and to manipulate them to a shape and a location of our requirement. I 

claimed that the combination of my manipulation and high-resolution characterization 

techniques opens paths for the development of well-controlled CNT-based devices with proper 

characterization of their performances. 

 In forth chapter, the fact that local pressure was a main cause of metal transition from 

semiconducting feature of SWCNTs was verified through tip-enhanced Raman investigations 

on crossed SWCNTs. For the experiment, I have utilized TERS to measure X-CNT sample with 

a spatial resolution of 15 nm. I found that the modification of electronic properties as well as the 

physical distortion took place within a length even smaller than 15 nm by analyzing LO mode 

of carbon nanotube and the shape of LO mode had asymmetric shape. The results are very 

interesting, because no other technique can reveal this information simultaneously at such a 

high spatial resolution. The present results could be very attractive for CNT-based device 
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fabrication where the local modification of electronic properties could play a very important 

role. This work would be interesting not only for those who are working in the fields related to 

CNT-based devices, where the local modification of electronic properties could play an 

important role, but also for those who are interested in electron-phonon interaction at extremely 

high resolution, and even those who are simply interested in mapping some physical, electronic 

or chemical properties of a sample at nano-scale. 

 The whole experimental results imply that TERS technique proved their excellent capability of 

enabling us to explore nano-world. 
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Appendix 

Probability amplitude described by the momentum operator of electron in molecule  

 Here, I will translate the probability amplitude of Eq. (1.5) in chapter 1 to the one with the use 

of the momentum of electron in molecule denoted as ! by considering state changes with 

one-photon generation and annihilation.  

 Let’s think about the Raman scattering process that a molecular state of |!  transit to the one 

of |! , while one photon annihilates in !′!′mode and one photon generates in !′′!′′. Initial state 

of |!  and final state |!  is described as a product of a ket vector of molecular state by a ket 

vector of radiant field, which is described as like |! |! . Because two-photon-process only 

affect on two-modes in vibrational states, eigenstate of radiant field can be describe only by the 

number of photons in two-modes expressed like as |!!!!! , |!!!!!!! . 

 On the condition that the number of photons in !′′!′′ mode and in !′!′ mode at initial state 

changes from 0 to 1 and from !!!!! to !!!!! − 1 respectively,  

|! = |! |!!!!! , 0          (1.6) 

|! = |! |!!!!! − 1, 1         (1.7) 

are derived, then which has relation with 

ℎ!! = ℎ!! + !!!!!ℎ!!!          (1.8) 

ℎ!! = ℎ!! + !!!!! − 1 ℎ!!! + ℎ!!!!       (1.9) 

 Given that an intermediate state |!  can connect initial state |!  to final state |!  by energy 

perturbation !!, a radiant field of an intermediate state should be equivalent to one-photon 

annihilation or one-photon generation, which is expressed respectively as following equations, 

|!! = |! |!!!!! − 1, 0       (1.10) 

|!! = |! |!!!!! , 1        (1.11) 
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where |!  is a molecular part of an intermediate state. As you can see from Eq. (1.10) and Eq. 

(1.11), there are two types of intermediate states. Then these energy states becomes like 

following,  

ℎ!!! = ℎ!! + !!!!! − 1 ℎ!!!      (1.12) 

ℎ!!! = ℎ!! + !!!!!ℎ!!! + ℎ!!!!      (1.13) 

 By using Eq. (1.6-13) and Eq. (1.4) shown in chapter 1, which is the Hamiltonian of quantized 

interaction between electrons and radiant field, and performing partial integration to radiant 

field, one can have following equation. 

!!! !, !! = ! !! !! !! !! !
!(!!!!!!)

= !!!
!"!!!!

! !!!! ! ! !!! !
!(!!!!!!!!!)

×(!!!!!)
!
!(!!!!!!!!!!!!!!)

!!
!   (1.14) 

This equation indicates the process that one-photon in the mode !!!! is absorbed and the one in 

the mode !!!!!! is emitted by the Hamiltonian of quantized interaction denoted as !!. And, 

!!! !, !! = ! !! !! !! !! !
!(!!!!!!)

= !!!
!"!!!!

! !!! ! ! !!!! !
!(!!!!!!!!!!)

×(!!!!!)
!
!(!!!!!!!!!!!!!!)

!!
!   (1.15)  

 This equation indicates the process that one-photon in the mode !!!!!! is absorbed and the one 

in the mode !!!! is emitted by the Hamiltonian of quantized interaction denoted as !!. 

 Through an above sequence of equations, translating the probability amplitude of Eq. (1.5) in 

chapter 1 to the one with the use of the momentum of electron in molecule denoted as ! is 

performed. 

 

 

 

 

 

 


