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–1
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tion increases, whereas at the same time there is a decrease of

other IFM modes. After annealing in vacuum, the IFM modes

recover and become similar to those of the nanotubes before

irradiation. We interpret the new features in the Raman spectra

as originating from the phonon density of states that becomes

visible in the Raman process due to the presence of defects.
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1 Introduction Raman spectroscopy is one of the 
most powerful tools for characterizing carbon nanotubes 
[1]. Four main features dominate the Raman spectra of 
single-wall carbon nanotubes (SWNT): (i) the RBM (radial 
breathing mode, 100 to 400 cm–1), which characterizes the 
tube diameter; (ii) the D-mode (1300 to 1360 cm–1), which 
is induced by structural defects [2]; (iii) the G-mode 
(1500–1600 cm–1), which can give information about the 
presence of metallic tubes in the SWNT sample; and (iv) 
the D*-mode (about 2600 cm–1), the second-order overtone 
of the D-mode. Besides these modes, attention has recently 
turned towards weak Raman features in the intermediate 
frequency region (IFM) between 600 and 1100 cm–1. Some 
of the IFM modes appear only over a certain range of exci-
tation energies, resulting in a step-like dispersion of the 
peaks with the energy of the incident photons. Others (at 
700, 850, 1050 cm–1) remain visible at all excitation wave-
lengths [3–5]. In Refs. [3, 4], this phenomenon is explained 
by a combination of optical and acoustic phonon modes. 

In this letter we discuss additional features in the in-
termediate frequency region of the Raman spectra of 
SWNTs which appear after ion- or γ-irradiation [6–8]. In-
troducing defects into the nanotube structure allows us to 
directly distinguish between defect-induced peaks in the 

IFM region and those that are always Raman-allowed. As 
the defect concentration increases, the intensities of the 
IFM modes at higher frequencies decrease, while the 
newly observed features at about 420 and 620 cm–1 show 
an increase in intensity. We interpret these new features as 
originating from the phonon density of states that becomes 
visible in the Raman process due to the presence of defects. 
In addition, we observe Raman peaks corresponding to the 
second-order modes of the RBM. 

 
2 Experimental details Purified HiPCO SWNTs 

were purchased from Carbon Nanotechnologies, Inc. 
(Texas). The SWNT film was introduced into an ion im-
planter and irradiated with Ar+ ions of 30 keV, using doses 
from 5 × 1011 ions/cm2 up to 4 × 1012 ions/cm2. The ion 
current density was I = 0.9 nA/cm2 at normal incidence [9].  

Raman spectra were measured using microscope Ra-
man spectroscopy with a Jobin Yvon–LabRam spectrome-
ter. The laser excitation wavelength was 633 nm; the spec-
tral resolution was 4 cm–1. 

 
3 Results and discussion Figure 1 shows Raman 

spectra of pristine and Ar+-irradiated SWNT samples. The 
D-mode at 1302 cm–1 is a result of double-resonant scatter- 
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Figure 1 (online colour at: www.pss-rapid.com) Raman spectra 

of pristine and Ar+ irradiated (up to 4 × 1012 ions/cm2) SWNTs. 

Inset: Relative intensity change ∆I/Ipristine of the Raman D-mode 

vs. dose of Ar+ ions.  

 

ing induced by structural defects in the nanotube [10, 11]; 
in our case, its intensity increase reflects the damage 
caused by Ar+ irradiation. 

The second-order overtone, D*, does not require defects. 
Its intensity does not scale with defect concentration. There-
fore we normalize all the presented Raman spectra to that of 
the defect-independent D*-mode intensity. In order to 
evaluate the effect of Ar+ irradiation on different modes of 
the spectra, we compare for each mode in the IFM region 
the relative intensity changes ∆I/Ipristine (where ∆I = Iirradiated –
Ipristine). The dependence of the relative intensity change of 
the D-mode is plotted in inset of Fig. 1: with rising dose, we 
observe a steep growth of the relative intensity change, satu-
rating close to 550%. In our previous work [8], we inter-
preted a similar effect due to γ-irradiation as the result of 
equilibrium in the dynamics of creation and recombination 
of the defects. To quantify the structural damage caused by 
ion irradiation at a dose of 1012 ions/cm2, we evaluate that a 
SWNT of 1 nm in diameter and 1 µm in length would be hit 
10 times on average, creating approximately 10 to 20 defects 
in the wall of the SWNT. 

In Fig. 2 we show the intermediate frequency region for 
the pristine sample and for the sample irradiated with a dose 
4 × 1012 ions/cm2 of Ar+ ions. We observe several broad 
bands at 386–490 cm–1, 585–635 cm–1, 670–730 cm–1, 
1000–1100 cm–1, and a relatively sharp peak at 845 cm–1 
with a shoulder extended up to 980 cm–1. In Fig. 3, the relative 
intensity change ∆I/Ipristine of these modes is plotted as a func-
tion of the irradiation dose. We observe two different types of 
behavior: some of the modes increase in intensity with larger 
defect concentration, whereas others become weaker. The 
relative changes of intensity for the two lower-frequency 
bands at 386–490 cm–1 and 585–635 cm–1 (Fig. 3) grow with 
increasing defect concentration up to 500%, similarly to the 
D-mode (Fig. 1). In contrast, the bands around 670–730 cm–1, 
1000–1100 cm–1 and the shoulder at 775–980 cm–1 slightly 
decrease. The sharp peak at 845 cm–1 shows a weak increase 
with increasing irradiation dose. It indicates that the nature of 
the peak at 845 cm–1 might be different from the other non-
dispersive features (720, 1050 cm–1) in Refs. [3, 4].  
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Figure 2 (online colour at: www.pss-rapid.com) IFM region of 

Raman spectra of pristine SWNTs (black line) compared to Ar+ 

irradiated (4 × 1012 ions/cm2) SWNTs (red line) and after (green) 

annealing in vacuum at 960 °C measured with excitation wave-

length 633 nm. Gray line: RBM region of the pristine sample vs. 

doubled wavenumber scale. The plots in blue are calculations of 

the phonon DOS for SWNT with various diameters. 

 

The Ar+ irradiated SWNT film with the dose 
4 × 1012 ions/cm2 was then annealed in vacuum at 960 °C 
for four hours. The overall recovery of the defective 
SWNT structure after annealing is clearly demonstrated in 
Fig. 2 (green line). All the IFM features of the irradiated 
sample change substantially after annealing and become 
similar to the original features of the pristine sample.  

When defects are introduced into the sample, the trans-
lational symmetry is disturbed and hence the momentum 
conservation requirement in the Raman process is relaxed. 
Therefore, phonons with wave vectors from throughout the 
Brillouin zone can contribute to the spectrum. In case of 
non-resonant scattering, the spectrum then resembles the 
phonon density of states, besides the resonantly enhanced 
modes like D and D*. As the two lower-frequency bands in 
Fig. 2 increase with defect concentration, we assign them 
to contributions from the phonon density of states. The 
higher-frequency peaks, which are also broad and appar-
ently do not come from a single phonon mode, are proba-
bly due to two-phonon scattering, not requiring defects. A 
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Figure 4 (online colour at: www.pss-rapid.com) IFM of pristine 

and γ-irradiated SWNT at excitation wavelength 1054 nm. 

 
two-phonon process probes phonons from the entire Bril-
louin zone, because only the sum of the two phonon 
wavevectors must be approximately zero. Therefore, the 
two-phonon modes can be observed even if no defects are 
present. They decrease with increasing defect concentra-
tion, as the crystal structure is damaged. In nanocrystalline 
graphite similar features were observed around 450 cm–1 
and 800 cm–1 [12] and attributed to the phonon DOS.  

To further assign the observed modes, we compare in 
Fig. 2 the measured IFMs with a force-constants calcula-
tion of the phonon density of states (blue lines) [13, 14]. 
The phonon density of states was numerically calculated 
from the phonon dispersion in Ref. [13] by summing over 
all bands and phonon wave vectors per energy interval. 
The experimental lineshape indeed resembles the phonon 
density of states. Both lower-frequency bands can be tenta-
tively assigned to modes that are derived from the two 
lowest M-point phonons in graphene. The band centered at 
440 cm–1 might in addition contain contributions from 
RBM-like modes with band index m ≠ 0 (degenerate 
modes). We attribute the broad band (775–980 cm–1) to 
overtones of the phonons in the bands at 386–490 cm–1; 
this is consistent with the observation that it does not in-
crease with defect concentration. We assume that the over-
tones of the second newly observed band at 585–635 cm–1 
are hidden in the left shoulder of the D-mode. 

In addition, the IFM region of the pristine sample con-
tains several sharp peaks at twice the frequency of some 
RBMs, see e.g. the peak at 385 cm–1. These are second-
order overtones of the RBM; they decrease with defect con-
centration. For visualization, we plot the RBMs of the pris-
tine sample against a doubled wavenumber scale (gray line, 
bottom of Fig. 2). Whether particular RBM peaks have a 
strong second-order overtone depends on the electron–
phonon coupling for the given nanotube [15]; the resonance 
profiles and RBM intensities will be analyzed elsewhere. 

To demonstrate a general aspect of the observed phe-
nomena, we present results in Fig. 4 showing the same  
effect on the IFM modes due to defects introduced by  
γ-irradiation. The data were presented in our previous work 
[8]; however, the IFM region was not analyzed in detail. A 
clear effect of structural damage after γ-irradiation can be 
observed also in the IFM region, although less pronounced 

than after ion-irradiation. After γ-irradiation, the intensities of 
the first group of peaks from 446 to 560 cm–1 increase, while 
the intensities of the peaks at twice the frequency (from 894 
to 1116 cm–1) decrease. As for the Ar+-irradiated samples, the 
three higher-frequency, “non-dispersive” modes [3–5] do 
not behave the same way: while the modes at ~720 and 
1050 cm–1 decrease after exposing the SWNT sample to  
γ-rays, the one at 845 cm–1 increases, contrary to the previ-
ous ones. This is again an indication that the mode at 
845 cm–1 is of a different origin. The positions of the bands 
observed with 1054 nm wavelength compared to those ex-
cited at 633 nm, are shifted towards higher frequencies. The 
dispersion of IFMs with excitation wavelength might reflect 
a dependence of the phonon DOS on nanotube diameter. 

 
4 Conclusion We have shown that ion irradiation 

causes significant damage to the SWNT structure, as dem-
onstrated by a manifold increase of the D-mode intensity. 
We observe new modes in the IFM region at about 420 and 
620 cm–1, which grow as the defect concentration increases, 
whereas higher-frequency IFM modes decrease. We inter-
pret the new IFM features in the Raman spectra as originat-
ing from the phonon density of states that becomes visible 
due to the presence of defects. The higher-frequency modes, 
in contrast, are assigned to overtones of the defect-induced 
peaks. The different behaviour of the IFM modes with 
changing defect concentration supports our assignment. 
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