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Due to remarkable rolling structure and distinct rolling direction, the chirality-dependent Raman

spectra of single-walled carbon nanotubes (SWNTs) show two characteristic features: the radial

breathing mode (RBM) and the G-band. Rich information about SWNTs presented by these

Raman features makes Raman spectroscopy a general and common tool for characterizing

structures and properties of SWNTs and their changes. When exerted by external forces, the

geometrical structures of SWNTs will change, which further affects the electronic structures and

phonon properties of SWNTs. In this article, emphasis is given to how Raman frequency and

resonant-Raman intensity evolve under distinct strains, including uniaxial strain, torsional strain,

radial deformation and bending deformation. It is found that depending on different structural

variations, Raman spectra of SWNTs have different responses to each strain, showing that

resonant-Raman spectroscopy is a suitable tool to characterize and study strains in SWNTs.

1. Introduction

Single-walled carbon nanotubes (SWNTs) are considered as

the ideal one-dimensional (1-D) system for basic research and

have attracted wide attention since Iijima’s report in 1991.1

The most prominent feature of SWNTs is their metallic or

semiconducting character:2 roughly 2/3 are semiconducting and

1/3 are metallic, depending on their rolling vector. They were

reported3 to carry electrical currents up to 109 A cm�2. Mean-

while, they possess extraordinary mechanical strength with an

elastic modulus4–6 on the order of 1 TPa and a shear modulus6

of approximately 1 GPa. Therefore, they are extremely stiff

along their axis but easy to bend perpendicular to the axis. Such

kinds of excellent physical properties of SWNTs will probably

bring a lot of practical applications in areas of composites,

nanoelectronic devices,7 nanoelectromechanical systems (NEMS),

chemical and biological sensors,8 etc.

Due to the chirality-dependent physical properties of

SWNTs, it is crucial to find an easy and precise way to

determine the chiral indices of SWNTs. A number of methods,
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such as scanning tunneling microscopy (STM), photo-

luminescence (PL) and resonant-Raman spectroscopy have

been developed for this purpose. Among them, resonant-

Raman spectroscopy has become a general and common tool

for characterization of SWNTs,9–12 since the Raman experiment

is simple, quick, non-destructive and non-invasive, and can be

done at room temperature and under ambient pressure. Especially

the observation of Raman spectrum from just one individual

SWNT13,14 allows us to study phonon properties at single

SWNT level and to understand the dependence of phonon

properties on their distinct structures (chiralities). Raman

spectroscopy can also be used to obtain information about

conductivity,15 doping,16,17 strains,18 and other physical

properties of SWNTs.19–21

In practice, strains of SWNTs can not be avoided. Naturally, if

placed on a substrate, there is radial deformation, especially

for large-diameter tubes;22 If suspended in air, there is uniaxial

strain; even during growth, gas flow can stretch SWNTs.

When fabricated into devices or incorporated into composites,

SWNTs may also experience various mechanical strains.

Studies on strain-induced changes in structures and properties

of SWNTs are of great help for understanding various

experimental observations and for improving the performances

of SWNTs-based materials and devices. Raman spectroscopy,

closely related to the structures of SWNTs, is undoubtedly the

most powerful tool for strains-related characterizations in

bundled and isolated carbon nanotubes.

The contents of this article are as follows. Section 2 briefly

presents Raman features of individual SWNTs, telling what

information is provided by these features. Section 3 presents

the effects of four kinds of strains on Raman spectra

of individual SWNTs, including uniaxial strain, torsional

strain, radial deformation and bending deformation. Section 4

presents concluding remarks, summarizing past achievements

and pointing out promising directions for future developments.

2. Raman spectra of SWNTs

Due to their remarkable 1-D rolling structure, SWNTs have

unusual and characteristic electronic structures2 and phonon

properties.9 Because of the strong coupling between electrons

and phonons in resonant-Raman scattering, Raman spectra of

SWNTs can be observed and can be used to probe both

phonon properties and electronic structures. This section will

introduce Raman features of SWNTs and why we can observe

these features.

2.1 Structure

A SWNT can be obtained by rolling up a monolayer graphene

sheet into a seamless cylinder, and its structure can be described

by a pair of indices (n,m) or by its diameter and chiral angle. Due

to 1-D confinement of electronic and phonon states, along with

distinct geometric structures, unique and distinct electronic

structures and phonon properties are observed, both of which

can be obtained by using the zone folding approach.9,23

The electronic dispersion relations of SWNTs can be deter-

mined from those of a two-dimensional (2-D) graphene sheet

theoretically using the zone folding approach on zero-order

approximation (eqn (1): �p/T o k o p/T; m = 1, 2, . . .):23

EmðkÞ ¼ Eg2D k
K2

jK2j
þ mK1

� �
ð1Þ

where Eg2D are the electronic dispersion relations of 2-D

graphene sheet, K1 and K2 are the reciprocal lattice vectors

in the circumferential direction and along the SWNT axis,

respectively, and k is the 1-D wave vector. At the allowed k

vector, sharp singularities of the density of electronic states

occur. The electron transitions are mainly between van Hove

singularities at corresponding valence and conduction bands.

The electron transition energy Eii for all (n, m) SWNTs

(Kataura plots)15 has been widely used to interpret the optical

spectra from SWNTs.24,25 This method is oversimplified and a

complete description of electronic band structure needs to

include curvature and many-body effects.26,27

The phonon dispersion relations in SWNTs have been

obtained from those of the 2-D graphene sheet by using the

same zone folding approach (eqn (2); m = 1, 2, . . ., 6; m = 0,

1, . . ., N � 1; �p/T o k o p/T):9,23

ommðkÞ ¼ om k
K2

K2j j
þ mK1

� �
ð2Þ

where k is a 1-D wave vector, K1 and K2 are the reciprocal lattice

vector in the circumferential direction, respectively, and along the

SWNT axis. Since there are 2N carbon atoms in the unit cell,

the phonon dispersion relations will have 6N branches. Among

the 6N branches only a few modes are Raman active. The

number of the Raman active modes can be calculated28–30 from

the lattice structure and symmetry by group theory, as listed below:

armchair: 2A1g + 2E1g + 4E2g

zigzag: 2A1g + 3E1g + 3E2g

chiral: 3A1g + 5E1g + 6E2

2.2 Raman features of SWNTs

Despite the large number of Raman active modes, only a few

modes have a large Raman scattering cross section, which

greatly simplifies the Raman spectra of SWNTs. Therein, the
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most studied Raman active modes in SWNTs are the radial

breathing mode (RBM) and the tangential mode (G-band).

As shown in Fig. 1, the RBM is originated from the out-of-

plane tangential acoustic modes of monolayer graphene sheet

and all carbon atoms vibrate in phase along the radial direction.

RBM is the characteristic mode in SWNTs, and ranges from

120 to 300 cm�1 for SWNTs with diameter between 0.9 and

2.0 nm. From RBM, one can obtain important information

about geometric structure and electronic structure. The RBM

frequency (oRBM) is inversely proportional to diameter (d),

satisfying the relation oRBM = A/d + B, where A and B

are sample and environment dependent, and are given by

experiment.31,32 RBM intensity profile with a tunable laser

can directly give the electron transition energy Eii with accuracy

of �3 meV.33,34 A much simpler experiment, measuring both

Stokes and anti-Stokes Raman signals with a single laser, can

be used to calculate Eii within �10 meV precision.35,36 By

considering diameter and Eii obtained from the RBM, the

RBM can be used to assign chiral index (n,m). The assignment

is performed by comparing characteristic patterns between

theory and experiment,34 which does not need a quantitative

agreement between theory and experiment.

The G-band, ranging from 1500 to 1600 cm�1 in SWNTs

(shown in Fig. 1), is originated from the Raman active optical

phonon mode E2g of 2-D graphene by zone folding the 2-D

graphene Brillouin zone into the 1-D SWNT Brillouin zone.

Due to the phonon wave vector confinement along the SWNT

circumferential direction and due to symmetry-breaking effects

associated with SWNT curvature, the G-band is composed of

several peaks, which can be assigned to different Raman

modes by polarized Raman experiment. Based on a simple

analysis, there are two intense peaks: G+ and G�. For

semiconducting SWNTs, G+ and G� stand for atomic

displacements along the tube axis and the circumferential

direction, respectively, which is opposite for metallic

SWNTs.37–39 The two intense peaks can be used to characterize

diameter, although it is less accurate than the RBM. The

G-band can also be used to distinguish metallic SWNTs from

semiconducting ones through strong differences in lineshape,

to characterize doping level and strains in SWNTs.

2.3 Resonant-Raman spectra of individual SWNTs

The major breakthrough is the observation of Raman spectra

from individual SWNTs because of the strong coupling

between electrons and phonons in resonant-Raman scattering.13

Usually Raman spectra only depend on phonons, being

independent of the electronic structure of the material and

the laser excitation energy, and the Raman scattering cross

section is very weak. However, the scattering cross section is

greatly enhanced when the laser excitation energy matches the

optically allowed electronic transition energy of the material.

This intensity enhancement process is called resonant-Raman

scattering. According to resonant-Raman scattering theory,

the resonant-Raman intensity can be described by eqn (3):35,40

IðElaserÞ ¼
Z

MgðEÞ
ðElaser � Eii � iGÞðElaser � Eph � Eii � iGÞ dE

����
����
2

ð3Þ

where g(E) is the joint density of electronic states, M is the

matrix element which accounts for electron-radiation absorption,

electron-radiation emission and the electron–phonon interaction.

For SWNTs, when incident or scattered photon energies are

equal to the electron transition energy Eii, between any pair of

van Hove singularities at the valence and conduction band,

Raman scattering cross sections become very large. Also the

remarkable electronic structure of SWNTs41 plays a crucial

role. Because of the very large density of electronic states at the

van Hove singularities, the intensity of the electron transition

energy Eii between the ith pair of van Hove singularities at

valence and conduction bands is exceptionally strong, giving

rise to exceptionally high intensities for resonant-Raman

spectra. Resonance, along with the remarkable electronic

structure of SWNTs, makes it possible that Raman features

are observed on a single SWNT level. This strong resonance

condition allows us to obtain large signal enhancement and

thus to observe each Raman feature of SWNTs on the

individual level. The observation of Raman spectra from

individual SWNTs allows us to study the dependence of each

feature on diameter and chiral angle, and to obtain the

intensity, linewidth and polarization of each feature.

Raman spectra of SWNTs not only depend on their chirality

(diameter and chiral angle), but also are affected by external

factors, such as temperature,42–49 doping,17 strains, and so on.

For example, the frequencies of both RBM and G-band

downshift with increase in temperature. Downshift upon

n-type doping and the upshift upon p-type doping are also

observed.16,50–54 Strains have been used to tune geometric and

band structure,55 which is chirality dependent. Research on

Raman spectra of SWNTs under strains is not only helpful

to understand their structure variation, but also useful to

characterize strains in SWNTs, which will be given in the next

section.

3. Raman spectra of SWNTs under strain

Strain may exist naturally, be brought about accidentally, or

be induced intentionally in SWNTs, which will influence

their lattice structure and electronic structure, hence their

vibrational frequency and resonant intensity. Furthermore,

Fig. 1 Typical Raman spectrum of an individual (10, 10) SWNT on

SiO2 substrate acquired with a laser of 1.96 eV. The left one and the

three right atomic displacements are, respectively, for the RBM and

the G-band of the (10, 10) SWNT.9

6904 | Chem. Commun., 2009, 6902–6918 This journal is �c The Royal Society of Chemistry 2009
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Raman modes, responding differently to these strains, can be

used to characterize these strains in SWNTs. In the following

four sub-sections, Raman spectra and electronic transition

energy (Eii) of SWNTs under uniaxial strain, torsional strain,

radial deformation and bending deformation (shown in Fig. 2)

will be reviewed.

3.1 Uniaxial strain

When exerted by uniaxial strain, SWNTs will undergo a

sudden elongation. Upon high temperature, (5–7–7–5) defects

will be produced to release the strain energy56,57 and the

theoretical maximum uniaxial strain is almost 20%. Under

normal conditions, no energy is provided to form (5–7–7–5)

and only a 7% level is observed.58 The changes in lattice and

bonds will result in changes in phonon property and electronic

structure. It is necessary to study Raman spectral variation of

SWNTs under uniaxial strain, and to characterize uniaxial

strain in SWNTs by Raman spectra. The relations between

uniaxial strain and frequency and intensity will be presented in

this subsection.

3.1.1 Quantitative relations between frequency and uniaxial

strain. When bonds are elongated, the interaction between

nearby atoms becomes weaker. Ab initio calculation shows

that when uniaxial strain increases, the frequencies of

low-frequency Raman modes (such as RBM) almost do not

change, while the high-frequency Raman modes (such as the

G-band) are downshifted linearly.59 It is thought that different

SWNTs have almost the same Poisson ratio of 0.2 and the

diameter only changes about 1% even if the tensile strain

amounts to 5%. For RBM, the vibrational frequency is

inversely proportional to the diameter of SWNTs, hence only

very small shift (about 1 cm�1) is expected under a uniaxial

strain of 5%. For high-frequency Raman modes, the

frequency is sensitive to the local bond structure, especially

its length. Furthermore, the linear shifting rate of Raman

modes under uniaxial strain is almost the same for SWNTs

with different diameters. However, the uniaxial strain does not

change the numbers of Raman modes,59 which is because the

point groups of SWNTs do not change under uniaxial strain.

However, force-constant simulation gives different results.59

First, above 3%, the RBM frequency continues to downshift

(almost linearly), but the downshift rate of (10, 10) SWNT is

different from that of (17, 0) SWNT, which is attributed to the

distinct geometric structures of the different SWNTs. Upon

compression, the RBM frequency upshifts with increasing

compressive uniaxial strain and reaches a plateau. At about

�5 and�6%, the RBM frequency shows a sharp reduction for

(10, 10) and (17, 0) SWNTs, indicating that the C–C bonds

buckle and the volume changes in an unstable manner.

Second, Raman modes with different symmetries have different

shift rates. The shift rate of E1g is larger than that of A1g and

E2g for (10, 10) SWNT, while it is reversed for (17, 0) SWNT;

this may cause different shift rates of G+ and G�.

Experimentally, various methods have been utilized to

introduce uniaxial strain into SWNTs, e.g. bending SWNTs/

epoxy composites,61–68 AFM tip manipulation69,70 and stretching

suspended SWNTs.71–73 Young et al. bent SWNTs/epoxy

composites in a four-point bending rig.61,63–65 Depending on

the mode of bending, SWNTs near the top surface and the

strain gauge are in tension (bent downward) or in compression

(bent upward) (see Fig. 3A).64 A strain gauge is glued on the

composite top surface to measure the surface strain, which is

used as a measure of the uniaxial strain of SWNTs. Fig. 3B

shows that while no shift in the position of the RBMs was

detected,65 the G0-band downshifts61 to a lower frequency

with increasing uniaxial strain for SWNT-A (arc-discharge

prepared with Ni/Y catalyst), at a downshift rate of

�1.3 cm�1 %�1, cf. �15 cm�1 %�1 for SWNT-P (prepared

by pulsed laser vaporization process) (as shown in Fig. 3C and

D). The variations of both the low- and high-frequency

modes are consistent with Wu’s calculation. As for the

different shift rates of SWNT-A and SWNT-P, it is postulated

that SWNT-A has poorer dispersion in the composites,

which results in a less efficient reinforcement and poorer

adhesion to the epoxy matrix. Therefore, the uniaxial strain

of SWNTs in composites may be smaller than that of

composites measured by the strain gauge, resulting in that

the shift rate of SWNTs measured in composites would be

smaller than their inherent shift rates.

In order to measure the uniaxial strain directly and understand

the chirality dependence of the uniaxial strain effect, experiments

on individual SWNTs are performed to introduce uniaxial

strain into SWNTs.69,70 The amount of uniaxial strain is

determined by dividing the elongation by the total unstained

length between the fixed electrodes. The elongation is

determined by subtracting the deformed length from the

local unstrained length in the AFM image. The D-band is

downshifted by 16.1 cm�1, the G-band is downshifted by 4.8

and 12.3 cm�1 for G+ and G� respectively, and the G0-band is

downshifted by 27.7 cm�1 due to uniaxial strain, when the

uniaxial strain is 0.53%.69 Meanwhile, no shift in the RBM

frequency is observed within the limit of instrumental

accuracy. It is apparent that there is a consistent trend of

increasing downshifts in these Raman modes with increasing

uniaxial strain amidst the large spread frequencies. There are

four points of note: first, the fitted lines give downshift rates of

20.5, 11.7, 16.7 and 37.3 cm�1 %�1 for the D-band, G�,

G+ and G0-band respectively, indicating each Raman mode

Fig. 2 Four types of strains that SWNTs may be subject to.
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depends on different force constants, which depends on chirality,

which is consistent with Yang et al.61 Secondly, the relative

shifts of the D-, G- and G0-bands are not in a fixed relation.

For some SWNTs the D-band shifts more than the G-band,

while for other SWNTs the G-band shifts more than the

D-band. This is probably because electrons and phonons are

coupled via a double resonance mechanism for the D- and

G 0-band. The frequencies of the D- and G0-band are strongly

dependent on excited electronic wave vectors and the uniaxial

strain changes both the spring constant and electronic band

structure. However, the relative shifts of the D- and G0-band

in all SWNTs scale roughly by a factor of 2, maybe due to

oG0 E 2oD for unstrained SWNTs. Third, each set of data is

taken from different SWNTs, so variation in diameter and

chiral angle are expected to be the main factor for the large

spread. The crude estimation of uniaxial strain, or slippage of

SWNTs under the metal electrodes, makes the diameter or

chiral angle dependence of the shift rates unclear. Finally, the

G 0-band downshifts more than those in Young’s data when

stretching epoxy/SWNTs composites. This is due to the

slippage among SWNTs bundles and/or between SWNTs

and epoxy when stretching the composite, which makes the

strain of SWNTs smaller than the strain of the composite.

To obtain chirality dependence of relations between uniaxial

strain and Raman frequency, we devised a novel system.58

This system has three advantages. First, suspended SWNTs

can avoid non-uniform uniaxial strain in SWNTs and curved

SWNTs, which makes the calculation of uniaxial strain less

accurate. Second, the length of uniaxial strained SWNTs can

be directly measured by SEM. Third, the SWNTs can be

stretched and relaxed many times, which can exclude possible

slippage under metal films.

Fig. 4A shows the SEM image of a suspended (18, 5)

SWNT, for which the uniaxial strain first increases and then

decreases by stretching and relaxing the poly(dimethylsiloxane)

(PDMS). The length between two gold particles first increases

and then decreases linearly. Raman spectral characterization

shows that RBM does not shift (shown in Fig. 4C), but

G-bands (both G+ and G�) first downshift and then upshift

to the original frequency (shown in Fig. 4D and E). It can be

seen that G-band frequencies are linearly proportional

to uniaxial strain, satisfying the relations oG
+/cm�1 =

1596.79 � 14.59e and oG
�/cm�1 = 1577.00 � 11.00e, for

G+ and G� frequencies, respectively. The shift rate of G+ is a

little larger than that of G�. It is noted that G-band

frequencies overlap at the same strain during stretching and

relaxing, which indicates that there is no relative slippage

between SWNTs and PDMS during experiment.

Table 1 lists the G-band data of seven different SWNTs

under uniaxial strain.58 The downshift rates of the G-band

range from�1.89 to�31.02 cm�1 %�1. For example, for (7, 5)

SWNT, the shift rate of G+ is only �3.95 cm�1 %�1, while for
another SWNT is as large as�19.25 cm�1 %�1. Among the six

SWNTs with RBM peaks, the shift rates of G+ increase with

increasing diameter and decreasing chiral angle. It is thought

that the diameter and chiral angle may play joint roles. From

Table 1, it can also be seen that, for (7, 5) SWNT, the shift rate

of G+ is far larger than that of G�; for (13, 7) and (18, 5)

SWNTs, the shift rate of G+ is a little larger than that of G�;

for another SWNT, the shift rate of G+ is far smaller than that

of G�. The relative shift rate between G+ and G� is related to

chiral angle. As we know, G+ and G� correspond to axial

and circumferential vibrations for semiconducting SWNTs,

respectively. For semiconducting SWNTs close to armchair

(e.g. (7, 5) SWNT), G�-dependent C–C bonds are perpendicular

to the axis of SWNTs. Therefore G� is less affected than G+.

It is the chirality-dependent C-C bonds elongation that causes

differences in the relative shift rate between G+ and G�.

Due to SERS effect of gold particles on SWNTs, some weak

Raman modes are detected.74–77 For instance, for the

M-band,78 when uniaxial strain is increased from 0 to 7.1%

(shown in Fig. 5A), the M-band frequency (oM) downshifts

Fig. 3 (A) A schematic snapshot of bending SWNTs/epoxy composites in a four-point bending rig.60 (B) Frequency of the RBM for (10, 10) and

(17, 0) SWNTs under uniaxial strain. Frequencies of the G-band for (C) (10, 10) and (D) (17, 0) SWNTs under uniaxial strain.
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linearly with uniaxial strain increasing,58 satisfying the relation

oM(cm�1) = 1695.79 � 2.58e (shown in Fig. 5C). Furthermore,

for the intermediate frequency mode (IFM)79,80 under uniaxial

strain from 0 to 7.1%, the IFM frequency (oIFM) upshifts

linearly with uniaxial strain increasing, satisfying the relation

oIFM(cm�1) = 1049.84 + 1.06e (see Fig. 5E). The shift trend

is opposite to other Raman modes (D-, G-, M- and G0-bands).

It is known that IFMs relate to the double resonance process

and are originated from the combination of two phonon

modes, one optical and one acoustic. It is speculated that

uniaxial strain induced lattice transformation needs to be

considered when some complicated Raman scattering processes

are involved, which may also be a minor factor in the shift of

G-band frequency.58 Although there is a SERS effect, no

D-band81 appears any of the seven uniaxial strained SWNTs

even under 7% uniaxial strain. It is known that D-band is

centered at B1300 cm�1 and is originated from disorders in

SWNTs, such as dangling bonds, 5–7 rings, sp3 hybridization

or edge effects. The absence of a D-band means that SWNTs

possess excellent elastic properties, and uniaxial strain only

induces lattice transformation, which can be recovered when

uniaxial strain is relaxed.

For the same purpose, Lee et al. did a similar study using a

combined Raman/AFM setup.71 In their experiment, the

RBM frequency does not shift with increasing uniaxial strain

within the experimental uncertainty, which is in agreement

with above results.58,61,69 No downshift of the G-band is

observed but rather an increase in the frequency is observed

when the uniaxial strain is increased beyond a certain critical

value (B2%) for two SWNTs, which is not in agreement with

all calculations59,60 and other experiments.58,61,69 Further the

Fig. 4 (A) SEM image, (C) RBM spectra and (D) G-band of (18, 5)

SWNT when uniaxial strain first increases from 0 to 1.7% and then

decreases to 0%, which is shown from top to bottom. (E) G+ and G�

frequency variation as a function of uniaxial strain. Black (red) dots

and lines correspond to the increase (decrease) of uniaxial strain. Lines

are linearly fitted from dots which are obtained by Lorentzian fitting.

(B) Schematic diagram of the stretching setup.58

Table 1 Uniaxial strain induced Raman frequency variation of seven
individual SWNTs58 a

RBM/cm�1 (n, m) d/nm y/1
Do(G+)/
cm�1 %�1

Do(G�)/
cm�1 %�1

310 (6, 5) 0.76 27.00 �3.97 —
281 (7, 5) 0.83 24.50 �3.95 �1.89
213 (11, 5) 1.13 17.78 �6.50 —
177 (14, 5) 1.35 14.70 �6.43 —
171 (13, 5) 1.40 20.17 �13.06 �11.80
146 (18, 5) 1.66 11.93 �14.59 �11.00
— — — — �19.25 �31.02

a d = Diameter, y = chiral angle, (n, m) are assigned from RBM

frequency; d and y are calculated from (n, m). ‘‘—’’ indicates that the

peaks are not observed.

Fig. 5 (A) SEM image, (B) M-band spectra and (D) IFM spectra of

(7, 5) SWNT when the uniaxial strain is increased from 0 to 7.1%

(shown from top to bottom). (C) M-band and (E) IFM frequencies as

a function of uniaxial strain; lines are linearly fitted from experimental

data which are obtained by Lorentzian fitting.58
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upshift is irreversible indicating that structural changes occur.

Below the critical strain, the G-band frequency remains

constant, but there are strong variations in the intensity of

the G-band. The authors71 postulate that the SWNTs are very

close to the armchair in geometries (11, 10) and (10, 9), where

the relevant bond length is not significantly altered by uniaxial

strain. However, the upshift of the G-band is still unexpected,

which needs more theoretical studies. Furthermore, a much

broader D-band becomes clearly visible for large strain. When

uniaxial strain is increasing beyondB0.5%, the broad D-band

increases significantly in intensity, but does not change

position in frequency. The introduction of defects in the

SWNTs under uniaxial strain is suggested. So many surprising

and different results indicate the complicated processes when

SWNTs are subjected to uniaxial strain.

3.1.2 Relations between intensity and uniaxial strain.

According to single resonance theory,35 the intensity of

Raman mode for SWNTs depends on the laser excitation

energy (Elaser) and electron transition energy Eii. So far, there

are several calculations82–85 and experiments55,72,73,86–88 about

the variation of electron transition energy Eii for SWNTs

under uniaxial strain, which satisfy eqn (4) and (5) for

semiconducting and metallic SWNTs, respectively:82

DEii
S = (�1)i+1 sgn(2p + 1)3t0[(1 + n)s cos 3y] (4)

DEii
M = �3t0[(1 + n)s cos 3y]

(+ and � for low and high branches of Eii
M) (5)

Here, p satisfies p = n � m � 3q, where q is an integer and

describes the SWNTs family, y is the chiral angle, t0 is the

graphene tight-binding overlap integral for the nearest

p-bonds, n is the Poisson ratio, and s is the uniaxial strain.

As calculated, a uniaxial strain of 1% can modify the band gap

by as much as 100 meV. Uniaxial strain induced shift of Eii

closer to or further away from Elaser affects the resonance

condition and therefore the intensity. Because the RBM has a

smaller phonon energy and therefore a smaller energy difference

between incoming and outgoing photon resonance possibilities,

the resonance window of RBM, tens of meV, is smaller than

that of the D-, G- and G0-bands which makes the RBM more

sensitive to changes in the resonance condition by changes

either in Elaser or in Eii. A more significant change in the

intensity of RBM under uniaxial strain is expected. So in this

subsection, only RBM is reviewed. In addition, unlike the

absolute intensity of Stokes or anti-Stokes intensity of RBM,

the anti-Stokes/Stokes intensity ratio is not related to the

matrix element, and hence is paid attention to here.

Young et al. studied the intensity variation of RBM in

epoxy/SWNT composites induced by uniaxial strain from

�0.3% (compression) to 0.7% (tension).65 The intensities of

the 210, 232 and 238 cm�1 peaks increase in tension, whereas

the intensities of the 268 and 272 cm�1 peaks decrease.

During the compression, the RBM intensities vary the

opposite way; the intensities of the 210, 232 and 238 cm�1

peaks decrease in tension, whereas the intensities of the

268 and 272 cm�1 peaks increase. For the above semiconducting

SWNTs where E22
S is in resonance with Elaser, these intensity

variations are reversible; the peak intensities returned to their

initial values when the uniaxial strain is released. The varia-

tions range from 10% for the 210 cm�1 peak to 150% for the

238 cm�1 peak. The direction and amount of intensity change

strongly depend on the chirality of the SWNTs.

However, Cronin et al. observed no change in RBM

intensity70 and anti-Stokes/Stokes intensity ratio when uniaxial

strain is induced by pushing semiconducting SWNTs with an

AFM tip, where E33
S is in resonance with Elaser. One possible

reason is that the semiconducting SWNTs are not totally in

resonance; therefore a large change in Eii can not affect the

intensity strongly. Another possible reason is that the resonance

window of E33
S is broadened by some uncertain factors.

However, for metallic SWNTs, Fig. 6A shows significant

changes in their RBM intensities before and after AFM

manipulation, where E11
M is in resonance with Elaser. Especially

one metallic SWNT with RBM at 184 cm�1 (tentatively

assigned to (15, 3) SWNT) is brought on resonance from

previously off-resonance condition89 (shown in Fig. 6B); while

no differences in the intensities of D-, G- and G0-bands are

observed for SWNTs where uniaxial strain improves the

resonance condition relative to SWNTs and where uniaxial

strain spoils the resonance condition. Calculation on (15, 3)

SWNT with uniaxial strain of 0.8% shows that this dramatic

change in the RBM intensity is due to the constructive

interference effect,89 thus enhancing the Raman signal (shown

in Fig. 6C). The interference effects arise mainly from the

matrix element dependence on strain.

For the (7, 5) semiconducting SWNT shown in Fig. 5A, we

observed obvious changes in RBM intensity. As uniaxial strain

is increased from 0 to 3.5%, IAS/IS (Anti-Stokes/Stokes)

quickly decreases from 0.16 to 0.06; as uniaxial strain is

increased from 3.5 to 7.0%, IAS/IS slowly increases from

0.06 to 0.09. Fig. 7B shows the relationship between IAS/IS
and E22

S for the (7, 5) SWNT calculated by eqn (6), where the

Fig. 6 (A) The changes in intensity of RBM for five metallic SWNTs

measured before and after uniaxial strain.70 (B) The Stokes and

anti-Stokes RBM spectra of the (15, 3) SWNT measured under

different uniaxial strains.89 (C) 2D plot for the calculated resonance-

Raman profile for the (15, 3) SWNT under different uniaxial strains.89

The red (blue) areas indicate high (low) intensity. The vertical

line stands for Elaser = 1.956 eV used for measuring the spectra

shown in (B).
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thick line corresponds to the change of IAS/IS in the experi-

ment and the arrow indicates the change direction.

IAS

IS
¼ jðElaser�Eii � iGÞðElaser�Eph � Eii � iGÞj2

jðElaser� Eii � iGÞðElaserþEph � Eii � iGÞj2
exp � Eph

kBT

� �

ð6Þ

When IAS/IS changes from 0.16 to 0.09 along the thick line,

E22
S changes from 1.95 to 1.84 eV and each experimental

IAS/IS corresponds to an experimental E22
S in the thick line.

Fig. 7C shows that E22
S as a function of uniaxial strain for the

(7, 5) SWNT satisfies the relation: E22
S = 1.954� 0.017e. That

is, the E22
S decreases by 17 meV per uniaxial strain.

3.2 Torsional strain

Due to their tubular cross section, SWNTs will rotate when a

torque is exerted on their walls. If two ends are fixed, torsional

strain will be introduced into SWNTs. Torsional strain was

first intentionally introduced into SWNTs by Meyer et al.,

who built a torsional pendulum based on SWNTs by

nanolithography.90 By electrically rotating the metal block,

quantitative elastic torsional strain was induced.Wemanipulated

ultra-long SWNTs on a substrate using an AFM tip. Due to

the friction between the SWNTs and substrate, SWNTs would

roll on the substrate. As a result, a local torsion was also

introduced into the SWNT.18 This subsection will focus on

how torsional strain affects Raman spectra of SWNTs.

3.2.1 Effect of torsional strain on frequency. Compared

with Raman spectra under uniaxial strain, there are two

similar key characters.59 First, not only the frequencies of

the low-frequency Raman modes, but also their intensities

almost do not change. Some of the high-frequency Raman

modes are downshifted and some are upshifted. Second, the

number of Raman modes changes under torsional strain. The

first character can be explained by the same reason as that

under uniaxial strain. For example, the diameter of (12, 4)

SWNT changes only about 0.2% when the torsional angle is

increased up to 61. The two bonds mirroring each other with

sv symmetry will be elongated and shortened, respectively,

under torsional strain, thus making some Raman modes

downshifted and others upshifted. The second character

manifests in two different ways, originating from different

mechanisms. In the range from 1400 to 1600 cm�1, some

Raman modes split into two modes due to symmetry breaking.

For the low-frequency Raman modes (about 400 cm�1) which

appear in zigzag SWNTs, the behavior can not be simply

explained by symmetry breaking as the effect of bond rotation

and the anisotropy of the polarizability induced by bond

stretching become important.

Chang et al. observed significant nonlinear response of

oRBM to torsional strain, even at small torsional strain.91

oRBM of achiral SWNTs, always decreases, no matter along

which direction the SWNT is twisted. The variation of oRBM

of chiral SWNTs is complicated and dependent significantly

on the torsional direction because of geometrical symmetry.

With torsional strain increasing along the right hand direction,

oRBM of chiral SWNTs decreases monotonously, while along

the left hand direction, oRBM slightly increases first and then

decreases after torsional strain beyond a critical value. For a

given diameter, the downshift rate of RBM frequency of a

zigzag SWNT is more significant than that of an

armchair SWNT.

Experimentally, we introduced torsional strain into SWNTs

by AFM manipulation and studied the effect of torsional

strain on Raman spectra of SWNTs.18,92 Fig. 8A shows a

typical result, where the (13, 11) SWNT was dragged away

from the manipulation point, about 0.767 mm, revealing that

frictional forces between tube and substrate are strong enough

to maintain the deformations of SWNTs after the removal of

AFM tip. As shown in Fig. 8B, on the left of manipulation

point, oRBM upshifts from 148.5 to 150.2 cm�1, then

downshifts to 148.5, forming a ‘‘L’’ shaped distribution. The

same change occurs on the right of the manipulation point.

Therefore, the distribution of oRBM along the axis of SWNT

forms an ‘‘M’’ shape. The ‘‘M’’ shape is induced by the elastic

retraction of the nanotube in combination with the friction

after the tip has been removed. After excluding the effects of

temperature, charge transfer, and radial deformation, bending

and uniaxial strain of SWNTs, the formation of torsional

strain is the only possibility for the ‘‘M’’ shape distribution of

the RBM frequency (dashed lines in Fig. 8B). More importantly,

it indicates that the RBM of (13, 11) SWNT upshifts to higher

frequency under torsional strain.

Fig. 8C shows the G-band spectra at nine points (labeled by

‘‘1–9’’ in Fig. 8A) along the tube axis. The G-band spectra

vary significantly along the SWNT axis, which reveals a

mixing effect of both uniaxial and torsional strain: uniaxial

Fig. 7 (A) The IAS/IS variation of the (7, 5) SWNT when uniaxial strain is increased from 0 to 7.1%. (B) The relationship between IAS/IS and E22
S

for the (7, 5) SWNT calculated by resonance theory, where the thick line corresponds to the change of IAS/IS in the experiment and the arrow

indicates the change direction. (C) E22
S as a function of uniaxial strain for the (7, 5) SWNT.
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strain makes all the peaks downshift except the peak at the

highest frequency; while torsional strain makes the peak at

the highest frequency downshift remarkably, but the other

peaks upshift a little. It is noteworthy that in the torsional

region, G-band spectra at nine points vary gradually and non-

monotonously along the tube axis. This indicates that torsional

strain is not uniformly distributed, but shows a gradual

variation, with an ‘‘M’’ shape along the tube axis, which is

due to the balance of torsional strain in the SWNT and

frictional forces by the substrate. The G-band modes, 2A1g,

2E1g and 2E2g were assigned by polarized resonant-Raman

spectroscopy. The effects of strains on these modes of individual

(13, 11) SWNTs are shown in Fig. 9, where the frequencies of

E2g
+, A1g

+, A1g
� and E1g

� modes vs. the distance away from

the manipulation point were plotted. It can be seen92 from

Fig. 9A that uniaxial strain has no effect on the E2g
+ mode,

but torsional strain makes the E2g
+ mode downshift by a

maximum of about 79.0 cm�1 (shown in Table 2). However, as

shown in Fig. 9B, C and D, uniaxial strain makes A1g
+, A1g

�

and E1g
� modes downshift by a maximum of about 8.0, 8.0

and 4.5 cm�1, but torsional strain makes them upshift by a

maximum of about 1.4, 1.5 and 4.5 cm�1 (shown in Table 2).

Table 2 lists G-bands of eight individual ultra-long SWNTs,

including four semiconducting tubes and four metallic tubes.

Of eight individual SWNTs, G-bands of seven individual

SWNTs have a similar response to torsional strain. The

E2g
+ mode downshifts significantly, by up to 91 cm�1 whereas

A1g
+, A1g

�, E1g
+, E1g

� and E2g
� modes upshift a little,

typically by several wavenumbers. For any one SWNT, the

upshifts of A1g
+, A1g

� and E1g
+ modes are almost similar,

Fig. 8 (A) Typical tapping mode AFM image of a SWNT after AFM manipulation. (B) RBM and (C) G-band92 spectra of (14, 2) SWNT after

AFMmanipulation. ‘‘1–9’’ are the post-manipulation spectra of nine points along SWNT indicated in (A). The dashed lines indicate the M-shaped

distribution of oRBM along the axis of the SWNT.

Fig. 9 Frequency profiles of (A) E2g
+, (B) A1g

+, (C) A1g
� and (D) E1g

�modes along the (13, 11) SWNT axis after manipulation.92 Red and black

squares are frequencies before and after manipulation, respectively. Black lines are linear curve-fitted results. The manipulation point is at 0 mm.
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and the E1g
�mode upshifts 3–4 times as much as that of A1g

+,

A1g
� and E1g

+ modes. This indicates the effect of torsional

strain on G-band modes is related to mode symmetries. If

SWNTs are assumed to roll on the substrate without slippage,

the downshift of the E2g
+ mode increases with increasing the

diameter and chiral angle, indicating that chiral index plays an

important role in torsional strain effect on G-band modes.

Note that in Table 2, G-band modes of (14, 2) SWNT and

torsional-strain-induced variation are different from the other

seven SWNTs. The G-band has a broad and asymmetric

Breit–Wigner–Fano (BWF) line shape at lower frequency,

indicating that the quasi-acoustic plasmon mode in SWNT

forms hybrid excitations with the phonon mode.93 Under

torsional strain, all modes downshift to lower frequencies

significantly (tens of wavenumbers). It is probably the

interaction between the quasi-acoustic plasmon mode and

G-band modes that changes the torsional strain effect on

G-band modes.

Since torsional strain can cause symmetry breaking, it is

predicted that torsion would induce mode splitting.59 How are

original peaks, plus new peaks, affected by torsional strain?

Fig. 10A shows G0-band spectra94 of one SWNT from three

positions at the torsional region, which originates from a

strong coupling between phonons and electrons, and their

frequency is strongly sensitive to electronic band structure.

From bottom to top, they are spectra without torsional strain,

with small torsional strain and with large torsional strain,

respectively. Clearly new peaks appear upon application of

torsional strain. Fig. 10B shows the peak frequencies at

different torsional regions. The data in red is the frequency

of the original peak and is upshifted a little under torsional

strain. As torsional strain is increased, a new peak appears,

and it is downshifted significantly under torsional strain (data

in green). As the SWNT is twisted further, another new broad

peak appears, which is also downshifted significantly under

torsional strain (data in blue). This interesting observation is

caused by the combinational effects of bond change and

symmetry breaking. Torsional strain induced symmetry breaking

and led to new peaks; while bond changes made peaks upshift

or downshift. Such symmetry breaking-induced new peaks

have also been observed in G-band spectra.18

3.2.2 Effect of torsional strain on intensity. Similar to the

effects of uniaxial strain on intensity and Eii of SWNTs,

torsional strain induced Eii shifts generally satisfy eqn (7)

and eqn (8) for semiconducting and metallic SWNTs,

respectively,82 which therefore has similar influences on

intensity. For the same reasons as uniaxial strain, only the

intensity of RBM is considered here.

DEii
S = (�1)i sgn(2p + 1)3gt0 sin 3y (7)

DEii
M = �3gt0 sin 3y

(+ and � for high and low branches of Eii
M) (8)

In addition to frequency upshift, changes in intensity of

RBM are observed.95 For the SWNT shown in Fig. 8A, in

Table 2 The maximal G-band variation of eight manipulated ultra-long SWNTs92 a

Do/cm�1

RBM/cm�1 (n, m) dt (theor.)/nm y/1 dt (exptl.)/nm Dd/mm E2g
+ A1g

+ E1g
+ E1g

� A1g
� E2g

� BWF

141.4 (15, 10) 1.73 23.4 1.4 1.160 �52.0 +0.5 — +2.0 +1.0 — —
148.5 (13, 11) 1.65 27.2 1.4 0.767 �79.0 +1.4 — +4.5 +1.5 + —
155.9 (16, 6) 1.54 15.3 1.2 0.484 �33.0 +1.0 +1.0 + +0.8 +2.0 —
160.6 (12, 10) 1.51 27.0 1.0 0.775 �66.0 +1.0 +1.0 +3.6 +1.0 — —
198.9 (14, 2) 1.20 6.59 1.7 1.142 �26.0 �27.0 — — �30.0 — �51.0
211.9 (11, 5) 1.13 17.8 2.1 2.428 �91.0 +1.2 — — — — —
218.6 (12, 3) 1.09 10.9 2.1 0.658 �75.0 +1.4 — — — — —
285.8 (7, 5) 0.83 24.5 1.1 0.573 �29 +0.5 — — +0.5 — —

a All the RBM were collected before manipulation and calibrated by Rayleigh scattering. Chiral indices (n, m) are assigned based on frequencies

and intensities. Diameter dt and chiral angle y are calculated based on chiral indices (n, m); Dd refers to the distance from the manipulation point;

‘‘—’’ means the modes were not observed.

Fig. 10 (A) G0-band spectra of one SWNT from three positions at the torsional region. From bottom to top, the spectra correspond to no

torsional strain, small torsional strain and large torsional strain, respectively. (B) G0-band frequencies vs. position along the axis of the SWNT.

Red data corresponds to the original peak while green and blue data are from new peaks as a result of torsional strain.
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torsional strained region, IS decreased and formed a W shape

along the SWNT axis; accordingly IAS/IS increased and

formed an M shape (shown in Fig. 11A). The optimal G value

of 30 meV was estimated by theoretically fitting experimental

IS and IAS/IS data (inset of Fig. 11B). Using eqn (6), E33
S along

the SWNT axis was obtained (shown in Fig. 11B). As torsional

strain g continuously increased from �15 to �8 mm, E33
S

decreased continuously from 1.865 to 1.823 eV. That is, for

semiconducting (13, 11) SWNT, dE33
S/dg is negative. As for

the asymmetrical Eii profile at the two sides of the manipulation

points, it may be the opposite twisting direction that

causes some difference in the Eii variation and results in the

asymmetrical Eii profile.

Table 3 lists the data of 10 individual ultra-long SWNTs,

including six semiconducting tubes and four metallic tubes. It

can be seen that the variation of Eii induced by torsional strain

is related to q. Under torsional strain, for semiconducting

SWNTs, E33
S increases for q = +1, E33

S decreases and E22
S

increases for q = �1, and for metallic SWNTs, E11
M always

increases. Theoretically, the torsional strain-induced variation

of Eii is related to the sign of q and the van Hove singularity

index i (1, 2, 3 . . .). The relative positions of semiconducting

SWNTs with q = +1 and q = �1 in k space are opposite

relative to the Brillouin zone vertices. Under torsional strain,

perturbations to the Fermi wave vector kF act in opposite

directions and consequently cause shifts of Eii in different

directions. E22
S and E33

S are generated where two cutting

lines on the two sides of Brillouin zone vertices cross with p
and p* electronic states, so that they have opposite responses

under torsional strain. For metallic SWNTs, dE11
M/dg is

always positive. This is because the resonance with the higher

energy component of E11
M has a much lower intensity than

that of the lower energy component and only the lower energy

component of E11
M can be detected by resonant-Raman

scattering.

After stretching to breakage, the maximal upshifts of oRBM

ranged from 0.55 to 2.13 cm�1 and the maximal variation of

Eii were between 1.0 and 39.1 meV, which has some relation to

the chiral indices (n, m). Moreover, the oRBM of SWNTs close

to armchair upshifted more than those close to zigzag. This

also applied to the variation of Eii. It is possible that SWNTs

close to armchair are more sensitive to torsional strain than

those close to zigzag.82 Comparing semiconducting SWNTs

with q = �1 to +1, the upshift of oRBM and the variation of

E33
S are more obvious for q = �1. Therefore, for SWNTs

with q = �1, torsional strain can result in larger phonon

variation and E33
S variation for the same shift of kF. This

could be understood as follows: near the K point at the corner

of hexagonal Brillouin zone, due to a trigonal warping effect,

equi-energy contours along the C–K line in the inner region of

the Brillouin zone are denser than those along the K–M line at

the outer regions. That is, Eii varies more rapidly at the inner

than that at the outer regions.96 The third nearest cutting line

of SWNTs with q = �1 is at the inner region of the Brillouin

zone, and q = +1 at the outer region. Thus under equal

torsional strain E33
S of SWNTs with q = �1 varies more. It is

the chirality-dependent Eii variation that makes the variation

of resonant-Raman intensity chirality-dependent.

3.3 Radial deformation

Since radial deformation was first discovered in two closely

parallel carbon nanotubes due to van der Waals interaction,97

more theoretical98–103 and experimental98–100,103–106 studies

Fig. 11 (A) IS (red dots and lines) and IAS/IS (black dots and lines) profiles of RBM spectra along (13, 11) SWNT axis after manipulation. Dots

are experimental data and lines are linear curve-fitted results. The blue-shaded region is used to estimate G as shown in the inset of (B). (B) E33
S

along the SWNT axis after manipulation. Dots are values calculated using eqn (6) in the text and lines are linear curve-fitted results. Inset: the

G value of 30 meV was obtained by fitting between experimental IS and IAS/IS data and theoretical calculation. The experimental data are from the

blue-shaded region of (B), from �15 to �8 mm.95

Table 3 Results of 10 manipulated ultra-long SWNTs95

oRBM/cm�1 (n, m) DEii
max/meV dEii/dg q

141.4 (15, 10) �10.1 dE33
S/dg o 0 �1

148.5 (13, 11) �39.1
160.6 (12, 10) �9.0

155.9 (16, 6) +1.0 dE33
S/dg 4 0 +1

159.4 (13, 9) +4.5

285.8 (7, 5) — dE22
S/dg o 0 �1

177.1 (14, 5) +4.9 dE11
M/dg o 0 0

198.9 (14, 2) +15.8
211.9 (11, 5) —
218.6 (13, 1) +6.5

a All the oRBM were collected before manipulation and calibrated by

Rayleigh scattering. Chiral indices (n, m) are assigned based on oRBM

and IAS/IS. The inverse scattering lifetime G is obtained by fitting

experimental IS and IAS/IS data to theoretical calculation. DoRBM
max

and DEii
max are, respectively, the maximum variation of oRBM and Eii

after SWNTs were broken. g is the torsional strain. ‘‘—’’ means that

anti-Stokes spectra were too weak and were not completely collected.
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have touched this field. There are mainly two ways to introduce

radial deformation into SWNTs: hydrostatic pressure98 and

AFM indentation.107 With the former, SWNTs are loaded

into a gasketed diamond anvil cell (DAC) using gas or liquid

as the pressure medium, where SWNTs under hydrostatic

pressure are easily characterized by Raman spectroscopy.

With the latter technique, SWNTs are compressed by an

AFM tip under lithography mode, where radial deformed

SWNTs can not be easily characterized by Raman spectro-

scopy. Hence, this subsection mainly focuses on Raman

spectra of SWNTs under hydrostatic pressure.

3.3.1 Effect of radial deformation on geometric structure.

The structural variation of SWNTs under radial deformation

is manifested in the variation of cross section of SWNTs.

Theoretical studies show that the cross sections of SWNTs are

modified under hydrostatic pressure, depending on the

chirality and diameter of SWNTs. The cross section becomes

oval, polygonized or peanut-shaped, from the original circular

shape (shown in Fig. 13A). A phase transition has been

predicted for the cross section of SWNTs, which mainly

depends on the diameter of SWNTs108 Although there is a

wide range of phase transition pressures, agreement about its

existence has been made. In an X-ray diffraction study,

progressive changes in the diffraction pattern of SWNTs were

observed for pressures up to 11 GPa. In a neutron powder

diffraction study,109 a large variation of the (10) Bragg peaks

was observed at a pressure up to 5 GPa, which is attributed to

the progressive deformation of cross section from circular

to hexagonal. Those geometrical changes of SWNTs will

inevitably induce modifications of their Raman spectra and

electronic structures.

3.3.2 Experimental studies on resonant-Raman spectra

under radial deformation. Venkateswaran et al. conducted the

first study of the Raman spectra dependence on hydrostatic

pressure,98 where a 4 : 1 methanol–ethanol mixture was used

as the pressure medium in the DAC. With increasing pressure,

both RBM and G-band spectra of SWNT bundles upshift

towards higher frequency with increasing pressure at a rate of

B7 and 8 cm�1 GPa�1, respectively, as expected for a reduction

in bond lengths and a consequent stiffening of bonds under

compression. The intensity of RBM decreases as the pressure

is increased, and it disappears completely beyond 1.5 GPa,

which can be attributed to a hexagonal distortion of SWNTs

caused by compression and a concomitant loss of electronic

resonance in the Raman scattering crossing section. This

interpretation of RBM can also give a reason for the abrupt

and significant reduction in the G-band intensity observed

between 1.5 and 1.9 GPa. Above 1.9 GPa, there is a broadening

of G-band with increasing pressure, which can return to the

original values after releasing pressure. The broadening is

identified as due to reversible changes in the pressure-induced

distortion of SWNTs. As the pressure is decreased from

5.2 GPa, the RBM reappears around 1.5 GPa. After one

pressure cycle, RBM- and G-bands recover only part of their

initial frequency and intensity, which is indicative of residual

pressure-induced changes98 in the inter-tube contact within a

bundle. Yao et al. observed a ‘‘plateau-like’’ behavior in

G-band spectra and there is a clear correlation between the

onset pressure of the plateau and the point where the RBM

becomes weak.110 This observation is speculated to be related

to structural modification of SWNT cross sections from

circular to elliptic, somewhat similar to the hexagonal distortion

presented by Venkateswaran et al.98

Similar studies have been performed at a higher pressure, in

different pressure media and with different laser excitation.

Regardless of individual SWNTs or SWNT bundles, there are

no obvious differences in all these upshift rates, generally

ranging from 4.5 to 10.1 cm�1 GPa�1, which is chirality

dependent. For pressures higher than 15 GPa, a D-band

appeared and the original spectra could not be recovered

completely, indicating damage to SWNTs under high pressure.

When excited by different laser energies, different upshift rates

were observed. For instance, when excited by a 633 nm laser,

the upshift rate of G+ is about 6.5 cm�1 GPa�1, while by the

514 or 785 nm laser, it is about 8.0 cm�1 GPa�1.111 RBM

signals disappear around 5 GPa with the 514.5 nm laser and at

10 GPa with the 632.8 nm laser.112

Different solvents have been used as pressure medium,

namely, methanol, 4 : 1 and 2 : 1 methanol–water mixtures.

It is found that the upshift rate is 7.2 cm�1 GPa�1 for pure

methanol and 80 mol% methanol while it is 11.4 cm�1 GPa�1

for 60 mol% methanol. Similar observation has been found

for G-band spectra. The reason is given as follows.113 Upon

increasing pressure, methanol molecules are preferentially

adsorbed forming a mobile phase on the surface of SWNTs,

and this causes an upshift in the Raman spectra. As the

pressure increases, the number of adsorbed molecules increases

leading to the observed linear upshift. Changing the chemical

composition of the pressure medium thus affects the phonon

deformation potentials of Raman modes.

In practice, radial deformation exists in sitting-on-substrate

(SOS) SWNTs due to van der Waals interactions between

SWNTs and the substrate, which may deform SWNTs sitting

on the substrate in the radial deformation.22,114–117 By

comparing Raman spectra of the same individual SWNTs

between SOS segments and suspended (SUS) segments (shown

in Fig. 12), we studied the effect of radial deformation on

Raman spectra of individual SWNTs.22,117 The RBM frequencies

from the SUS and the SOS segments of the same SWNTs exhibit

an observable shift, up to 12 cm�1. It is also found that the shift is

more obvious for SWNTs with larger diameter and appears to be

chirality dependent. For SWNTs with similar diameter, the shift

tends to increase with decrease in chiral angle, which is consistent

with calculated results.83,118 The linewidth of the RBM is reduced

significantly in the SUS segments compared with the SOS

segments for about half of the studied SWNTs, while a few

SWNTs exhibit wider linewidth in the SUS segments. It is

expected that the change in Eii affects the resonance condition

and increases or decreases the linewidth in the SUS segments. In

the same way, the observed IAS/IS changes are explained. The

variation of Eii is consistent with the predicted family behavior of

Eii variation for SWNTs under radial deformation.82,119 The

G-band of semiconducting SWNTs shows little change except

for a couple of SWNTs which exhibit a small shift of about

5 cm�1 in the G� frequency. This is consistent with the curvature

dependent of the G� frequency.
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3.3.3 Theoretical calculation on resonant-Raman spectra

under radial deformation. In order to interpret the variation

of Raman spectra under hydrostatic pressure, many theoretical

calculations have been performed, attempting to correlate

these variations with structural modification. For SWNTs

bundles, one model is presented,98 in which the entire bundle

has SWNTs arranged in a triangular lattice. Upon application

of an external compression no penetration of the pressure

medium into interstitial channels in the triangular lattice is

assumed and the compression causes a small hexagonal dis-

tortion in the cross-section of SWNTs. This model gives a shift

rate of 9.6 cm�1 GPa�1 for RBM and 8.3 cm�1 GPa�1 for the

G-band, in nice agreement with the experimental shift rate of

7 cm�1 GPa�1 for RBM and 8 cm�1 GPa�1 for the G-band.98

Yang et al. found a collapsed structure around 2 GPa,120

which will affect the phonon properties of SWNTs. The onset

pressure basically is consistent with Venkateswaran’s experiment

and model.98

To explain their experiment, Yao et al. performed first

principles calculation using the local-density approximation

(LDA) in density functional theory.110 The optimized structure

under hydrostatic pressure changes from circular to elliptical

and to a peanut-shaped structure, in agreement with other

simulations (shown in Fig. 13B).102,121 The frequency of the

G-band first increases and then becomes almost constant,

followed by even a slight decrease. The intensity of the RBM

noticeably drops almost simultaneously and then becomes

weak, while the frequency of the RBM increases monotonously;

the RBM mode can still exist until the peanut structure forms.

The general tendencies of the frequency of both the RBM and

G-band under hydrostatic pressure are in good qualitative

agreement with their experiment, indicating that the plateaus

in G-band frequency shift originate from a structural change

in SWNTs. In addition, the calculated decrease in the RBM

intensity with the increasing strain is at the onset of the

G-band plateau (shown in Fig. 13C), which is also observed

in their experiment and Yang’s study.101 Yan et al. found the

RBM transition pressures scale with the diameter,101,122 as

PB 1/d3. As for the G-band, the variation depends on Raman

modes symmetry: above 5.3 GPa, the E1g mode frequency

upshifts, the A1g mode frequency keeps constant and the

E2g mode frequency downshifts, which are assumed to be

originated from the symmetry degradation.

From experiments and models, pressure induced structural

transitions in SWNTs are well supported and are identified in

Raman measurements. The formation of a peanut structure

may be the onset of collapse, which causes irreversible variation

of Raman spectra.

3.4 Bending deformation

Because SWNTs have large aspect ratio, from 103 up to 106,

they are easily subject to bending deformation. Under bending

deformation, the inner side is compressed and the bonds are

shortened; while the outer side is stretched and the bonds are

elongated, which makes the system more complex. Bending is

ubiquitous in experiments. It is both theoretically123–126 and

experimentally5,125,127–129 found that there two stages when

bending SWNTs: first delocalized effects, then buckling.

However, when bending SWNTs, uniaxial strain (tension or

compression) can not be avoided. It is difficult to detect

electronic structures and physical properties under pure bending

deformation. Most bending related experimental studies are

focused on geometric structure evolution under bending

deformation, which ordinarily is accompanied by small uniaxial

strain. Meanwhile, bending with small curvature radius, less

than tens of nanometers, can affect electronic structures and

physical properties of SWNTs. Experimentally, such small and

uniform curvature radius over a large region can hardly be

induced, and therefore its effect can hardly be detected.

Theoretically, there is only one paper concerning the effect

of bending on Raman spectra of SWNTs by a density-

function-based tight-binding method.130 Raman spectra are

calculated by a non-resonant bond polarization method. A

dimensionless variable (Y) is defined byY=D/2R, whereD is

the diameter, and R is the curvature radius. For simplicity,

only the first stage is considered. RBM does not vary, because

bending mainly affects bonds parallel to the axis of SWNTs.

However, as shown in Fig. 14 there are obvious changes in the

G-band spectra. First, new peaks appear, e.g. the E1
+ mode of

(6, 6) SWNT. It is thought that bending breaks the symmetry

in the x direction and causes E1
+ to resemble A0

+ and E2
+

modes which are Raman active in straight SWNTs. Due to this

resemblance, E1
+ and A0

+ have nearly equal Raman intensities.

Second, significant frequency shifts are observed. For example,

the A0
+ and E2

+ modes upshift; this is because the antinodes

concentrate in the inner side of the bending, where the spring

Fig. 12 Raman spectra of the same SWNT with the laser spot moving along the tube from the middle of the trench to the left side. The left inset is

the schematic figure and the right inset is the RBM spectra when the laser beam moves from the middle of the trench to the right side.22
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constants are larger. At the same time, the E1
+ and E3

+ modes

downshift because the antinodes concentrate in the outer side

of the bending, where the spring constants are smaller. If

antinodes are more equally distributed, Raman modes are

less affected. Finally, some peaks are split into smaller ones.

Bending modifies two-dimensional Raman modes pairwise the

same way (antinodes migrate in same direction) and does not

lift the degeneracy of Raman modes because vibrational energy

is increased or decreased for both Raman modes. Hence the

appearance of peak splitting is due to originally different

Raman modes, and not due to lifted degeneracy. Fig. 14 also

shows that effects of bending deformation on Raman modes of

SWNTs are related to chirality.130

4. Summary and outlook

Resonant Raman spectra of SWNTs and their application

to strains have been reviewed, showing that strains can

affect/modulate the geometric structure and hence resonant-

Raman spectra of SWNTs depending on the strain type, and

that Raman spectroscopy is a powerful and useful tool for the

study and characterization of strains in SWNTs.

Strains, either naturally existing or deliberately induced, can

affect/modulate the structures of SWNTs. From this review we

can see that a lot of work has been done to investigate the

Raman spectra of strained SWNTs. On the one hand,

the strain-induced structure transformation tends to modulate

the phonon properties of SWNTs, causing frequency shift and

even new peaks. On the other hand, the strain-induced structure

transformation tends to modulate the electronic structure (Eii),

changing the resonant intensity. These studies will be useful

for using Raman spectroscopy as a tool to determine the strain

type and to measure the strain amount in SWNTs. For

SWNTs-based composites, it may provide information on

the strain level and the adhesion between SWNTs and the

matrix. Also quantitative studies on frequency shifts of

Fig. 13 (A) Sketch of a (5, 5) SWNT model, and (B) the system energy of deformed SWNTs with different optimized structural shapes. The

distance (x axis) is the shortest distance between two carbon atoms located opposite each other on different sides of the axis of the SWNT (marked

with black atoms). (C) Calculated relative intensities and frequencies for the same SWNT.110

Fig. 14 Raman spectra of bending (13, 0) and (6, 6) SWNTs. Bending deformation increases linearly from zero (upmost lines) to Y = 4.2% for

(13, 0) and Y = 2.6% for (6, 6) SWNTs (lowest lines).130
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SWNTs embedded in composites may be used as a sensing

device. Since Raman spectra of SWNTs are closely related to

structure and symmetry, it is a good tool to correlate the

structure and symmetry with strains. For example, assigning

chiral indices by strains has been attempted.131 Also the study

of the structure of SWNTs in response to strains may help

understand structure evolution at the nanoscale under strain.

Some of the conclusions are expected to extend to

graphene,132–134 which is another new promising carbon

nanomaterial. For example, the chirality dependence of uniaxial

strain in SWNTs will probably exist in graphene when stretching

graphene along different directions. Raman spectroscopy has

been used to show strain uniformity in large-area epitaxial

graphene, which is crucial for clearly understanding the graphene

process/property relationship and ultimately controlling the

graphene/substrate interface properties.135
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