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Raman scattering measurements of single-walled carbon nanotubes prepared by laser ablation with
Ni/Co catalyst show that samples that have not been purified have a graphitic mode frequency that
is 8 cm−1 lower than that of samples from which most of the catalyst has been removed. The shift
is attributed to charge transfer from the catalyst particles to the nanotubes. The charge transfer from
the residual catalyst also affects the temperature dependence of the radial breathing mode. ©2004
American Institute of Physics. [DOI: 10.1063/1.1792805]

I. INTRODUCTION

In the dozen years since carbon nanotubes were discov-
ered, Raman spectroscopy has emerged as an extremely use-
ful tool for their characterization.1 In single-walled nano-
tubes(SWNTs) the frequency of the radial breathing mode
(RBM), a low-frequency A1g symmetry vibration in which
the atoms in the nanotube move purely in the radial direc-
tion, is strongly dependent on the diameter of the SWNT and
therefore allows the diameter to be measured. At higher fre-
quencies, the graphitic mode(GM) arises from vibrations of
A1g, E1g, and E2g symmetry(A1, E1, and E2 in chiral tubes)
in which the atoms move tangentially to the tube. This mode
is closely related to the high-frequency E2g mode in graphite,
involving atomic motion within the graphite sheet, which is a
sensitive probe of the charge transfer that occurs during the
intercalation process.2

The various methods of fabrication of SWNTs,1 includ-
ing laser ablation, arc discharge, high-pressure disproportion-
ation, and chemical vapor deposition, all involve the use of
metal catalyst particles for the growth of the nanotubes. Pu-
rification by physical and chemical means removes some of
the catalyst(along with amorphous carbon, fullerenes, and
other byproducts of the synthesis), but achieving catalyst-
free nanotube samples has proven to be very difficult. In the
analysis of Raman scattering data from as-prepared samples,
it is generally assumed that the spectrum is not affected by
any charge transfer from a foreign species. It is therefore
relevant to examine the effect of the residual catalyst on the
Raman spectrum of SWNTs. We present here measurements
of the Raman spectrum and its temperature dependence for
SWNTs made with two different catalysts, with and without
subsequent purification.

II. EXPERIMENT

The SWNTs were made by the method of laser ablation
using a Nd:YAG (where YAG–yttrium aluminum garnet)

pulsed laser operating at 1000 mJ/pulse at a wavelength of
1064 nm. The furnace was held at a temperature of 1150 °C
in an argon atmosphere of 200 SSCM(where SCCM denotes
“cubic centimeter per minute at STP”). Three targets with
different catalysts were used, two with different amounts of
Ni/Co and one with Pd/Rh. The two Ni/Co targets were
prepared with 0.75% and 0.3% each of Ni and Co. The target
using Pd/Rh as a catalyst contained 0.6% Pd and 1.8% Rh.
Details of the fabrication have been published elsewhere.3

Note that the catalyst concentration given is that of the abla-
tion target, not the final nanotube sample(in either the un-
purified or purified state).

The sample prepared with the 0.3% Ni/Co catalyst was
subsequently purified. The purification process involved re-
fluxing the sample in a hydrogen peroxide solution(20% for
9 h), sonicating in a carbon disulfide and methanol mixture
(1:1) for 2 h, and finally filtering through a 2mm membrane.
The purification process has been extensively described
elsewhere.4 The purified sample was then annealed at
1000 °C under vacuum for 1 h. Using x-ray diffraction XRD
and TEM, the estimated purity of the resulting SWNT
sample was found to be 90%.4 Based on previous experi-
ments with samples similarly prepared, we expect that the
tubes remain bundled, and that the residual catalyst particles
are found predominantly at the ends of the tubes.

The Raman studies as a function of temperature were
made using a Linkham THMS 600 heat stage. The tempera-
ture of the stage was monitored continuously. The average
fluctuation in the temperature was ±1.0 °C. Measurements
were made in the temperature range from 300 to 750 K.
Repeated heating cycles gave consistent results, indicating
that no irreversible changes were taking place.

The Raman spectra were measured using a micro-Raman
system attached to a Dilor XY triple spectrometer. The laser
source used was a Coherent Innova 300 Ar+ laser operating
at 514.5 nm. The microscope focused the incident beam to a
spot size of<2 mm and the backscattered light was collected
180° from the direction of incidence. The resolution of the
spectrometer is 0.5 cm−1. A charge-coupled device(CCD)
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camera cooled with liquid nitrogen collected the data, which
was then analyzed using a least-squares fit to a sum of
Lorentzians.

III. RESULTS AND DISCUSSION

Raman spectra of the GM for the purified and unpurified
Ni/Co samples at room temperature are shown in Fig. 1. The
frequencies of the Raman modes as a function of temperature
for the three samples are shown in Fig. 2, with the GM
shown in Fig. 2(a) and the RBM in Fig. 2(b). the results of a
linear fit of frequency vs temperature are given in Table I.
The most striking observation is that the frequency of the
GM at room temperature in the purified sample is substan-
tially larger than for the unpurified samples, although the
linewidths are very similar. This cannot result from the
slightly different diameter distributions in the two samples,
as the nanotube diameter has little effect on the frequency of
the graphitic mode. The diameters of the resonant SWNTs in
each sample were determined from the frequencies of the
RBM,5 and despite the very different diameters of the nano-
tubes in the unpurified Ni/Co sample and the Pd/Rh sample,
the frequencies of the GMs at room temperature are indistin-
guishable. The spectra of the purified sample also show no
increase in the disorder-induced band near 1300 cm−1 com-
pared to the unpurified samples, indicating that the purifica-
tion process does not introduce a significant concentration of
defects into the SWNTs.

We attribute this shift in the GM frequency depending on
the presence or absence of the metal catalyst particles to
charge transfer from the residual metal catalyst to the
SWNTs. It is reminiscent of the shifts observed in the corre-
sponding vibrational mode in graphite intercalated with do-
nor species such as alkali metals.2 In graphite intercalation
compounds, the presence of the transferred charge shifts the
vibrational frequencies of the carbon layers upon which the
excess charge resides(i.e., the bounding layers),6 splitting
the single E2g peak in the Raman spectrum into two peaks.
One peak is produced by the carbon layers not adjacent to an
intercalant layer(interior layers), and occurs at the frequency
found in pure graphite. The other, produced by the bounding
layers, is at a higher frequency. In the dilute(high-stage)
limit, in which there are many additional carbon layers be-
tween each pair of bounding layers, the E2g mode of the
bounding layers has a frequency of 1613 cm−1, compared to

FIG. 2. (a) Graphitic mode frequency versus temperature for purified Ni/Co
(filled circle), unpurified Ni/Co(open circle, solid line), and Pd/Rh(tri-
angle, dashed line) samples, with linear fits.(b) Radial breathing mode
frequency versus temperature for unpurified Ni/Co(open circle), purified
Ni/Co (filled circle) and Pd/Rh(triangle) samples, with linear fits.

FIG. 1. Measured Raman spectrum at room temperature for unpurified and
purified samples prepared with Ni/Co catalyst. Solid line: as-prepared. Dot-
ted line: purified. Spectra have been normalized for comparison.

TABLE I. Vibrational frequencies and their temperature dependences for various SWNT samples.

Sample
Nanotube

diametersnmd

RBM
frequency

at 300 Kscm−1d

Temperature
coefficient

of RBM scm−1/Kd

GM
frequency

at 300 Kscm−1d

Temperature
coefficient

of GM scm−1/Kd

0.75% Ni/Co(Unpurified)
1.37 169 −0.015±0.001 1583 −0.030±0.007
1.30 179 −0.009±0.001

0.3% Ni/Co(Purified)
1.28 184 −0.004±0.001 1591 −0.019±0.007
1.13 206 −0.008±0.001

Pd/Rh 0.89 260 −0.002±0.002 1583 −0.024±0.007
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1582 cm−1 for the interior layers.7 In this limit, the transfer
of 0.04 electrons per carbon atom in the bounding layer(as-
suming complete charge transfer from each alkali atom) pro-
duces an increase of 31 cm−1 in the Raman frequency. As the
number of interior layers is reduced, so that the layers con-
taining excess charge are brought closer together, the Raman
frequency of the bounding layer in donor compounds de-
creases until it reaches<1603 cm−1 in the stage 2 com-
pound. In a stage 2 compound pairs of boundary layers are
adjacent to one another with no intervening interior layers
(so that all carbon atoms have on average 0.04 excess elec-
trons). The downshift in frequency results from an in-plane
lattice expansion in the bounding layers as the number of
interior layers is reduced.8

For the vibrational mode in the nanotube that corre-
sponds to the graphite E2g mode, we observe a frequency
difference of 8 cm−1 between the unpurified and the purified
samples. This is comparable to the difference in bounding
layer frequency between the dilute limit and stage 2
s10 cm−1d or stage 3s6.5 cm−1d. This suggests that the puri-
fied nanotube sample is comparable to the dilute(high-stage)
intercalated graphite sample, and the unpurified sample to a
graphite sample in which all or nearly all of the carbon atoms
carry excess charge.

Deliberate alkali metal doping of carbon nanotubes(in
contrast to the accidental doping due to residual catalyst con-
sidered here) results in a broadening and downshift of the
graphitic mode, with a Breit-Wigner-Fano line shape at
saturation.9 The downshift at saturation is typically
,25 cm−1 from the frequency observed in the as-prepared
(not purified) sample in these experiments. It is clear that the
accidental doping from residual catalyst involves consider-
ably less total charge transfer(and therefore a smaller fre-
quency shift) than the saturation state of deliberate donor
doping. However, the effect is qualitatively the same. In de-
liberate doping experiments, the radial breathing mode has
been observed not to shift in frequency as the doping
proceeds,10 although the intensity of the peak is greatly re-
duced until if finally disappears. Because the frequency of
the RBM is determined by the diameter,5 and different
sample batches produced with different catalysts can produce
nanotubes of different diameter, it is not possible here to
meaningfully compare the frequencies of the RBMs of the
unpurified and purified samples.

Our observation of charge transfer from residual catalyst
particles is further reinforced by the linewidths we observe
for the graphitic mode in our samples. Just as in the deliber-
ately doped materials reported in the literature, here the
sample with the greater degree of charge transfer(the unpu-
rified sample) has the larger linewidth. At room temperature
the GM linewidth for the unpurified sample, which has had
charge donated to it by the residual metal catalyst particles,
is almost 25% larger than that of the purified sample, which
contains much less catalyst and therefore less transferred
charge. This difference in linewidth between the(acciden-
tally) doped and undoped samples persists at higher tempera-
tures as the GM broadens in both samples, as can be seen in
Fig. 3. The linewidths of the RBM at room temperature in
the purified and unpurified samples are similar to each other

and to that of the GM of the purified sample, and there is
little shift with temperature. This is consistent with doping
studies that report no change in linewidth of the RBM as the
doping proceeds.10

Both experimental and theoretical evidence for charge
transfer between metallic dopants and SWNTs has been re-
ported. Dopants that act as charge donors in graphite, such as
K and Rb, have been observed to produce significant down-
ward shifts of the graphitic mode frequency when interca-
lated into SWNTs,9 though changes in the Breit-Wigner-
Fano line shape made the shifts difficult to quantify. In the
same study, doping with Br2 (which acts as an acceptor in
graphite) produced an upshift of as much as 24 cm−1. First-
principles calculations of Li-intercalated SWNTs(Ref. 11)
showed almost complete charge transfer from Li to the nano-
tube, and similar calculations with K produced charge trans-
fers of as much as 0.8 electrons per K atom.12

To further support our contention that the softening of
the graphitic mode in the unpurified samples is due to the
residual metal catalyst particles, we have carried out first-
principles pseudopotential calculations on interactions of
SWNTs with all four catalyst metals(Ni, Co, Pd, and Rh).
The density functional calculations were performed using
plane-wave psuedopotential methods13,14 within the general-
ized gradient approximation.15 An ultrasoft pseudopotential16

was used to model the ion-electron interaction. A summary
of the results of the calculation ofQ, the charge transferred
to the nanotubes(in fractions of the electron charge) andEb,
the binding energy between the metal ion and the nanotube
(in eV), is shown in Table II. All of the metal atoms are
found to be charge donors and show strong interactions with

FIG. 3. Full width at half maximum of graphitic mode peak as a function of
temperature for unpurified and purified samples prepared with Ni/Co cata-
lyst. Open circles: unpurified Ni/Co sample. Solid circles: purified Ni/Co
sample.

TABLE II. Calculated charge transfersQ and interaction energies Eb be-
tween transition metal atoms and(9,0) nanotubes. Both quantities should be
viewed qualitatively due to the small size of the unit cell(one metal atom
per unit cell of nanotubes) used. Nevertheless, it is clear that all four metal
catalyst atoms are charge donors to nanotubes. Calculations on tubes with
different diameters and chiralities show similar results.

Co Ni Pd Rh

Qsueud 0.154 0.267 0.240 0.167

EbseVd −1.659 −2.020 −0.585 −2.925
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SWNTs. Figure 4 shows the net charge distribution in the
metal/nanotube complex for each of the four metals. The
results clearly show that not only are all the metal atoms
charge donors, but more importantly the donated charge is
well delocalized on the nanotubes. Thus even though the
catalyst metal atoms are not uniformly distributed in the
nanotube samples, the effect of the charge transfer can be
well delocalized such that a significant number of the carbon
atoms in the nanotubes feel the effect of the charge transfer,
resulting in the softening of the graphitic vibrational mode.
These results indicate that the Ni/Co catalyst particles can be
expected to transfer charge to the nanotubes, which would
cause a downshift in the graphitic mode frequency with in-
creasing amount of residual catalyst, as is observed in the
present experiment. The unit cell used in the calculations,
that of a(9,0) nanotube, contains 12 carbon atoms. The cal-
culated charge transfers of 0.154–0.267 electrons therefore
correspond to<0.01–0.02 electrons per carbon atom. In
graphite intercalated with alkali metals, the charge trans-
ferred from the intercalant layers is known to reside essen-
tially entirely on the carbon layers adjacent to the intercalant
layer (the bounding layers).6 A “stage 2” alkali metal inter-
calation compound, in which each pair of alkali metal layers
is separated by two carbon layers, has a composition of
C24MsM=K,Rb,Csd and thus an alkali/carbon ratio of 0.04.
If full charge transfer of one electron per alkali metal atom is
assumed, then the number of transferred electrons per carbon
atom would also be 0.04. The charge transfers of 0.01–0.02
electrons per carbon calculated here for these metal catalyst
atoms are thus comparable to the charge transfer observed in
graphite intercalation compounds.

These measurements and calculations together lead us to
the conclusion that residual catalyst particles present in
nanotube samples transfer enough charge to the nanotubes to
affect the Raman spectrum. The GM of an as-prepared
sample therefore is not characteristic of pure nanotubes, but
rather is significantly downshifted due to the charge transfer.

A second significant observation from these data is that
the breathing mode frequency shifts with temperature, as has
been observed by others.17,18 Raravikaret al. observed that

smaller-diameter tubes had larger temperature coefficients
for the breathing mode, a trend opposite to that observed in
our data. Their calculation found the temperature dependence
of the breathing mode to be dominated by the softening of
the intratubular C-C bond strength and the intertubular van
der Waals interactions. The almost exact cancellation of the
effect of the C-C bond length expansion and the bond-
bending-related contraction kept the thermal expansion of
the tube from contributing significantly to the change in the
breathing mode frequency. In our data, the temperature de-
pendence of the breathing modes of the tubes prepared with
Pd/Rh catalyst is very small, despite the fact that these tubes
have the smallest diameter of any measured in this study.
Indeed, the temperature coefficient of the radial breathing
mode is inversely correlated with the tube diameter in our
data(though there is some scatter in the data).

One possible source for the differences in the tempera-
ture coefficients of the vibrational modes among these three
studies is the different catalysts, as our comparison of the
purified and unpurified Ni/Co samples suggests. The
SWNTs measured by Raravikaret al. were prepared by the
HiPco process,19 in which Fe clusters formed by the decom-
position of FesCOd5 serve as catalysts for the growth of
nanotubes from Co. Those measured by Liet al.18 were pro-
duced by arc discharge with a YNi2 catalyst, whereas the
SWNTs measured in this study were produced by laser abla-
tion with either a Ni/Co or a Pd/Rh catalyst. The charge
transfer from intercalation in graphite is known to induce
changes in the bond lengths within the graphene sheet,20

which shifts the vibrational frequencies. Different amounts
of charge transfer per catalyst atom and different amounts of
catalyst present, may produce different values for the shifts
in the vibrational modes with temperature as a result of the
different C-C bond lengths. Comparison of the temperature
dependence measured here for the RBM of nanotubes of
similar diameter(1.28 and 1.30 nm) but different amounts of
Ni/Co catalyst suggests that the larger charge transfer that
results from the larger amount of catalyst present in the un-
purified sample gives a larger temperature dependence to the
breathing mode. Comparison of the temperature dependences
of the graphitic modes of the two samples suggests the same
conclusion for the tangential vibrations.

IV. CONCLUSIONS

We have used Raman scattering to measure the fre-
quency and temperature dependence of the radial breathing
mode and the graphitic mode of single-walled carbon nano-
tubes prepared by laser ablation with two different catalysts.
The frequency of the graphitic mode in the unpurified Ni/Co
catalyst sample was 8 cm−1 lower than the corresponding
mode in the sample from which most of the catalyst has been
removed, which we attribute to charge transfer from the cata-
lyst particles to the nanotubes. Our pseudopotential calcula-
tions predict a transfer of charge from Ni and Co atoms to
the nanotube that is comparable to the charge transfer ob-
served for graphite intercalated with alkali metal atoms. We
conclude that Raman spectra of nanotubes from which the
residual catalyst has not been removed are characteristic of

FIG. 4. Calculated net charge distribution in metal/nanotube complexes. The
darker/lighter colors represent charge excess/deficit compared to the con-
figuration in which the metal atoms are separated from the nanotube. This
clearly shows that all four metals are charge donors, and that the excess
charge is delocalized on the nanotubes.
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nanotubes interacting with dopant species, rather than of
pristine nanotubes. The temperature dependence of the radial
breathing mode was larger for nanotubes of larger diameter,
contrary to what has been observed in previous studies. We
attribute this to different amount of charge transfer in
samples prepared with different catalyst materials, which re-
sults in changes in the C-C bond lengths and thus in the
temperature dependence of the vibrational modes.
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