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Low-frequency Raman studies of multiwalled carbon nanotubes: Experiments and theory
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In this paper, we investigate the low frequency Raman spectra of multiwalled carbon nanMytN3’s)
prepared by the electric arc method. Low frequency Raman modes are unambiguously identified on purified
samples thanks to the small internal diameter of the MWNT's. We propose a model to describe these modes.
They originate from the radial breathing vibrations of the individual walls coupled through the van der Waals
interaction between adjacent concentric walls. The intensity of the modes is described in the framework of
bond polarization theory. Using this model and the structural characteristics of the nanotubes obtained from
transmission electron microscopy, we simulated the experimental low frequency Raman spectra with excellent
agreement. Therefore Raman spectroscopy can be as useful in the characterization of MWNT’s as it is for
single-wall nanotubes.
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Since their discovery, carbon nanotubes have attracted lzedric particles are found. From SEM observations, the pu-
huge interest in the scientific community due to their poten+ity of the sample does not exceed 50%. In order to improve
tial use in future devices, exploiting either their mechanicalthe purity, we followed the oxidation purification procedure
or electrical properties. Single-wall nanotuli8VNT’s) that ~ described in Ref. 7. As shown in Fig. 1, the sample quality
exhibit electronic properties which depend on their typewas drastically improved. High resolution TENHitachi
and/or chirality have been the subject of main interestH9000 NAR of the purified material confirms the SEM ob-
Among the techniques extensively used to characterize the§€rvations. It also shows that the MWNT's are well graphi-
materials, Raman scattering plays a key role as reviewed bijzed as shown in the inset of Fig. 2. Occasionally, however,
Dresselhaus and Eklund in Ref. 1. Raman studies havéome degradation and tube opening was observed. Figure 2
shown that the radial-breathing motRBM) in the low fre- ~ shows histograms of the diameter distributions obtained from
quency region shows a straightforward dependence on thEEM observations. The inner diameter distribution is peaked
diameter of the SWNT that can be used to determine th@round 1.2 nm whereas the outer diameter one has a maxi-
distribution of tube diametefs.Furthermore, strong reso- Mum close to 14 nm. On average, these MWNT'’s had ap-
nance effects lead to different profiles of the tangentialProximatively 18 walls.
modes G band, in particular in the red excitation range for ~~Room temperature Raman spectra of our samples were
which metallic tubes contribute significantly to the Ramanobtained using a multichannel Jobin-Yvon T64000 spectrom-
responsé. Recently, multiwall nanotube§MWNT's) have eter. A systematic observation of the investigated area was
also been studied extensively and characterized by Ramdi¢rformed before any measurement using the CCD camera
scattering. In this case too, low frequency Raman modes & the Raman microscope in order to assess the quality of the
well as resonance effects have been detettédbwever, up area. Typical Raman spectra using #e 676.4 nm excita-
to now, the results have been rather dispersed and no cleli@n line are shown in Fig. 1. We think that these spectra are
interpretation has been offered. typical of MWNT's, and due to the synthesis conditions in

In this paper, we present a detailed low frequency Rama@bsence of catalysts, it is unlikely that SWNT's exist in these
study of arc discharge multiwalled carbon nanotubes which
are characterized by transmission electron microscopy i & AN Tt %ﬁ.&
(TEM). We clearly identify low frequency modes in purified = L ) L als L%
samples. We present a model to interpret these modes based
on the coupling of the RBM of each individual wall of the
MWNT. Intensity calculations have been carried out as well.
The low frequency spectrum of the MWNT is shown to be
very sensitive to the internal diameter of MWNT. At the first
time, a comprehensive simulation of the low frequency Ra-
man spectrum of MWNT is given. Preliminary results have
already been presented elsewHere.

The MWNT samples were synthesized by sublimation of
pure graphite rods using electric arc discharge at Trinity Col-
lege, Dublin using standard conditions. A typical micrograph
of the material extracted from the cathode of the arc setup F|G. 1. Upper part: SEM images of the MWNT material before
and obtained by scanning electron microscq®EM) is  and after the purification process. Lower part: Raman spectra
given in the right part of Fig. 1. Carbon fibrils which consti- (\.,.=676 nm) of the two MWNT materials. An important low
tute the MWNT's as well as a rather large number of poly-frequency contribution is observed in the purified sample.
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FIG. 2. Histograms of the inner and outer diameter distribution i‘é
of the MWNT'’s, deduced from HRTEM observations. Inset: g
HRTEM image of the material which shows that the MWNT's are 5
highl hitized. . 1.25
ighly graphitized ] 154:3
..r,..,l....x..‘.r1'70nm
it 100 150 200 250
sample.s_. The two gpectra corresponq to the purified and the Raman shift (cm™)
nonpurified SEM micrographs shown in the upper part of the
figure. The three different regions of interest are Gband FIG. 3. (8) Experimental Raman spectra of MWNT using
region close to 1600 cit, the D band close to 1330 cnt, =676 nm and\ =514 nm laser excitations on the same sample

and the low frequency range below 200 thnThese spec- area.(b) Results of the simulation discussed in the text. We used a
. ~ 1 —

troscopic features are the focus of this paper. As noted abovEWWHM _°f|4 andd_6 _gm | for t_';)e ’_‘*676]: ﬁ”dz 314 Irl]m 5pe°tl;a’
low frequency Raman modes have already been observed JfSPectively(c) Individual contributions of the 20 walls nanotubes
MWNT's (Refs. 4 and 5although a large variety of results involved in the simulation shown ifb). The inner diameter of the

b d. . 1 ai 9 | 9 d y d thi b20 walls tubes are given on the right. The star markers indicate
Werg observed. Figure 1 gives clues to understand t '|s %'arasite plasma lines. We do not substract any baseline on the ex-
h_awor. Th_e low frequen(_:y modes are cle_arly observed in th%erimental spectra.
high quality sample while they are not in the raw sample.
This difference in sample quality is also reflected in the two,. o :

L . - tion of th k nds on the laser excitation suggestin

other Raman contributions: in the purified sample, the on of the peaks depends 99 g

band i K d thé band A di resonance effects as pointed out in Ref. 5.
and is weaker and t and narrower. A direct measure- SWNT's, the low frequency part of the Raman spec-
ment of theD band toG band intensity ratio givesy/lg

o trum is due to the radial breathing mod&BM’s) with A,
=0.048 after purification to be compared I§/1c=0.27  symmetry. In this paper, we suggest that the low frequency
before. Another quantity of interest is the full width at half ,,gges observed in MWNT’s have the same origin, i.e., the
maximum (FWHM) of the G band. Its value is 17 ¢ for  preathing vibrations of the individual walls of the MWNTs.
the purified sample and 27 crh for the non purified one, However, because the individual walls are concentric, the
and for comparison 13 cnt for HOPG graphité.In pregra-  situation is much more complex than in SWNT’s. Three ul-
phitic carbons, both quantitied/Ig and FWHM, are timate assumptions can be maci¢.The different walls can
known to depend on the size of the graphitic crystali&s: “breathe” independently. This is very unlikely. As discussed
the smaller these parameters, the highest the degree of cryselow, despite its weakness, the Van der Waals interaction is
tallinity. Here indeed, the reduction by one order of magni-sufficient to allow the coupling of the individual vibrations.
tude ofl /I g and by almost a factor of 2 of the width of the Furthermore, we should expect many more peaks than those
G band in the purified sample is related to the removal ofobserved in Fig. 3(ii) Only the most outer wall is able to
most of the polyhedric particles and amorphous carbon abreathe. If so, we should not expect to observe modes in the
observed by SEM. Conversely, our results suggest that 10200 cn'! region but instead below 50 c¢r. (iii) The dif-
frequency modes are not observed in the Raman spectra férent walls can breathe but the breathing vibrations are af-
most of the as-grown MWNT samples because of the prestected by the interactions between concentric walls. Below
ence of other carbonaceous compounds. we propose a model to describe these interactions.
Definitive assignment of the low frequency Raman modes The problem of interacting RBM has already been con-
to MWNT’s is confirmed by using a thin film of 30% puri- sidered theoretically to describe the “bundle effect” in
fied MWNT’s mixed with polymethylmetacrylate. Observa- SWNT’s!! In our group, we have addressed the “bundle
tions with the Raman CCD camera and with SEM clearlyeffect” problem for an hexagonal lattice of SWNTPsA
show MWNT's emerging from the fracture zones of the film Lennard-Jones potential is used to describe the carbon-
while polyhedric particles are not observed. Raman studies aarbon long range interaction. The tube-tube interaction is
different excitation wavelengths were thus performed orobtained from the mutual integration of the potential over
such an area by focusing the laser beam on it. Two lowadjacent SWNT's. The second derivatives of the interaction
frequency spectra obtained using=676 nm and anc\ give the tube-tube force constants. The adjacent tube-tube
=514 nm are presented in Figé® Several low frequency force constantC is given by C=0.3CX (dygw/d)"? in
modes are clearly visible from 115 to 220 ¢t The posi-  whichd is the SWNT diametedyqy is the distance between
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adjacent SWNT’s andC;=2.3 N/m corresponds to the 20 walls d=12nm

force constant between two graphene sheets extracted from _J‘w

the B, mode of graphite. In this simplified model, we con- £ ol

sider a bundle oN identical tubes. Thé\ individual RBM’s g J\me _}U\MMM

are coupled through the tube-tube interactions, resulting in E i 20 walls

new modes. The frequency of these modes is obtained by §M | fd=12m ML

diagonalizing the dynamical matrix. This model gives an up- & um

shift of the RBM mode 0110,10 SWNT's in bundle in the L d=24mm

range 11-16 cmt, in agreement with other autho's. 0 100 200 300 400 50 100 150 200
Here we adapted this approach to the case of the low Raman shift (cm™) Raman shift cm™)

frequency Raman modes of a MWNT. A multiwalled nano-

tube is described by its inner diamethrand its outer diam- FIG. 4. Simulated low frequency Raman spectra of MWNT's.

eterdy, N being the number of walls. Each wall has a di- The FWHM of each peak is arbitrary fixed to 4 ch Left panel:

ameterd, and it can be characterized individually by its effect of the inner diametat; on a 20-wall tube. Right panel: effect

radial breathing mode, (cm™t)=223.78, (nm).2 In the of the number of walls on d;=1.2 nm MWNT whose number of
I " I "

following, the wall-wall distance was kept fixed at 0.34 nm. walls varies between 5 to 50.
We estimate the concentric wall-wall interactions in a similaripe intensity as . (i) The smallest frequency mode

fashion as before. We limited these interactions to first neightoriginating from the outermost tubeis associated with an
boring walls since extending the interactions to all walls doesn-phase vibration, inducing a cumulative effect in terms of
not change significantly the final result. The first neighborintensity. Such calculations reveal that two parameters are of
wall-wall interactions turn out to be independent of the wall primary importance, the internal tube diameter on one hand,
diameters with force constants close @y when the wall- and the number of walls in the MWNT on the other. Such
wall distance is 0.34 nm. Introducing these interactionsdata can be statistically extracted from TEM observations.
couples theN individual modes, resulting itN new modes. The combined results of both the frequency and intensity
Again, the frequencies; of the N new modes were obtained calculations are shown in Fig. 4 where we arbitrarily use a
after diagonalization of the dynamical matrix. As expected FWHM=4 cm . As shown in the left panel of the figure,
all the new modes are upshifted by comparison with the baréhe modes at highest frequencies originate from the inner-
modes. The upshith;= w; — w is the strongest for interme- most wall. However, their intensities become vanishingly
diate modes. For example, considerindfNa20 MWNT’s  small as soon as the inner diameter exceeds 2 nm. It suggests
with inner diameterd;=1.2 nm, the most inner or outer that low frequency modes of MWNT’s with large inner di-
modes only shift byA;=+12 cm * andAy=+3 cm !,  ameter are probably too weak to be observed, even if al-
respectively, while a shift oA;=+70 cm ! is obtained for lowed. This may explain partly the disparity of results pub-
modes withi close to 10. Still, this model is not sufficient to lished in the literature. In the right panel of the figure, we
explain the experimental data, and more precisely the fagimulate the spectrum of a MWNT with inner diametgr
that we observe well defined and intense modes in the 206 1.2 nm and\ walls. The intensity evolution described be-
cm ! region. Actually, the dynamical matrix diagonalization fore is clearly visible. More interestingly, we can divide the
shows that in-phase vibration is achieved for the mode numspectra in two parts. The three modes at highest frequencies
berN, i.e., for the mode at the lowest frequency. It suggestsire only weakly affected by the number of walls. However,
that the Raman intensity of these modes should be small athen looking to lower frequenciesw(<130 cni'l), the
the highest frequencies. situation is dramatically different whexiincreases from 5 to

In order to address this problem carefully, we also pro-50. This is due to two reasons. First, the number of modes in
pose intensity calculations. Since no reliable data exist on ththe 0—130 cm? is increasing withN, giving rise to the os-
electronic density of states of MWNT'S, and therefore Ra-cillatory behavior. Then, the upshiff; of the intermediate
man resonance theory is not really available and in any casmodes is also increasing witth pushing all the modes closer
would be very difficult to apply on MWNT'’s, we have not to each other.
taken into account any possible resonance effect. The polar- This model can be used to simulate the experimental
izability tensor of each individual wall is obtained using non- spectra of Fig. 3. We recall that our calculations do not take
resonant bond polarization thedlt turns out that the de- into account any possible resonance effects. From the TEM
rivative polarizability tensod(«)/d(d;) of an isolated wall results, we consider MWNT’s with inner diameters between
with diameterd; scales withd, "2, and gives rise to @y, 1 and 2 nm and witiN=20. Let us start with the spectrum at
RBM of intensity proportional to 4 . In the whole MWNT, A=647 nm. Four well resolved peaks are observed at 217,
the derivative polarizability tensor is equal to the sum of the199, 180, and 162 cnt, respectively. Two doublets are ob-
tensors of the individual wall multiplied by the amplitude of served close to 141 and 115 ¢ respectively. We need
the vibration of each particular mode. The results of thisfour MWNT's with inner diameter 1.08, 1.20, 1.36, and 1.54
calculation show that the most intense modes are thosem, respectively, to yield the four modes at highest frequen-
which originate from the vibration of the most internal and cies. The calculated spectra of these four MWNT’s are given
external walls, respectively. In fact, this is due to two com-in part (c) of the figure with the same intensity unit. The
petitive effects(i) The smallest diameter tubes contribute toresulting simulated spectrum is shown as spectfioinin the
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figure and using the relative weights 16, 55, 10, and 19 % forelative weights 22, 45, and 33 %, respectively. In this case,
the MWNT with d;=1.08, 1.20, 1.36, and 1.54 nm, respec-the simulated spectrum is able to describe the experimental
tively (the relative weights take into account the intensityunresolved feature at 149 ¢rh and the second one at 130
considerations discussed befpriadeed, the simulated spec- cm™?, due to the contributions of the second mode. There is
trum describes very well the highest frequency modes. Refess discrepancy in frequency positions than in the previous
markably, the simulated spectrum exhibits two doublets, on@ase. This is what we expect if the number of walls is less
close to 145 cm?, the second one close to 125 chwhose  than the one used.

intensity are comparable to the two experimental doublets. |, summary, low frequency Raman modes in MWNT’s

The origin of these doublets is easily found in the individual .5, pe identified provided the MWNT's are of high quality
spectra shown in paft). The first one comes from the sec- and their internal diameter smalless than 2 ni These

ond modes of thel,=1.08 andd,=1.20 nm MWNT and ;465 \yhich originate from the radial breathing modes of

the second one from the third modes. Indeed, this simulatiof, ¢ j, gviqual walls are strongly coupled through the concen-
agrees rather well with the experimental spectrum. Still,

, ST o ric tube-tube van der Waals interaction. Frequency and in-
small discrepancy remains in the position of the doublet ; : :
! . i : nsity calculations performed in the framework of the dy-
when the third modes are involved. Since the experimenta

doublets are at lower frequencies, it may indicate that thenamlcal matrix diagonalization and nonresonant bond

involved MWNT's have fewer than 20 walls. The second polarization theory simulate the experimental Raman spectra

experimental spectrum was obtained on the same sampYé'th good agreltime_nt. The ObSEF"ed resoréarllceheffegts how-

area withh =514 nm. Two peaks are found at 190 and 160cVer are not taken into account in our model. They deserve
e ‘ 3fblrther experimental and theoretical work.

cm - and unresolved features appear close to 149 and 1

cm 1. The simulated spectrum shown (b) is obtained by This work was partly supported by the EEC COMELCAN

considering MWNT's withd, =1.25, 1.54, and 1.70 nm and Contract No. HPRN-CT-2000-00128.
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