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Abstract

A number of Raman-active peaks in the low-frequency region (100–600 cm�1) were observed for multiwalled carbon

nanotubes (MWNTs). They were confirmed to be the radial breathing modes (RBMs) by using polarized Raman

scattering. These RBMs originate from very thin innermost tubes (diameter, d ¼� 1 nm) included in MWNTs, and the

RBM peak of the smallest carbon nanotubes (d ¼ 0:4 nm) appears at 570 cm�1. It has also been found that the in-

nermost-diameter distribution calculated from the RBM frequencies agrees well with the observations of high-reso-

lution transmission electron microscopy. This provides a new Raman-spectroscopy-based method for the determination

of the innermost diameter of MWNTs. � 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Multiwalled carbon nanotubes (MWNTs) have
unique nanostructure with remarkable properties,
and can be used as nanoprobes in a scanning
probe microscope (SPM), field electron emitter in
super-high luminance light-source. In view of both
future technological applications and scientific
studies, it is of primary interest to make a precise
characterization of the MWNT samples. High-
resolution transmission electron microscopy
(HRTEM) is so far the only tool for measuring the
innermost diameter of MWNTs, although this

kind of direct investigation is a rather time-con-
suming and expensive procedure.

Radial breathing mode (RBM) in Raman
spectra is unique to cylindrical symmetry, and has
been widely used to determine the diameter of
single-walled carbon nanotube (SWNT) [1–3].
Since an ideal MWNT can be considered as con-
sisting of multiple coaxial SWNTs of ever-in-
creasing diameter about a common axis, it can be
expected to observe the RBMs from MWNTs. In
the past decade, extensive Raman experiments
have been performed on the MWNTs, which were
synthesized by arc discharge evaporation in helium
gas and by chemical vapor deposition (CVD).
However, the reported Raman spectra closely re-
semble that of graphite, and no RBMs have yet
been found [4–6] except by Jantoljak et al. [7].
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On the other hand, we observed many Raman-
active modes [8] in the low-frequency region (100–
600 cm�1) on the MWNTs samples prepared by
hydrogen arc discharge [9] and found that the
resonance effect of each mode [10] was similar to
that of RBM in SWNT. In the present study, we
have confirmed that the observed Raman-active
modes are the RBMs of MWNTs originating
from the very thin innermost tubes included in
MWNTs. We have also found that the distribu-
tion of innermost diameters calculated from the
RBM frequencies is consistent with the observa-
tions of HRTEM. This provides a new method
for determining the innermost diameter of
MWNTs.

2. Experimental

Pristine MWNTs with only a few carbon
nanoparticles were prepared by DC arc discharge
evaporation (arc current 50 A) of graphite rods in
pure hydrogen gas (8:0� 103 Pa) [9]. Then, we
removed the coexisting carbon nanoparticles and
purified the pristine MWNTs by infrared irradia-
tion in air at 500 �C for 30 min [11]. The purified
material contains more than 95% MWNTs and
appears as a sponge with a surface area of the
order of 10 mm2 and a thickness of 0.1 mm in
scanning electron microscopy (SEM) images. The
X-ray diffraction measurements reveal that the
thin MWNTs with the outermost diameter less
than 10 nm have a Russian doll structure [12].

Both the outermost and innermost diameters of
MWNTs have been investigated by HRTEM. It
has been found that the histogram of outermost-
diameter distribution of MWNTs has a maximum
at 10 nm as shown in Fig. 1, and most of the
MWNTs possess very thin innermost diameters of
�1 nm [9]. Raman spectra were obtained using a
Raman spectrometer at 514.5 nm (Arþ laser: 2.41
eV) with a typical resolution of �2 cm�1 and col-
lected in backscattering geometry at room tem-
perature. The use of 100� microscope objective
lens and a TV monitor made it possible to observe
the MWNT bundles (length greater than 5 lm).
The laser spot had a diameter of �1 lm at the
sample with a power density of �106 W=cm2.

3. Results and discussion

Fig. 2 shows the micro-Raman spectra in the
low-frequency region (100–600 cm�1) for three
specimens of MWNT mats, (A)–(C). These
MWNT mats were prepared by pressing the
sponge of purified MWNTs with a spatula. For
comparison, Raman spectra of SWNTs produced

Fig. 1. Histogram of the outermost-diameter distribution of

H2-arc MWNTs obtained from HRTEM.

Fig. 2. Micro-Raman spectra in low-frequency region (100–600

cm�1) for three specimens of MWNT mats, (A)–(C). For

comparison, Raman spectra of SWNTs and HOPG are also

displayed.
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by the arc plasma jet method [13] and highly ori-
ented pyrolytic graphite (HOPG) are also dis-
played in Fig. 2. In contrast to HOPG, which has
no peaks in this region except for the sharp peaks
labeled ‘‘*’’ attributed to instrumental artifacts,
many Raman-active peaks are observed in the
Raman spectra of the MWNT mats. There are two
peaks having frequencies higher than 500 cm�1.
One is the highest frequency peak at 570ð3Þ cm�1

in MWNTs (A), where the full-width at half
maximum (FWHM) is given in parentheses, and
the other is at 524ð4Þ cm�1 in the same spectrum.
The peaks at about 392(3), 387(3), and 279 cm�1

can be observed in all of the Raman spectra for the
three MWNT mats. Comparison of the peaks at
about 202 cm�1 in MWNTs (C) with the peaks at
171 cm�1 in SWNTs, which are known to be the
RBMs of SWNTs [13,14], shows that their spectral
shapes are similar to each other.

Since the low-frequency region in the Raman
spectra is a silent region for graphite and other
carbon materials, as seen in the HOPG spectrum
of Fig. 2, the observed Raman-active peaks should
originate from MWNTs. As mentioned above, the
He-arc MWNTs [4,7] with the innermost diameter
larger than 2 nm have no regular Raman-active
peaks in the same region. Therefore, the peaks
should be attributed to the thin tubes with diam-
eters less than 2 nm in H2-arc MWNTs. According
to the theory on SWNTs, three Raman-active
modes exist in the low-frequency region (100–600
cm�1): E1g, E2g and A1g (armchair and zigzag) [or
E1, E2 and A1 (chiral)] [2,15]. The RBM, in which
all carbon atoms undergo equal radial displace-
ment, belongs to the A1g (A1) mode and has a
much higher intensity than the other modes. The
different polarization selection rule [2] of these
three Raman-active modes enables us to assign the
observed Raman-active peaks using the polarized
Raman scattering technique.

Fig. 3 shows the typical polarized Raman
spectra of MWNTs. These spectra were obtained
from straight bundles of purified MWNTs sprayed
on a silver surface to give surface-enhanced Ra-
man spectra (SERS). The inset in Fig. 3 is a SEM
micrograph of a purified MWNT bundle on a
SERS substrate, representing a MWNT bundle
oriented along the Z-direction and the light

propagated along the Y-direction. We collected the
polarized Raman spectra of four configurations,
(ZZ), (ZX), (XX) and (XZ) polarization geometry,
where the letters indicate the polarization direc-
tions of the (incident, scattered) light. However, no
signals were detected in (XX) and (XZ) polariza-
tion geometry. We display the Raman spectra of
(ZZ) and (ZX) polarization geometry in Fig. 3. As
seen in this figure, six peaks, 163, 171, 197, 209,
267 and 387 cm�1, can be observed in the (ZZ)
polarization geometry, but they disappear in the
(ZX) polarization geometry. According to the
polarization selection rule of the Raman-active
modes in the low-frequency region, the RBM is
allowed in the (ZZ) configuration, but it is for-
bidden in the (ZX) configuration; the E1 ðE1gÞ
mode is allowed in the (ZX) configuration while
the E2 ðE2g) mode is allowed only in the (XX)
configuration [2]. Therefore, each Raman-active
peak appearing in Fig. 3 can be assigned to RBM.
We performed the same polarized Raman
experiments on different straight bundles of puri-
fied MWNTs and found that all the observed
Raman-active peaks correspond to RBMs, not E
symmetries.

Fig. 3. Polarized Raman spectra of oriented MWNTs. The

inset is a SEM micrograph of a purified MWNT bundle on

SERS substrate, representing a MWNT bundle oriented along

the Z-direction and light propagated along the Y-direction.
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The isolated SWNT diameter is inversely pro-
portional to the RBM frequency [3], d ¼ 223:75=x,
where d is the isolated SWNT diameter in nanom-
eters and x the RBM frequency in wavenumbers.
When SWNTs are arranged on a triangular lattice
to form a rope, their RBM frequencies increase 5–
10% compared to the isolated one because of van
der Waals interaction between SWNTs in the rope
[15–17]. In the case of MWNTs, with the help of
resonance Raman scattering (RRS) technique, we
found by comparing the RBMs of MWNTs with
those of SWNTs that the RBM frequencies of
MWNTs were up-shifted�5% due to the interlayer
interaction [10].

In regard to the highest frequency of RBM at
570ð3Þ cm�1 in MWNTs (A) of Fig. 2, the Lo-
rentzian line shape and the very narrow FWHM of
3 cm�1 indicate that the Raman scattering origi-
nates from a single tube. Using the relationship
between the isolated SWNT diameter and the
RBM frequency and taking into account the 5%
up-shift, we can determine the diameter of this
tube to be d ¼ 0:41 nm. This is the smallest carbon
nanotube according to the theoretical calculation
[18]; it has been observed as the innermost tube
inside MWNTs [19]. Because of the interlayer
distance of 0.34 nm in MWNTs, when a MWNT
contains the smallest carbon nanotube, the
MWNT should possess three tubes whose diame-
ters are less than 2 nm: the innermost tube with
d ¼ 0:41 nm (RBM, 570 cm�1), second cylinder
with d ¼ 1:09 nm (RBM, 216 cm�1) and third
cylinder d ¼ 1:77 nm (RBM, 133 cm�1). However,
except for 570 cm�1 as mentioned above, no
RBMs are found at about 216 and 133 cm�1 in
MWNTs (A) of Fig. 2. This means that we ob-
served the RBM of the innermost tube only. In
fact, our RRS study of MWNTs using several laser
lines between 1.62 and 2.73 eV showed that in the
case of MWNTs only the RBMs of the innermost
tubes had a considerable Raman intensity [10].
Furthermore, our SERS study also provides
strong support to the above conclusion because we
have measured a single RBM for each individual
MWNT [20].

In the case of MWNTs, only the innermost tube
is in a similar situation to the SWNT rope. The
existence of interlayer tubes does not change its

cylindrical symmetry, and only provide a long-
range van der Waals-type interlayer interaction.
Therefore, if the innermost tube diameter is less
than 2 nm, its RBM will be observed by using an
appropriate laser source, but with an up-shifted
frequency due to the interlayer interaction. Be-
cause the highly defective CVD MWNTs have an
innermost diameter larger than 3 nm, no RBMs
have ever been observed. On the other hand, the
main difference between He-arc MWNTs and H2-
arc MWNTs is that most of H2-arc MWNTs
possesses very thin innermost diameter of �1 nm
[9], and the sample of He-arc MWNTs have few
MWNTs with an innermost diameter less than 2
nm [21]. That is the reason why Jantoljak et al. [7]
can observe only a few peaks at special positions
on the He-arc MWNT sample. In the case of H2-
arc MWNTs, this provides a new practical method
for measuring the innermost diameters of
MWNTs. In Fig. 2, the RBMs at 524ð4Þ cm�1 in
MWNTs (A), 392(3) and 387ð3Þ cm�1 in (C), and
279 cm�1 in (B) originate from the H2-arc
MWNTs with the innermost diameters of 0.45,
0.60, 0.61 and 0.84 nm, respectively.

More than 40 micro-Raman spectra for H2-arc
MWNTs were detected and a large number of
RBMs were recorded. Fig. 4a shows a histogram of
the innermost-diameter distribution of H2-arc
MWNTs calculated from the frequencies of RBMs,
which we have measured using micro-Raman, RRS
and SERS. The discrete peaks can be observed at
4.0, 4.4, 4.8, 5.4, 6.0 and 7.2�AA, and the highest peak
appears at 6.0 �AA. The reason why the highest peak
appears at 6.0 �AA can be explained by the resonant
Raman effects of RBMs originating from the in-
nermost tubes [10]. The resonance occurs with op-
tical transitions between van Hove singularities in
the 1D electronic density of states of the innermost
tubes in H2-arc MWNTs. When an Arþ laser (2.41
eV) was used as a light source, the RBMs at about
387 cm�1 always showed maximum intensity.

Fig. 4b shows a histogram of the innermost
diameters measured from many HRTEM micro-
graphs of H2-arc MWNTs, where the inset is that
of the innermost-diameter range of less than 8 �AA.
A comparison of the inset in Fig. 4b with Fig. 4a
shows that the histograms of the innermost-di-
ameter distributions of H2-arc MWNTs obtained
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from both Raman spectroscopy and HRTEM
clearly agree with each other in the innermost-di-
ameter range less than 8 �AA. Furthermore, we also
find that our experimental results from Raman
spectroscopy and HRTEM are both consistent
with the histogram (see Fig. 4c) calculated from
the chiral vector map. Therefore, it is convincible
that the RBM frequencies of MWNTs are up-
shifted �5% by the interlayer interaction.

4. Conclusions

Using polarized Raman scattering studies
performed on a single straight bundle of H2-arc

MWNTs, we have confirmed that the Raman-
active modes observed in the low-frequency
region (100–600 cm�1) are all the RBMs of
MWNTs. We draw the conclusion that they
originate from the very thin innermost tubes in-
cluded in H2-arc MWNTs, and that we have
observed the RBM peak of the smallest carbon
nanotubes at 570 cm�1. By a comparison of the
innermost-diameter distribution calculated from
RBM frequencies with the observation results of
HRTEM, we have further set forth a new method
of Raman-spectroscopy-based measurement for
determining the innermost diameter of MWNTs.
This enables characterization of MWNTs incor-
porated in a nanoscale device by using instrument
for surface analysis such as a Raman spectrom-
eter and SPM.
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