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ABSTRACT: In this work, an atomic force microscope
(AFM) is combined with a confocal Raman spectroscopy
setup to follow in situ the evolution of the G-band feature of
isolated single-wall carbon nanotubes (SWNTs) under trans-
verse deformation. The SWNTs are pressed by a gold AFM tip
against the substrate where they are sitting. From eight
deformed SWNTs, five exhibit an overall decrease in the
Raman signal intensity, while three exhibit vibrational changes
related to the circumferential symmetry breaking. Our results
reveal chirality dependent effects, which are averaged out in
SWNT bundle measurements, including a previously elusive
mode symmetry breaking that is here explored using molecular
dynamics calculations.
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Single-wall carbon nanotubes (SWNTs) have received a
great deal of attention because of their unusual properties

and as a promising material for optical, electronic, and
optoelectronic applications.1,2 To achieve the stage of full
technological applications, it is necessary to correlate the
SWNT properties with environmental factors,3−6 including
external forces.5,7−17 Uniaxial (along the tube-axis), torsional,
and/or transverse (perpendicular to the tube axis) deforma-
tions are able to rehybridize atomic orbitals and may turn a
semiconducting SWNT into a metallic SWNT.6,16,18 Breaking
symmetries and degeneracies in the SWNT phonon dispersion
influences their transport properties.1 The surrounding
environment itself can compress the SWNTs, thereby affecting
their properties.5,19 The interaction of an isolated SWNT with a
substrate on which it is sitting can also exhibit strong
influences.3,6,18,20,21

Resonance Raman scattering (RRS) is a very powerful
nondestructive technique, which can be used to reveal changes
in SWNT properties.22,23 In particular, the G band (tangential
stretching modes) has been used to study environmental or
intentionally induced structural changes.1,22,23 More specifically,
RRS has been largely used to study effects caused by strain,

mostly focusing on the G-band behavior.10−15 Most experi-
ments were focused on SWNT bundles,10,14,15,17 likely because
of the lack of an appropriate experimental setup for isolated
SWNT measurements. The effect of hydrostatic pressure on
SWNT bundles has then been defined as an upshift in the G-
band frequencies for low pressure values, followed by
broadening and a further disappearance of the G-band signal
when increasing pressure. Circumferential symmetry breaking
(ovalization) and tube collapse are expected at higher pressure
values, and these effects have been invocated to explain,
respectively, the broadening and disappearance of the G-band
signal, although a clear indication of those is still missing.
Experiments on isolated SWNTs have also been performed, but
dealing with uniaxial strain along the tube axis,11,12 without
addressing the effect of circumferential deformation.
Here, a home-built system that combines atomic force

microscopy (AFM) with confocal Raman spectroscopy is used
to follow in situ the evolution with applied transverse pressure
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of the G-band feature in isolated SWNTs deposited on a
substrate (see Figure 1a). SWNTs grown on quartz were used

(see refs6,20,21 for sample details). Soares et al.6,20 have shown
that different SWNTs exhibit different levels of tube/substrate
interaction, as evidenced by different levels of changes in the G
band along the same SWNT. For our purpose here, we have
chosen SWNTs with the smallest evidence for tube/substrate
interaction, by monitoring and searching for small variations of
the G band Raman signal all along the SWNTs.
Figure 1b shows the G-band image of a SWNT, obtained as

described in the caption to Figure 1. Guided by this image, the
Raman spectra of the G-band feature can be measured in a
backscattering geometry at selected locations (e.g., the blue
spot in Figure 1b). Transverse pressures can be applied using
an AFM tip attached to a quartz tuning-fork monitored by a
shear-force sensitive feedback mechanism (see Figure 1a).24

The tip is first positioned over a previously characterized
SWNT section and the feedback loop is deactivated, enabling
the tip−sample distance to be exclusively controlled by the
application of voltages to a piezo-electric element in which the
tuning-fork is coupled (see Figure 1a). The experiments
reported here were all obtained with AFM tips made of gold, by
electrochemical etching of a 100 μm gold wire.24 This brings in
an important experimental aspect. Gold is a soft material, and
one could argue that it would be better to perform the work
with hard tips, for well-controlled pressure effects. However,
several experiments were made with silicon and glass tips, and
they were all unsuccessful, that is, no change has been observed
in the SWNT G band spectra. The experiments with gold tips
show some sort of effect, as we will report here. The reason

why the gold tips work might be either due to a tip enhanced
Raman spectroscopy (TERS) effect24 or because the tip
deformation is indeed needed, so that the tip can cover a
larger SWNT segment under the ∼0.3 μm laser spot in the
confocal Raman setup (usual tip radius after the experiment is
∼0.5 μm, as shown in the Supporting Information).
Consequently, we have not performed multiple loading/
unloading experiments and the pressure levels will be given
here in arbitrary units. It is important to point out also the
following: (i) TERS experiments on SWNTs have never shown
the appearance of new peaks, but just the overall Raman
intensity enhancement;24 (ii) no radial breathing mode23,24 has
been observed in our measurements; (iii) the complete absence
of the well-known disorder induced D band feature before,
during and after our experiments guarantees that no damage
(C−C bond break) is being induced on the tube walls.25,26

Our measurement was optimized to have both the incident
and scattered light parallel to the SWNT axis, so that the
spectrum is dominated by the two totally symmetric A1g
modes.22,23 In achiral SWNTs, these two components represent
(i) the transverse optical (TO) component, where atomic
vibrations are along the tube circumference (lower frequency
G− peak in semiconducting SWNTs) and (ii) the longitudinal
optical (LO) component, where the atomic vibrations are along
the tube axis (higher frequency G+ peak in semiconducting
SWNTs).22,23 In chiral SWNTs, these two components are not
strictly along the two high symmetry directions, and the G+ and
G− peaks exhibit a mixed LO and TO nature with the degree of
mixing depending on chiral angle.22,23,27

The experiment, as described above, was successful in eight
physically distinct SWNTs. In five SWNTs (not shown here),
the observed effect is just an overall decrease in the G band
intensity, which almost vanishes for the largest applied pressure,
but shows no change in the G band line shape (case 1). The
intensity is recovered when retracting the tip, in a reversible
process. We performed first-principles calculations for a carbon
nanotube being compressed by Au slabs, and the calculations
show a progressive broadening and disappearance of the DOS
features of the isolated nanotube, as the nanotube is
compressed (see Supporting Information). This is consistent
with an increasing coupling between the nanotube electronic
states and the gold surface states as the nanotube−Au distance
is reduced, turning the one-dimensional nanotube electronic
states into states with higher dimensionality. By “washing out”
the one-dimensional Van Hove singularities, the unusually high
optical absorption from this quasi-one-dimensional system is
reduced. This effect is expected for any SWNT, independent of
diameter and chiral angle.
The other three measurements show richer results. Besides

the overall decrease in intensity when applying pressure, in two
SWNTs an increase in the G+−G− frequency splitting was
observed (case 2), and the third SWNT exhibited a previously
elusive fundamental symmetry breaking of the TO mode,
observed here from the G− mode splitting in two peaks (case
3). Cases 2 and 3 will be discussed below.
For case 2, Figure 2 shows the G-band Raman profiles of an

isolated SWNT sitting on quartz. The spectra were obtained at
different levels of transverse pressure in a fixed SWNT location
for both increasing (Figure 2a) and decreasing (Figure 2b) the
pressure during the procedure of pressing the tube with the
AFM gold tip. The G band was properly monitored in different
locations along this SWNT, as indicated in Figure 2c. An
overview of Figure 2a,b shows that the spectral changes

Figure 1. The experimental setup. (a) The system includes an XY-
stage coupled to an inverted microscope, combined with an AFM
system. The XY-stage allows for a raster scan of the sample which is
illuminated from below, through an oil-immersion objective with high
numerical aperture (NA = 1.4) and 60× magnification. The
backscattered signal is sent to an avalanche photodiode detector
(APD). For the 632.8 nm laser excitation used here, a 10 nm band-
pass filter centered at 700 nm is placed in front of the APD to
processes the scattered signal allowing us to image the G-band Raman
feature intensity throughout the SWNT deposited on a quartz
substrate, as shown in (b). A specific location in the SWNT [e.g., blue
spot in (b)] can be selected, and local transverse pressures can be
applied via the AFM tip, while Raman spectra are measured with a
monochromator spectrometer equipped with a charged-coupled device
camera.
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observed are reversible. The pressure-induced frequency
behavior for the two totally symmetric G band modes is
shown in Figure 2d, obtained by fitting the spectra with two
Lorentzian lines. The G+−G− frequency splitting and the
broadening of both peaks are observed. Similar behavior was
observed in another physically distinct SWNT, although for this
SWNT (not shown here) the process was not fully reversible
when the tip was retracted.
For case 3, Figure 3a shows Raman G-band profiles obtained

from another SWNT under a new AFM tip pressing
experiment. Here we display only the three extreme situations,
which means (i) before applying pressure (top spectrum), (ii)
during the strongest applied pressure (middle spectrum), and
(iii) after retracting the tip (bottom spectrum). In this case, a
new mode appears related to the tube deformation (see middle
spectrum in Figure 3a as compared to the top spectrum). The
broad frequency range in Figure 3a shows the complete absence
of the D band, even when the tip is pressing the tube.
Before going deeper into the deformation effect, it is

important to address the G-band line shape in Figure 3a as
compared to Figure 2a,b. Both are characteristic of semi-
conducting SWNTs, based on the small peak widths.22,23

However, the relative intensities of the G− and the G+ peaks are
opposite from one another (compare bottom spectra in Figures
2a,b with the top spectrum in Figure 3a). The intensity ratio
between the G+ and G− peaks is known to be determined by
the SWNT chiral angle.22,23,28 Case 2 indicates a chiral angle
near 10−15°, while case 3 indicates a chiral angle near 30°, and
this is known to affect the LO/TO nature of the G band
peaks.27,29 According to recent calculations,29 SWNTs with
chiral angles near 30° (also near 0°) show a well-defined LO/

TO nature for the two G band modes, while for SWNTs with a
chiral angle near 10−15°, both peaks have a mixed LO/TO
nature. As discussed below, this is why case 2 shows the G+/G−

splitting (i.e., no LO/TO nature and both modes are affected),
while case 3 shows no change on the G+ (LO) peak, and the
splitting on the G− (TO) peak (i.e., well-defined LO/TO
nature and only TO mode is affected).
Now back to the pressure effects, Figure 3a shows the

appearance of a new feature in the G-band profile when
applying pressure, rather than just the splitting of the G+ and
G− modes, as observed in Figure 2. Figure 3b plots the
evolution of the frequency shifts for the G band peaks for all
different levels of pressure as obtained by fitting the spectra
with up to three Lorentzian peaks. The horizontal axis in Figure
3b is numbered from 0 to 10, and the experiment runs from the
left to the right, which means increasing the pressure from the
lowest to the highest value (filled symbols), then decreasing the
pressure back to 0 (open symbols). From Figure 3b it is clear
that the lower frequency G− (TO) mode splits in two peaks
(TO1 and TO2) when pressure is applied to this SWNT. The
TO1−TO2 splitting increases when the applied pressure
increases. When slowly retracting the tip, the splitting decreases
but the SWNT does not fully recover the degenerate state
observed before the experiment started (compare bottom and
top spectra in Figure 3a). Therefore, the process is not fully
reversible, suggesting that the SWNT remains slightly deformed
after retracting the tip. On the other hand, the G+ (LO)
component remains basically unchanged during the entire
pressure application process.
Considering the TO versus LO nature of the totally

symmetric G band modes, it is natural that the TO mode

Figure 2. Evolution of the G band with applied pressure, the G+−G− mode frequency splitting. (a) The level of pressure is being increased, as
indicated by the arrow. (b) The level of pressure is being decreased, as indicated by the arrow. (c) The Raman image of the measured tube, showing
different locations where the G band was monitored. (d) The G band frequency versus applied pressure; filled symbols stand for increasing and open
symbols for decreasing pressure. Circles and squares stand for the G− and G+ peaks, respectively.
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will be sensitive to changes in the SWNT curvature, while the
LO will not. This curvature effect naturally appears in SWNTs
with different diameters, where the TO mode frequency is
softened with decreasing tube diameter, while the LO mode
frequency remains unchanged.22,23 The splitting of the TO
mode suggests the breaking of the circumferential tube
symmetry and the localization of vibrations at two different
tube segments, as described below.
Molecular dynamics simulations are used here to elucidate

the effect we observe in Figure 3. A view of the region of the
unit cell near a compressed nanotube is shown in Figure 4. The
cell was chosen to make the tube and slab commensurable
along the tube axis (y) direction, so that no strain is imposed
along the tube axis due to the cell periodicity. The
computational details of the molecular dynamics simulation
and the empirical potentials used are given in the Methods
section.
After an initial thermalization procedure (see Methods

section), the velocity autocorrelation function of the nanotube
carbon atoms between a time t0 and a later time t is calculated
as

∑= ⃗ · ⃗
=

f t
N

v t v t( ) 1 ( ) ( )
i

N

1
0

(1)

with the summation running over the N carbon atoms. The
phonon density of states (DOS) of the nanotube is then

calculated as the Fourier transform of f(t), labeled by F(ω). The
projected phonon DOS can also be defined from the f x, f y, and
fz components of the velocity autocorrelation function,
corresponding to the x, y, and z components of the internal
product in eq 1. Since y is the tube axis direction, the f y
component leads to a DOS projected onto the longitudinal
modes, while the f x + fz component leads to a DOS projected
on transverse modes. They can be separated spectrally because
the f y components appear at higher frequencies, as expected for
the SWNT LO modes.
Figure 5 shows the projected density of states resulting from

(i) the f x components in the frequency window corresponding

to transverse optical (TO) modes with vibrations along the
horizontal (x) direction (with respect to the surface), and we
will refer to that as the TOh density of states; (ii) the fz
components in the frequency window corresponding to
transverse optical (TO) modes with vibrations along the
vertical (z) direction, and we will refer to that as the TOv
density of states. The progressive degree of radial deformation
of the tube is measured by the radial compressive strain s = 1 −

Figure 3. Evolution of the G band with applied pressure, the G− (TO)
mode frequency splitting. (a) G-band profiles before applying pressure
(top), during the strongest pressure level (middle) and after retracting
the tip (bottom). (b) G-band frequencies acquired for different levels
of transversal pressure. The data are numbered in the X axis from 0 to
10, which represents the levels of pressure, from the lowest to the
highest level, respectively. From left to right, the pressure is being
increased (0 to 10, filled symbols) and then decreased (from 10 to 0,
open symbols). The G− (TO) mode splits into two peaks (TO1 and
TO2) when pressure is applied (circles). The vertical dashed line
shows the pressure level where the symmetry breaking occurs.

Figure 4. Cross-sectional view of a (10,0) nanotube compressed
between two identical SiO2 blocks, as used in the molecular dynamics
simulations, for a radial compressive strain s = 0.162. The x and z
directions of the cell coordinate system are indicated. The y is the tube
axis direction.

Figure 5. The DOS calculated for a (10, 0) nanotube in the frequency
region of the transverse optical (TO) modes for several values of
compressive strain s. In the left panel, TOh refers to vibrations along
the horizontal (x in Figure 4) direction, while component TOv refers
to vibrations along the vertical (z in Figure 4) direction. The DOS for
a nanotube deposited on a quartz surface is also shown (labeled
“deposited” in the figure). The right panel shows the sum of TOh plus
TOv.
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h/D, where h is the compressed diameter along the vertical
direction and D is the diameter of the isolated nanotube.18

In a calculation for an isolated nanotube (without substrate,
not shown in Figure 5), the TOh and the TOv densities of states
are identical due to the symmetry of the nanotube. The left
panel of Figure 5 shows that the TOh−TOv degeneracy is
progressively lifted as the symmetry of the nanotube is broken,
first by being deposited at the surface (see “deposited” in Figure
5), and further by being compressed by the surface above it
(increasing s values in Figure 5). The tube-substrate interaction
is not strong enough to make the symmetry-breaking to be a
measurable effect. The splitting of the TOh and the TOv peaks
is such that the TOv peak shifts to lower frequencies, relative to
the TOh peak, as the nanotube is flattened. This is indeed
expected since TOv is localized along the most distorted tube
segments, and the larger the tube curvature, the lower G band
frequency.22,23 In the case studied here, the TOh−TOv splitting
results in a double-peak structure of the total TO density of
states for nanotube strains on the order of s = 0.1 or more, as
shown in the right panel of Figure 5. Although we are not
looking at the Raman active zone center phonons, this double-
peak structure clearly demonstrates the splitting of the
transverse optical vibrations, and it can be associated with the
TO1 and TO2 features observed in the Raman spectra of the
compressed nanotubes discussed in Figure 3.
It is interesting to compare the results reported here with

those obtained with SWNT bundles. The present results are
based on a transverse deformation nanomanipulation proce-
dure, while in bundles the results are based on hydrostatic
pressure.10,14,15,17 First of all, the decrease in Raman intensity
when pressure is applied is always observed in both isolated and
bundles SWNTs due to the Van Hove singularity “wash out”
(see Supporting Information). Second, in SWNT bundles both
G+ and G− show an upshift in frequency, expected for
hydrostatic pressures, since the C−C distance is decreased. In
our experiment, this is not expected since no symmetrical
hydrostatic pressure is applied. Our results show that at the
single nanotube level the symmetry breaking effects depend on
tube chiral angle, so that different G-band frequency behaviors
are observed for different SWNTs. This dependence is here
related to the fact that the TO versus LO nature of the
vibrational modes in SWNTs depend on the SWNT chiral
angle.22,23,27,29 These results are averaged out in SWNT bundle
measurements. From another perspective, our results confirm
the circumferential symmetry-breaking effect, which is
invocated to explain the high hydrostatic pressure effects
observed in SWNT bundles. More experimental and theoretical
works are needed to address the distinction between ovalization
and tube collapse, which may be related to the reversible versus
irreversible behaviors shown here.
In summary, a home-built setup combining atomic force

microscopy (AFM) with confocal Raman spectroscopy is used
to simultaneously follow in situ the evolution of the G-band
feature in isolated SWNTs deposited on a quartz substrate,
while changing the transverse pressure applied to this system
via a gold AFM tip. A previously elusive and fundamental
symmetry-breaking effect was observed for the totally
symmetric TO G-band mode, which exhibits two distinct
Raman-active features with increasing applied pressure, while
the LO component is kept unchanged. This experimental
finding is consistent with molecular dynamics simulations for a
transversely compressed achiral nanotube, which shows the
appearance of a double-peaked TO band due to the

circumferential symmetry breaking of the compressed nano-
tube. Two different SWNTs show another behavior, that is, a
G+/G− (mixed LO/TO) frequency splitting followed by peak
broadening. Finally, measurements performed on five other
SWNTs show a reduction of the G band intensity with no
change in the G line shape. From the G band profiles prior to
the pressure applications, the tubes measured here exhibit
different chiral angles, and this explains the different G-band
behaviors, since the TO versus LO nature of the vibrational
modes in SWNTs indeed depends on chirality. Our work thus
provides evidence for the richness of transverse deformation at
the isolated SWNT level, while maintaining consistency with
averaged results on SWNT bundle measurements.

Methods. Molecular Dynamics Calculations. The systems
considered for simulations are composed of a (10,0) SWNT,
consisting of 520 atoms with a length of 55 Å along the y-
direction, deposited over a crystalline SiO2 block or between
two identical SiO2 blocks. Each block is composed of 8520
atoms whose dimensions are 77, 55, and 30 Å along x, y, and z
directions, respectively. Periodic boundary conditions were
applied in the x and y directions of the simulation box, whereas
its z-component was kept with a finite length of 92.6 Å. A time
step of δt = 0.0005 ps was used in conjunction with the Nose−́
Hoover thermostat30 and barostat31 for controlling the
temperature and pressure. Only the x and y directions of the
simulation box were allowed to fluctuate for fixing the pressure
at 1.0 bar in all simulation runs. Yet, 1440 atoms localized in the
bottom of the lower substrate and 1560 atoms in the top of the
upper substrate (roughly two crystalline layers in both
substrates) were kept with force zero in all runs.
The C, Si, and O atoms were modeled classically using the

molecular dynamics package LAMMPS32 with interaction
potentials given as follows: (i) for the C−C interaction, we
used the adaptive intermolecular reactive empirical bond order
(AIREBO) potential33 derived from the second-generation
Brenner potential.34 The AIREBO potential is known to
accurately reproduce the phonon DOS of carbon nanotubes.35

(ii) For modeling the crystalline SiO2 substrate (Si−Si, Si−O,
and O−O interactions), we applied the Tersoff36 potential with
parameters given by Munetoh et al.37 This potential is suitable
for simulations of large systems, giving structural parameters,
density, and cohesive energy for silica polymorphs in excellent
agreement with both experimental data and ab initio
calculations.37 (iii) Regarding the nanotube−quartz interaction,
that is, C−Si and C−O interactions, we followed the same
strategy used by Ong and Pop,35 where the correct description
of the phonon DOS of the system is of crucial importance. For
both the C−Si and C−O interactions, we used the well-known
12-6 Lennard-Jones (LJ) pair potential,38 which depends on the
interatomic distance r between atoms i and j. It may be written
as

ε
σ σ

= −⎜ ⎟ ⎜ ⎟
⎡
⎣⎢
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎤
⎦⎥U

r r
(r) 4ij ij

ij ij
12 6

(2)

where σij is the effective collision (center-to-center) distance
and εij is the energy strength, between atoms i and j. The
parameters used in our simulations were35 εC−Si = 8.909 meV,
εC−O = 3.442 meV, σC−Si = 3.326 Å, and σC−O = 3.001 Å. The
cutoff distance for both C−Si and C−O cases was set to 10.0 Å.
Before the production stage, the nanotube−SiO2 compounds
were annealed as follows. First, the temperature was linearly
raised from T = 3 to 300 K in 250 ps. After that, the systems
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were left to equilibrate during further 250 ps with T = 300 K.
Next, in the production stage the velocities of the C atoms were
collected at intervals of 10 steps (or 0.005 ps) during 700 ps at
T = 300 K. The velocity autocorrelation function of carbon
atoms between a time t0 and a later time t was then calculated
as described previously in this paper with the summation
running over the N carbon atoms. For obtaining the phonon
DOS of the tube we performed the fast Fourier transform of
f(t) using the Blackman window function39 over 131 072 data
points among those 140 000 collected in the production stage.
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