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Uniaxial strain is induced by pushing single-wall carbon nanotubes (SWNTs) with an atomic force micro-
scope tip. The vibrational and electronic energies of nanotubes are found to be very sensitive to strain. For both
metallic and semiconducting SWNTs under strain, the D, G, and G’ band Raman modes are downshifted by up
to 27, 15, and 40 cm™', respectively. The relative strain-induced shifts of the D, G, and G’ bands vary
significantly from nanotube to nanotube, implying that there is a strong chirality dependence of the relative
shifts. Semiconducting SWNTs remain strongly resonant under these large deformations, while metallic
SWNTs appear to move in and out of resonance with strain, indicating a strain-induced shifting of the elec-
tronic subbands. Tight-binding calculations of the electronic band structure of semiconducting and metallic
nanotubes under uniaxial strain predict significant shifting of the subband energies, leading to strain-induced
changes in the Raman intensity. These theoretical predictions are consistent with what we observe experimen-
tally for metallic nanotubes, but not for semiconducting nanotubes.

DOLI: 10.1103/PhysRevB.72.035425

I. INTRODUCTION

Resonant Raman spectroscopy is an excellent tool for
studying single-walled carbon nanotubes (SWNTs). It pro-
vides a nondestructive way of measuring the precise phonon
energies of nanotubes and requires relatively little sample
preparation. When the laser energy is resonant with an elec-
tronic transition energy in a nanotube, the Raman signal can
be large enough to observe spectra from an individual iso-
lated SWNT.! Because of this resonance condition, Raman
spectroscopy also gives a measure of the electronic band
structure of the SWNTs.!

Many theoretical predictions have been made on the prop-
erties of individual SWNTs under strain.>> These models
predict significant changes in the electronic band structure
and phonon frequencies under uniaxial strain. Evidence for
these changes has been observed experimentally by measur-
ing Raman spectroscopy of nanotube composite materials
(such as nanotubes in epoxy) under strain.®~® However, these
macroscopic Raman measurements are averaged over many
SWNTs, both metallic and semiconducting, with different
chiralities and different orientations and, hence, varying de-
grees of strain. The effect of strain is further complicated by
the curing of the epoxy which causes a hydrostatic pressure-
induced shift in the Raman modes'? and also by fracture of
the epoxy!! which leads to an inhomogeneity of strain.

In this work we measure the direct effect of strain on
individual SWNTs, thus eliminating effects of ensemble av-
eraging and effects introduced by a composite medium. In
our previous work!? we demonstrated a large strain-induced
downshift of the phonon frequency in two semiconducting
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nanotubes. In the current work we present data on 13 semi-
conducting nanotubes and 5 metallic nanotubes. We find that
the strain-induced downshift of the phonon frequency de-
pends strongly on chirality and that the radial breathing
mode (RBM) Raman spectra of metallic nanotubes respond
very differently to strain than those of the semiconducting
nanotubes. The details and understanding of this difference
will be discussed later in this paper.

II. EXPERIMENT

SWNTs synthesized by laser arc discharge are deposited
from a sonicated dichloroethane solution onto a Si substrate
coated by a l-um-thick layer of SiO,. Metal pads of Cr
-Au 1 pm wide are patterned on top of the SWNTs using
electron beam lithography. A perpendicular displacement of
the SWNT is created by pushing the SWNT with an atomic
force microscope (AFM) tip,'* as shown schematically in
Fig. 1. The metal pads hold the ends of the SWNT in place,
so the extra length added by the displacement creates a
uniaxial strain. We determine the amount of strain in the
SWNT by dividing the elongation [measured by subtracting
the unstrained length from the deformed length in the AFM
image of the SWNT (Fig. 1)] by the total unstrained length
between the metal pads. This way any slack in the nanotube
is accounted for in the prestrain length. This assumes that the
strain is uniform along the length of the nanotube, an as-
sumption justified by our spatially resolved Raman spectra.'?
Using this technique, we produce strains between 0.06% and
1.65%. Although the displacement of the nanotube is in the
transverse direction, the resulting strain is primarily uniaxial.
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FIG. 1. (Color online) Top: schematic drawing of an AFM tip
displacing a nanotube. Bottom: AFM image of a metallic SWNT
held fixed at the ends by metal pads. The nanotube was strained by
0.95% with an AFM tip. Some residue remaining at the original
position of the SWNT is visible in the AFM image and allows us to
image the strained and unstrained lengths simultaneously.

Considering the large radius of curvature of the displacement
(several microns) and the small radius of the nanotube
(0.5 nm), we conclude that the transverse component of the
strain is negligible. Therefore the elongation of the nanotube
is the largest distortion to the lattice. Residue left over from
lithographic processing can be seen in the AFM image of
Fig. 1. Scratches in this residue layer can be seen where the
AFM tip was dragged to displace the SWNT. The prestrained
position of the SWNT can be seen easily because of the
disturbance to the residue and this allows us to image the
strained and unstrained lengths of the SWNT simultan-
eously. Raman spectra were measured on a Renishaw micro-
probe RM1000B with a 514-nm (2.41-eV) Ar-ion laser and a
633-nm (1.96-eV) HeNe laser. By aligning the laser spot
relative to the metal pads, we can ensure from the AFM
images that there is only one nanotube present. The average
separation of nanotubes on these samples was ~3—4 um.
Spectra were taken at a laser power of 1-2 mW, with light
polarized linearly along the nanotube axes.

III. UNIAXTAL STRAIN IN SEMICONDUCTING
NANOTUBES

The SWNTs studied in this work have RBM frequencies
in the range 170—194 cm™!, which roughly correspond to a
diameter range of 1.3—1.5 nm, obtained by using the relation
d, =248/ wgpy.' By comparing the laser energy with the reso-
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TABLE 1. Experimental downshifts of the D-, G-, and G'-band
Raman-mode frequencies in cm™! for semiconducting SWNTS reso-
nant with a 514-nm Ar ion laser for various amounts of strain. Each
row of data corresponds to data taken on the same SWNT. The
different rows are for different nanotubes. The RBM frequencies are
also given (in cm™!) for nanotubes that exhibit this feature in their
spectra.

Strain (%) RBM D band G_band G, band G’ band
0.06 — 0.87 1.1 1.6 2.8
0.11 — 1.6 0.7 2.0 2.9
0.15 — — 2.7 1.9 2.1
0.20 — — 2.8 3.8 3.6
0.22 194 4.5 2.0 5.1 11.6
0.28 190 5.4 4.5 6.0 16.0
0.30 186 5.9 1.2 1.9 6.7
0.39 184 4.5 2.9 8.5 7.9
0.44 — 7.1 — 2.8 20.9
0.47 — 8.9 5.4 4.0 10.6
0.53 186 16.1 12.3 14.8 27.7
1.45 — — 114 8.2 25.5
1.65 186 26.6 4.2 13.7 39.6

nant transitions of all SWNTs within this diameter range cal-
culated using a simple nearest-neighbor tight-binding
model,'>!® we determine that for this SWNT sample, the
514-nm (2.41-eV) Ar-ion laser is resonant with the third sub-
band transition of semiconducting SWNTSs, E3,.'7 The sharp
characteristic G-band line shape corroborates the semicon-
ducting nature of these SWNTSs. Similarly, the SWNTSs that
are resonant with the 633-nm (1.96-eV) HeNe laser are me-
tallic and resonant with the first subband transition E.
These metallic SWNTs all exhibit a broad asymmetric Breit-
Wigner-Fano (BWF) G-band line shape'® corroborating their
metallic nature.

Looking first at the semiconducting nanotubes, we mea-
sured a total of 13 semiconducting SWNTs before and
after inducing strain. We focus our study on the four main
Raman features of SWNTs, the radial breathing mode
(RBM) (~100-300 cm™"), the disorder-induced D band
(~1320 cm™), the G band (~1590 cm™') with upper and
lower frequency components G, and G_, respectively, and
the G' band (~2630 cm™). The downshift of the D, G, and
G’ bands is understood on the basis of the elongation of the
carbon-carbon bonds, which weakens the bonds and there-
fore lowers their vibrational frequency. Typical Raman spec-
tra for semiconducting nanotubes under strain are given in a
previous publication.'”” The Raman peaks of the semicon-
ducting SWNTSs were fitted to Lorentzian line shapes, and the
strain was estimated from the geometry of the nanotubes
obtained from AFM images.

The results of these 13 semiconducting nanotubes are
summarized in Table I and Fig. 2, where we have listed and
plotted the strain-induced downshift of the D, G, and G’
bands for all 13 semiconducting SWNTs. A consistent trend
of increasing downshifts with increasing strain in these mode
frequencies is apparent amidst the large spread in the data
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FIG. 2. Measured downshifts of the D-, G-, and G'-band Raman-mode frequencies of semiconducting SWNTs resonant with a
514-nm Ar ion laser plotted as a function of strain. Each point on a given plot was taken on a different SWNT.

points (see Fig. 2). The lines drawn in Fig. 2 represent least-
squared error fits of 20.5, 11.7, 16.7, and 37.3 cm™! per %
strain for the D, G_, G, and G’ bands, respectively. To avoid
having the large strain data points dominate the fit, the two
data points corresponding to 1.45% and 1.65% strain were
left out of the fit and Fig. 2. It is tempting to fit the G’ and
G* data in Fig. 2 to two lines, attributed to two families of
behavior. However, the two families of points in G’ do not
correspond to the same nanotubes in the two families of G™.
It is also tempting to attribute the large spread in the data to
our crude estimation of strain, perhaps made worse by slip-
page of the SWNTs under the metal electrodes. However, we
should note that each point in these plots is taken from a
different nanotube, and therefore, effects associated with di-
ameter and chiral angle would be expected to lead to some
variation. Each mode will depend on somewhat different
force constants, which depend on chirality, so that for an
individual SWNT, the large variability that is observed is not
so unexpected. As is evident from Table I, the relative shifts
of the D, G, and G’ bands are not in a fixed relation with
each other. That is, 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. We also observe a large variability in
the relative shifts of the D and G’ bands, and these relative
shifts should scale roughly by a factor of 2, since wgr
~2wp for unstrained SWNTs. We therefore conclude that a
large variation in the strain dependence of the D, G, and G’

modes exists for different nanotubes with different chiralities
and is not an artifact of our determination of the strain.

The frequency downshifts observed are approximately 4
times larger than those observed in bulk composites.®” This
75% underestimate of strain in these nanotube-epoxy com-
posites is presumably due to slippage between the SWNTs
and the epoxy matrix and to ensemble averaging errors. This
result has some rather negative implications for applications
where carbon nanotubes are added to a composite to increase
the material’s stiffness and strength, although some work on
nanotube-polymer adhesion'? indicates that adhesion is very
strong. Therefore, the weak strain dependences observed in
these composites may be due to poor nanotube dispersions.

For these semiconducting SWNTs, the RBM remained
unchanged in both frequency and intensity under strain. This
seemingly inconsistent result—that the D-, G-, and G'-band
frequencies are strongly affected by strain while the RBM is
unaffected—can be understood if we consider the large mag-
nitude of the D-, G-, and G’-mode frequencies (~1320,
1590, and 2630 cm™!) relative to the RBM (~190 cm™).
The shifts observed in the D, G, and G’ modes due to strain
are approximately 1% of the mode frequencies. A 1% change
in the RBM frequency would result in a less than 2 cm™!
shift, which is close to the minimum resolution of our spec-
trometer. For all six semiconducting nanotubes measured
that showed a RBM feature in their spectra, no change in the
RBM intensity or peak position due to strain was observed
within our experimental accuracy.
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It is surprising that the semiconducting SWNTs remain
strongly resonant with the laser energy after such large per-
turbations to their lattice. This indicates that the positions of
the van Hove singularities in the electronic band structure of
the SWNT do not change significantly with strain. As calcu-
lated below, a strain of 1% can shift the band gap by as much
as 100 meV. The range of laser energies over which the Ra-
man signal of a nanotube can be observed is known as the
resonance window. The resonance window of the RBM is
expected to be ~60 meV.!” We therefore expect to see a
significant change in the intensity of the RBM for large
strains. In addition, the relative intensity of the Stokes and
anti-Stokes Raman peaks gives a very precise measure of the
energy of a nanotube’s van Hove singularities.”’ However,
we observe no change in the Stokes/anti-Stokes intensity ra-
tio in any of the six semiconducting SWNTs that showed a
RBM feature in their spectra. This indicates that the strain-
induced shift of the van Hove singularities (or electronic
transition energies) does not exceed the resonance window.
We do, however, see significant changes in the RBM inten-
sity for metallic SWNTs, as will be discussed below.

IV. UNIAXTAL STRAIN IN METALLIC NANOTUBES

Raman spectra were also measured with a 633-nm (1.96-
eV) HeNe laser which, for the diameter distribution of the
SWNTs of this sample, are in resonance with predominantly
metallic nanotubes. For these SWNTSs the laser energy is in
resonance with the first subband transition E}]. Figure 3
shows the Raman spectra of a typical metallic nanotube be-
fore and after inducing 0.95% strain. We see again significant
downshifts of 10—15 cm™! of the D-, G-, and G’-band Ra-
man modes with strain, as we did for semiconducting
SWNTs. The G band for metallic nanotubes looks quite dif-
ferent from that of semiconducting nanotubes. There is a
sharp high-frequency component (G,) that is also observed
in the spectra of semiconducting nanotubes. However, the
lower-frequency component (Ggyr) exhibits a broad asym-
metric Breit-Wigner-Fano line shape associated with
electron-phonon coupling to the continuum of electronic
states in metallic nanotubes'® and is not observed in semi-
conducting nanotubes.

In Fig. 3 we see that the RBM feature appears at
184 cm™! after strain is induced, indicating that the SWNT
was brought into better resonance with E,,.,. by the applied
strain, while the intensities of the D, G, and G’ bands change
by only a fraction of the initial intensity. The shoulder peak
appearing at 175 cm™! originates from the underlying silicon
substrate and will be ignored in our analysis. The D, G, and
G’ bands have larger resonance windows than the RBM be-
cause the RBM has a small phonon energy and therefore a
smaller energy difference between incoming and outgoing
photon resonance possibilities. This makes the RBM more
sensitive to changes in the resonance condition,' either by
changes in the laser energy or by changes in the energy of
the resonant electronic transition in the SWNT. Since, in
these experiments, the laser energy is fixed (1.96 eV), the
change observed in the relative intensity of the RBM indi-
cates a shift of the resonant transition E}}, such that E}] of
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FIG. 3. (Color online) Raman spectra of the metallic SWNT of
Fig. 1 measured with a 633-nm HeNe laser before and after induc-
ing a 0.95% strain.

the SWNT becomes closer to the laser energy. All five me-
tallic SWNTs measured before and after strain showed sig-
nificant changes in their RBM intensities. One SWNT was
found to fall completely to an off-resonance situation after
strain, while another was brought on resonance from a pre-
viously off-resonance situation. There were no observable
differences in the intensities of the D, G, and G’ bands for
the nanotubes where strain improved the resonance condition
relative to the nanotubes where strain spoiled the resonance.
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TABLE II. Downshifts of the D-, G-, and G’-band Raman-mode
frequencies in cm™! for metallic SWNTSs resonant with a 633-nm
HeNe laser for various amounts of strain. Each row corresponds to
data taken on the same SWNT. The RBM frequencies are also given
(in cm™), as well as the change in intensity of the RBM before and
after strain.

G G G'
Iafrer_lbefare BWE *

Strain (%) RBM D band band band band
before

0.10% 180 139% 5.0 11.2 7.5 7.2

0.20% 188 -50% 12.6 105 11.7 -04

0.60% 193 89% 16.0 12.2 5.9 8.0

0.95% 184 o0 15.0 15.6 9.8 9.7

1.25% 170 —-100% 214 14.6 — 380

Table II summarizes the Raman data of five metallic
nanotubes measured before and after strain. The RBM and
D-, G,-, and G'-band peaks were fitted to Lorentzian line
shapes, while the Ggyr was fit to a Breit-Wigner-Fano line
shape.!® The D, G, and G’ modes are significantly down-
shifted to lower wave numbers when strain is applied. How-
ever, unlike semiconducting nanotubes the Raman mode
shifts of metallic nanotubes do not seem to scale with strain,
and there is considerable variability in the data. No change in
the RBM frequency was observed; however, the intensity of
the RBM was found to be very sensitive to strain.

The appearance and disappearance of the RBM with
strain is in striking contrast to that of the semiconducting
nanotubes, whose RBM’s were not observed to change at all
with strain. For metallic nanotubes the resonant electronic
transition is between the first conduction and valence sub-
bands EY|, whereas for semiconducting nanotubes the reso-
nance is between the third subbands E3;. Detailed calcula-
tions of these two resonance conditions are discussed below.

V. TIGHT-BINDING CALCULATION

In order to understand the changes in the Raman intensity
of nanotubes under strain we calculate the electronic sub-
band energies using a tight-binding model similar to that
developed by Yang et al.>® The model is based on the nearest
neighbor tight binding of two-dimensional graphite and the
periodic boundary condition imposed by the quantization of
the circumferential momentum k. namely, k.Caq=21j,
where j is an integer and C,, is the circumference of the
nanotube in units of the graphene lattice vector aq
=0.249 nm. Under uniaxial strain €, we allow the three
C-C bond vectors to elongate in the axial direction:

(1+e)i, (1)

(1+ e, (2)
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N n+2m .
R (1+ 67, (3)
2C, 243 G,

where ¢ and { are the circumferential and axial unit vectors,
respectively. As the C-C bond length increases, we expect
the overlap integral v, to decrease inversely as the bond
length squared,® ;= ,(ry/r;)*. The 7, value used in these
calculations is 2.9 eV and the unstrained bond length ry is
0.144 nm. Including these strain-dependent terms in the
tight-binding calculation gives the strain-dependent energy
dispersion relations of carbon nanotubes:

E(K) = ={y; + Y3+ Vi + 2y v, coslk - (7 = 1)]

+ 29,y cos[k - (F5 = F1)] + 2yy; cos[k - (7, — 75) [}
Here the circumferential and axial components of the mo-
mentum are k.=2mj/Chay and —w/T<k,<m/T, respec-
tively, where T is the length of the unit cell. The density of
states per unit length can be obtained from E(K) by taking its

derivative with respect to axial momentum and summing
over the subbands:

N
1 dE;(k)|™!
DOS(E)=2—E dE,(k,) , (4)
T j=1 dk,

where N is the total number of subbands. We should note that
this model calculates the first-order perturbation of strain us-
ing a simple tight-binding model. It thus assumes that the
energy eigenvalues do not mix and is expected to work well
only for small perturbations in the low-strain limit.

We are interested in the strain dependences of the subband
transition energies that are resonant with the laser energy,
which for this experiment are E}} for metallic nanotubes and
E3; for semiconducting nanotubes. Figure 4 shows the cal-
culated joint density of states of a (14,6) semiconducting
nanotube and a (16,1) metallic nanotube under 1% strain.
Both nanotubes were chosen to have E;; values similar to the
laser energies used in the experiment (2.41 and 1.96 eV, re-
spectively) and radial breathing mode frequencies (wgg)
similar to those observed in the experiments. Looking first at
the (14,6) nanotube in Fig. 4, it is clear that 1% strain causes
a downshift of 57 meV in the position of the van Hove sin-
gularity. For the (16,1) metallic nanotube in the figure, the
two peaks of Ellv"1 shift toward each other by 94 and 76 meV
due to the strain. Thus the application of 1% strain causes a
decrease in the splitting of E’l"l1 by approximately 170 meV.
These plots represent typical behavior under strain. However,
for semiconducting nanotubes the position of the van Hove
singularity can shift both upward in energy, if (n—m) mod
3=1, and downward, if (n—m) mod 3=2. These predictions
are similar to those reported in Ref. 8.

Figure 5 shows the calculated shift of the subband transi-
tion energies plotted as a function of strain for various nano-
tubes with different chiralities. The strain-induced shifting of
EY (low energy component) and E§3 is very linear in this
strain range and is very sensitive to chiral angle. The shifting
is largest for nanotubes with zero chiral angle (zigzag nano-
tubes) and smallest for nanotubes with large chiral angles.
There is no shift for armchair nanotubes (6=30°), whose
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FIG. 4. Joint density of states for a (14,6) semiconducting nano-
tube and a (16,1) metallic nanotube with and without 1% uniaxial
strain.

bonds make 30° and 90° angles with 7. The chiral angle
dependences of the strain-induced shift of E5; and of the
low-energy component of Ellu1 at 1% strain are also plotted in
Fig. 5. It is convenient to describe nanotubes under strain in
(n—m) mod 3 families. For (n—m) mod 3=1, E3; increases
with strain, and for (n—m) mod 3=2, E§3 decreases with
strain. For E3, the strain-induced shifts are in the same di-
rection as for E3, but opposite to E3,. For a given chiral
angle, the shift in E3; for (n—m) mod 3=1 semiconducting
nanotubes is approximately 25% smaller in magnitude than
those of the metallic nanotubes and of the (n—m) mod 3=2
semiconducting nanotubes.

The intensity of the Raman signal is expected to change
as the resonant subband transition energy shifts toward or
away from the laser energy. The intensity of the resonant
Raman signal can be expressed as

) 2(E)dE ’
I(EI)_ ‘fM(E[—E—iF,~)(EliEPh_E_iFr) ’

(5)

where M is the scattering matrix element which is assumed
for simplicity to be constant in energy, g(E) is the joint den-
sity of states, E; is the laser energy, E,, is the phonon energy,
~23 meV (185 cm™') for the nanotubes in this study, and T,
is the inverse scattering lifetime for the Raman scattering
process.!” The two terms in the denominator describe reso-
nance conditions for incoming and outgoing scattered light.
For the +E,, term, the — sign applies to Stokes processes
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FIG. 5. (Color online) Top: calculated strain-induced shift of the
intersubband transitions EZIVI1 and E§3. Bottom: chirality dependence
of the shift in E’lw1 and E§3 under 1% uniaxial strain. Calculations
were made on nanotubes in the diameter range 1.1-1.5 nm.

(phonon emission) and the + sign applies to anti-Stokes pro-
cesses (phonon absorption).

Figure 6 shows the calculated intensity of the radial-
breathing-mode Raman signal as a function of laser energy
for a (14,6) semiconducting nanotube and a (16,1) metallic
nanotube with and without strain. Here we plot both the
high- and low-energy components of EIIW1 although only
resonances with the low component have been observed ex-
perimentally for the RBM feature.?! We see significant shift-
ing of these resonant peaks due to strain. The peaks describe
a resonance in the Raman intensity, which occurs when the
laser energy is sufficiently close to the subband transition
energy in the nanotube. The range of energies which yield a
resonantly enhanced intensity is known as the resonance
window and is approximately 60 meV. As can be seen from
these plots, as the resonant peaks shift (due to strain) toward
or away from the laser energy, the intensity can change by a
large amount. The (14,6) nanotube represents a nanotube that
shifts off resonance with applied strain, while the (16,1)
nanotube shifts onto resonance with strain, like the experi-
mentally measured SWNT of Fig. 3.

The strain-induced changes can either increase or de-
crease the Raman intensity, depending on the laser energy.
The magnitude of the shift depends strongly on chiral angle,
regardless of whether the nanotubes are semiconducting or
metallic. From theory, we expect to see significant changes
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FIG. 6. (Color online) Raman intensity profiles for a (14,6)
semiconducting nanotube and a (16,1) metallic nanotube calculated
with and without uniaxial strain. The vertical lines indicate the fixed
laser energies 2.41 eV, for semiconducting nanotubes, and 1.96 eV,
for metallic nanotubes.

in the Raman intensity for both metallic and semiconducting
nanotubes with small chiral angles (6<<15°). This is consis-
tent with what we observe experimentally for metallic nano-
tubes. However, it is surprising that no such change is ob-
served experimentally for the semiconducting nanotubes.
One possible reason for this discrepancy between theory and
experiment is that the semiconducting nanotubes may not be
totally in resonance; therefore a large change in E;; will not
affect the intensity strongly. Another possible explanation is
that the resonance window of the Ej3; transition of the semi-
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conducting nanotubes is broadened by some additional factor
not taken into account in the model calculation. A change in
the RBM intensities of semiconducting nanotubes was ob-
tained experimentally during the deformation of composites.®
One difference is that a 785-nm laser was employed in that
work, in resonance with the E,, transition of the nanotubes.
In all of the work presented in this paper Raman spectra were
taken at a fixed laser energy (514 and 633 nm). This tech-
nique could be further improved with a tunable laser
whereby a shift in E;; could be measured directly rather than
by inferring it from the change in Raman intensity.

VI. CONCLUSIONS

Carbon nanotubes are found to be very sensitive to strain.
By applying uniaxial strain we are essentially able to tune
the electronic and vibrational energies of a single isolated
nanotube in a controllable way. Raman spectroscopy is a
very sensitive tool to study the effects of strain in carbon
nanotubes. For uniaxial strains as low as 0.06% we can eas-
ily find resolvable shifts (>2 cm™') in the Raman frequen-
cies. For metallic and semiconducting SWNTSs with strain up
to 1.65%, we find shifts in the D-, G-, and G'-band Raman-
mode frequencies as large as 40 cm™'. The relative shifts of
the D, G, and G’ bands with strain do not scale proportion-
ally for different SWNTs and appear to be quite sensitive to
chirality. For metallic SWNTs the observed RBM intensities
vary with strain, which is attributed to the transition energy
moving in and out of resonance as the applied strain is var-
ied. Tight-binding calculations predict a strain-induced shift-
ing of the subband transition energies of both semiconduct-
ing and metallic nanotubes. However, the RBM intensities of
semiconducting nanotubes are not found to change with
strain and may indicate that these nanotubes are not fully
resonant with the laser energy.
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