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The vibrational and electronic properties of Br2-adsorbed double-wall carbon nanotubes 共DWNTs兲 were
investigated by resonance Raman scattering. Special attention was given to distinguish the behavior between
S/M and M/S outer/inner semiconducting 共S兲 and metallic 共M兲 tubes. By using three laser excitation energies
2.33, 1.96, and 1.58 eV, resonance Raman spectra were obtained for the DWNTs before and after bromine
adsorption, and also for the Br-Br molecular resonance, thereby facilitating the study of charge transfer
between the DWNTs and the bromine. It was found that Br2 molecules act as acceptors and that metallic
nanotubes are specially sensitive to the presence of Br2 molecules even when they constitute the inner tubes of
DWNTs.
DOI: 10.1103/PhysRevB.73.235413

PACS number共s兲: 73.22.⫺f, 78.30.Na

I. INTRODUCTION

Carbon nanotubes are nanostructured materials which exhibit striking properties regarding their geometrical and electronic structure. Most studies of carbon nanotube systems are
performed on single-walled 共SWNT兲 and multiwalled
共MWNT兲 nanotubes. However, there has recently been an
increase of interest in double-walled carbon nanotubes
共DWNTs兲. The DWNT system is interesting its own right
because it is an intermediate structure between SWNTs and
MWNTs. DWNTs have only two tubes and the diameters of
the outer tubes are often similar to those of SWNTs. The
quantum confinement effects for the inner tubes are very
prominent due to their small diameters. Furthermore,
DWNTs are structurally more stable that SWNTs. Recent
advances in synthesis have allowed the production of very
high quality DWNTs with a very small amount of SWNT
constituents.1 This DWNT system should be useful for cylindrical molecular capacitors, GHz oscillators, nanocomposites, field emission sources, nanotube bicables, electronic devices, and other applications.1–4
The control/tuning of the electronic properties of nanotubes is a key point for transforming their potential into realworld technology. One way for achieving this control/tuning
is by carrying out donor or acceptor doping experiments
where either electrons or holes are added to the carbon
nanotube through intercalation and/or functionalization
processes.5–10 By doping nanotubes in a controlled way, it is
possible to assess how specific chemical species perturb their
electronic properties. In addition, these modified systems
also open up the opportunity for studying the basic physical
properties of nanotubes in a controlled way.
The intercalation of carbon nanotubes with electron donors and electron acceptors is now a very active research
field and many efforts have been directed toward understand1098-0121/2006/73共23兲/235413共12兲

ing and controlling the electronic properties of SWNTs,
DWNTs, and MWNTs.6,11–13 In particular, the effects of the
Br2 interaction with carbon nanotubes have been reported for
SWNTs 共Ref. 5兲 and more recently for DWNTs.2 Rao et al.5
have claimed very large Raman frequency upshifts in both
the RBM and G band for brominated SWNTs, thus indicating a strong acceptor behavior for Br2 molecules. Chen et
al.2 have assumed that 90% of the charge is located in the
outer tube. By using the equation ⌬ 共cm−1兲 = 460f 共where f
is the charge transfer兲 for estimating the charge transfer, they
correlate their observed 16 cm−1 upshift of the G band for
the outer tubes to correspond to creating 1/26 holes per carbon atom. This amount of charge induces a Fermi level depression of 1.2– 1.4 eV as a result of their level of
bromination.2
The Raman spectra of most graphite intercalation compounds only exhibit peaks from the graphite host and only
for a few dopants is it possible to observe the spectra of the
intercalant species.14 The graphite-Br2 intercalation compounds are an especially interesting system because this system allows the observation of the Raman spectra from both
the host carbon and from the guest Br2 species.14
In this paper we report a study of Br2 adsorbed by high
purity bundled DWNTs 共essentially free of catalyst particles
and SWNTs兲 using resonance Raman scattering as a probe.
In Br2-doped DWNTs we observed the resonance Raman
spectra of both the DWNTs and the Br2 thus allowing us to
get additional insights when studying the charge transfer between the dopant and the host DWNTs. The use of different
laser lines allowed us to study different configurations of
outer/inner tubes separately, such as M/S and S/M outer/
inner metallic 共M兲 and semiconducting 共S兲 DWNTs, and to
contrast the difference in screening effects for these two
cases. The inner tubes have a small diameter, thus allowing
us to study the effects of doping on the 2n + m families and to
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identify the specific 共n , m兲 tubes that are resonant in each
spectrum. Both decreases and increases in the radial breathing mode 共RBM兲 intensity due to bromination are observed
and accounted for. We have also observed the resonance
spectra from DWNTs for which Elaser is in resonance with
M
共H兲, the higher energy van Hove singularity for metallic
E11
nanotubes, a virtually unexplored phenomenon.15 The S/S
configuration was also studied and our results for this configuration differ from those previously reported,2 the differences most likely coming from the different amounts of
charge transfer due to different dopant levels. Furthermore,
we have found that Br2 molecules interact with the DWNTs,
and their intercalation and de-intercalation are completely
reversible upon thermal annealing at 600 ° C. Upshifts in the
Raman frequencies for the tangential G+ modes and depression of their Raman intensities indicated that electrons are
transferred from the nanotubes to the Br2 molecules. Metallic
nanotubes are specially sensitive to the adsorption of Br2
molecules, even when they are the inner tubes of DWNTs.
II. EXPERIMENT

The synthesis of DWNTs was carried out by a catalytic
chemical vapor deposition 共CCVD兲 method utilizing a conditioning catalyst 共Mo/ Al2O3兲 at one end of the furnace, and
a nanotube growth catalyst 共Fe/ MgO兲 placed in the middle
part of the furnace.1 Subsequently, a CH4 + Ar 共1:1兲 mixture
was fed into the reactor, typically for 10 min at 875 ° C. In
order to obtain a highly pure DWNT web, a two-step purification process was applied to the synthesized products. In
particular, a hydrochloric acid 共18% concentration, at
100 ° C for 10 h兲 treatment was carried out in order to remove the MgO and iron catalyst particles, followed by air
oxidation at 500 ° C for 30 min. Then we prepared a highly
dispersed solution containing DWNTs 共15 mg in 100 ml ethanol兲 using ultrasonication 共KUBOTA UP50H兲 for 30 min,
without any surfactant. By filtering a stable suspension of
DWNTs 关polytetrafluoroethylene 共PTFE兲 filter, 1 m兴, drying the filtered material for 24 h in vacuum and peeling off
the resulting bucky paper from the PTFE filter very carefully,
we finally obtained a black DWNT bucky paper sample
which is thin, flexible and tough enough mechanically to fold
in origami. This DWNT bucky paper was used for the pristine undoped comparison sample. The magnetic characterization of the sample indicates a diamagnetic behavior, thus
confirming the absence of metallic catalyst particles dispersed into the bundles.1
The brominated sample was prepared from the DWNT
bucky paper by the following procedure. The bromination of
the DWNT bucky paper was performed by reacting the
DWNTs with Br2 vapor for 5 days at room temperature. We
thus obtained highly stabilized brominated DWNTs that were
stable in an air atmosphere. The stoichiometry of the brominated DWNT sample used in these experiments was C21Br.
The Raman experiments were performed at room temperature using a Kaiser HoloLab5000 system for Elaser
= 2.33 eV 共532 nm兲 excitation and a Horiba-Jobin Yvon
setup for Elaser = 1.96 eV 共633 nm兲 and Elaser = 1.58 eV
共785 nm兲 excitations.

FIG. 1. Transmission electron microscope 共TEM兲 images of
pristine double-wall carbon nanotubes 共a兲 before and 共b兲 after Br2
adsorption. 共c兲 and 共d兲 show, respectively, scanning electron microscope 共SEM兲 images, for both pristine and Br2-doped DWNTs.
III. RESULTS AND DISCUSSION
A. Sample characterization

Figures 1共a兲 and 1共b兲 show high-resolution TEM images
of pristine and Br2-adsorbed DWNTs. It is clear from the
TEM images and other sample characterizations4 that the
samples are of very high quality 共99% of DWNTs and 1% of
SWNTs+ catalyst particles兲. Very large areas were probed
with SEM 关see panels 共c兲 and 共d兲兴 and these images did not
reveal the presence of any metal particles or amorphous carbon. The diameter distribution of both the inner 共dt
= 0.86± 0.25 nm兲 and outer 共dt = 1.56± 0.31 nm兲 tubes were
determined from TEM images. We did not observe any structural or morphological changes between the pristine and
Br2-adsorbed DWNTs from the TEM and SEM images. This
result indicates that the Br2 molecules are not intercalating
between the inner and outer tubes within DWNTs, a result
that is also supported by the Raman results described below.
B. Radial breathing mode spectra vs electronic transitions

The DWNT system allows one to probe different configurations of the outer and inner tubes. Depending on the laser
energy used for exciting the spectra, it is possible to have
both outer and inner tubes in resonance with a given laser
line. Depending on the diameter distribution, it is possible to
have outer/inner configurations as follows: S/M, M/S, S/S,
and M/M 共S and M denote semiconducting and metallic
nanotubes, respectively兲. Since the inner tubes have small
diameter values, their electronic transition energies are well
separated from each other, thus allowing one to correlate
selected radial breathing mode 共RBM兲 frequencies observed
in the Raman spectra with specific 共n , m兲 values.
The resonance Raman scattering results can be discussed
in detail by examining the diameter dependent electronic
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FIG. 2. 共Color online兲 Calculated Eii values for semiconducting
共S兲 共open circles兲 and metallic 共M兲 共open squares兲 tubes vs radial
breathing mode frequency RBM 共bottom horizontal axis兲 and nanotube diameter 共top horizontal axis兲. The open and solid symbols,
respectively, stand for pristine and for 0.04 electron/carbon atom
deficient bromine doped nanotubes 共Refs. 18 and 21兲. The three
horizontal lines stand for the 1.58, 1.96, and 2.33 eV laser energies
used for excitation of the Raman spectra. The family behavior is
M
indicated by the 2n + m values for the ES22 and E11
transitions 共see
text兲. We indicate in the upper part of the figure the frequency
domain where the main contributions of the inner and outer tubes to
the RBM spectra are expected based on the diameter distribution of
the sample and the spectrometer limitations at low wave numbers.
The calculations for doped tubes were performed only for the diameter range compatible with our samples.

properties of single wall carbon nanotubes. In Fig. 2 we
show the so-called Kataura plot which is a plot of electronic
transition energies as a function of the radial breathing mode
frequency RBM, where RBM is related to the tube diameter
by RBM = A / dt + B + 共C + D cos 3兲 / d2t , with RBM and dt in
units of cm−1 and nm, respectively.16 The A, B, C, and D
values used for constructing this plot were, respectively, 223
共228兲, 73 共14兲, −1.1 共−2.7兲, and −0.9 共−2.7兲 for semiconducting 共metallic兲 nanotubes.
The electronic transition energies 共Eii兲 for different 共n , m兲
nanotubes are calculated from the extended tight-binding
model 共ETB兲 that takes into account rehybridization of  and
 orbitals induced by the curvature of the SWNT sidewall
and long-range atomic interactions beyond the first nearestneighbor in the graphene sheet.17,18 This model successfully
accounts for the family patterns observed in the photoluminescence emission data.19 The geometrical structure relaxation is performed by minimizing the total energy of the
SWNT calculated from the ETB model, which is essential
for establishing a proper family behavior for the Eii energies
in the small diameter 共large RBM兲 region of the Kataura
plot.16 An almost rigid blueshift by 0.2– 0.3 eV is then applied to the calculated Eii family lines to account for the
many-body effects 共quasiparticle corrections and exciton
binding energies兲 to account for the empirical corrections
proposed by Jorio et al.16 The resulting Eii energies are
shown in Fig. 2 by open symbols. We then remove 1% of the
electrons from the SWNTs 共0.04 electron per carbon atom
deficient doping兲 and perform a geometrical structure relax-

ation once again, consequently calculating the Eii energies
based on the ETB model. The same many-body corrections
are then applied to the ground state Eii energies as in the case
of pristine SWNTs.16 Even though the many-body corrections are expected to change with electron doping, we do not
have sufficient experimental data to establish this dependence following the fitting procedure developed in Ref. 16.
Anyway, the many-body corrections contribute only a small
fraction of the ground state Eii energy, and thus their dependence on electron doping is not expected to change the optical transition Eii energy for any 共n , m兲 tube to a first approximation.
We should comment here that the terminology we are
using in this paper is that for resonance of the laser excitation
with band to band transitions between so called van Hove
singularities. However, the reader should be aware that the
mechanism involved in observed optical phenomena is better
described by considering an excitonic picture, involving
bright exciton transitions rather than band to band transitions. The plot shown in Fig. 2 and evaluated by the ETB
model is also valid for the optically allowed bright excitonic
transitions. Therefore, the formalism previously used for
transitions between van Hove singularity is also applicable
for the excitonic picture by using the ETB model after including many-body corrections.
The horizontal lines in Fig. 2 correspond to the excitation
laser energies 1.58, 1.96, and 2.33 eV used in the present
work. The open and solid symbols, respectively, denote the
electronic transitions for undoped and doped nanotubes 共0.04
electron/carbon atom being removed from the nanotubes as a
result of doping兲. The nanotube families observed in the plot
of Fig. 2 are characterized by 2n + m = p 共the numbers p are
given in the figure兲, where n and m are integers defining the
carbon nanotube structure for individual 共n , m兲 tubes. For
metallic SWNTs, it is necessary to consider the trigonal
warping effect and its consequence on the electronic properties. Depending on the tube chirality, this effect causes a
splitting of each van Hove singularity for metallic nanotubes
M
into lower 关EM
ii 共L兲兴 and higher 关Eii 共H兲兴 energy components.
This effect causes each 2n + m family for metallic nanotubes
to exhibit a lower and an upper energy branch. The common
point of the upper and lower energy branches is the armchair
M
共n , n兲 nanotube. The magnitude of the EM
ii 共H兲 − Eii 共L兲 splitting varies from zero for armchair nanotubes 共n , n兲 共the cenM
sub-band兲 to a
tral member of each family in the metallic E11
maximum splitting for both metallic 共3n , 0兲 zig-zag and
共3n + 1 , 1兲 nanotubes 共the end members for each family of a
metallic subband兲, where n is an integer.20 By examining this
plot, we can easily identify the outer/inner tube configurations that will be resonant for a given excitation energy, and
whether the tubes in resonance are semiconducting or metallic. Of particular interest in the present work is the study of
individual 2n + m = p families as bromine doping takes place.
1. Semiconducting outer/metallic inner tube configuration

Figure 3 shows the Raman spectra of the radial breathing
modes 共RBMs兲 taken with Elaser = 2.33 eV for both pristine
and Br2-adsorbed DWNTs. The RBM spectrum of pristine
DWNTs clearly shows the presence of two groups of RBM
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FIG. 3. Raman spectra taken with Elaser = 2.33 eV for pristine 共a兲
and Br2-adsorbed 共b兲 DWNTs in the RBM spectral region.

frequencies that are related to the inner 共higher frequency兲
and outer 共lower frequency兲 tubes with the S/M configuration dominating. According to the electronic transition
energies between van Hove singularities 共see Fig. 2兲,
M
S
共E33
Elaser = 2.33 eV is in resonance with E11
S
and E44兲 for the inner 共outer兲 tubes, which are metallic
共semiconducting兲.2,6 However, due to the notch filter cutoff,
we observe in the RBM spectra only those tubes that are
S
.
resonant with E33
First, we look at the origin of the large intensity peaks in
Fig. 3. The strongest peak located near 270 cm−1 is associated with metallic tubes belonging to the 2n + m = 21 family
M
共L兲 transitions 共lower energy branch兲.
and resonant with E11
This strong peak is identified as having contributions coming
mainly from three nanotubes, given in order of decreasing
diameter or increasing RBM frequencies as the 共7,7兲, 共8,5兲,
and 共9,3兲 tubes, and the line shape analysis shows that they
correspond, respectively, to the observed RBM peak frequencies of 253, 267, and 277 cm−1. Both the 共7,7兲 and 共8,5兲
tubes are in a very good resonance condition, insofar as their
transition energies are very close to the laser energy 2.33 eV
共see Fig. 2兲. However, the intensity is also dependent on
matrix elements, and armchair nanotubes, because of their
smaller predicted matrix elements, are expected to have a
lower intensity than the other tubes within the same 2n + m
family.22 Thus the highest intensity peak was assigned to the
共8,5兲 nanotube for Elaser = 2.33 eV in resonance with the
M
M
共L兲 transition energy. The 共9,3兲 tube on the E11
共L兲 transiE11

tion branch is not close to the laser energy and therefore a
low intensity is expected for this RBM feature.
Another group of frequencies that contribute strongly to
the RBM spectra at Elaser = 2.33 eV are observed from 150 to
200 cm−1 and these peaks are due to the outer tubes. By
examining the plot in Fig. 2, we can see that many tubes,
predominantly semiconducting tubes, can contribute to a Raman signal near the frequency of 150 cm−1. However, for the
peaks close to 200 cm−1 we can identify that the observed
RBM features come from family 32, and perhaps also from
S
family 29 where Elaser = 2.33 eV is weakly resonant with E33
transitions.
It interesting to note that the 2.33 eV laser energy is also
very close to two members of the 27 and 24 families which
would be expected to yield a high intensity for those tubes if
M
resonance condition. Howwe consider only the Elaser ⬇ E11
ever, the intensity of the peaks observed at 235 and 241 cm−1
are very weak and this is related to the fact that those resonant Eii values belong to the higher energy branch for metalM
共H兲兴 which is predicted by theory to have a low
lic tubes 关E11
Raman intensity, in part because of their weaker matrix
elements.23 Indeed, the observation of this resonance was not
previously reported for studies on isolated SWNTs by using
tunable lasers.24 Similar evidence for the observation of an
M
共H兲 transitions for metallic
RBM signal in resonance with E11
tubes has also been observed recently for SWNTs on a
Si/ SiO2 substrate.15
We now comment on the weak peak observed at 313 cm−1
for pristine DWNTs in Fig. 3共a兲. By examining the Kataura
plot, it is not expected that any RBM frequency near
313 cm−1 would be in resonance with 2.33 eV. The closest
共n , m兲 tube that would be in resonance is the 共8,2兲 tube 共family 18兲, but the expected frequency for this tube is 321 cm−1
which is upshifted by 8 cm−1 from 313 cm−1. Therefore, the
peak at 313 cm−1 is not clearly identified yet and we would
need more laser lines for establishing its 共n , m兲 identity and
its resonant behavior.
We now analyze the Br2 doping effect on the RBM spectra measured with Elaser = 2.33 eV whose spectrum is shown
in Fig. 3共b兲. We note that the peaks attributed to metallic
inner tubes 共7,7兲, 共8,5兲, and 共9,3兲 in the pristine sample 共family 21兲 likely decrease in intensity relative to the outer semiconducting nanotubes upon doping. In Fig. 2 共solid circles兲,
we show the electronic transition energies of nanotubes when
they have a deficiency of 0.04 electron/carbon. We can observe that Br2 doping affects the electronic transition energies of nanotubes, depending on both their diameter and chiral angle. We can see that bromine doping is predicted to
M
共L兲 transition energies of family 21 for the Br2
lower the E11
doped nanotubes only slightly, consistent with their observed
intensity decrease.
The strong mode in Fig. 3共b兲 peaked at about 232 cm−1 is
assigned to the Br-Br stretching mode of the Br2 molecule
which we will discuss separately in Sec. III C.14 The peak
from the Br-Br mode is very strong, thus making the line
shape analysis for the RBM features from the nanotubes imprecise. Thus, for the Br2-doped DWNTs in the low RBM
frequency region, we do obtain information about Br-Br
bonds 共see Sec. III D兲, but we do not obtain that much de-
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FIG. 4. Raman spectra taken with Elaser = 1.96 eV for pristine 共a兲
and Br2-adsorbed 共b兲 DWNTs in the RBM spectral region.

tailed information on the effect of bromine doping on the
nanotube RBM features in Fig. 3共b兲. However, the effect of
the Br2 doping on the RBM spectra can be analyzed by exciting the Raman spectra with other laser lines which are not
in resonance with electronic transitions for the Br2 system, as
we discuss in the next two subsections.
2. Probing only inner tubes

The RBM Raman spectrum obtained with Elaser
= 1.96 eV for pristine DWNTs is shown in Fig. 4共a兲. Since
the outer tubes in our sample and spectra window are not
resonant 共see Fig. 2兲 with this laser line, we conclude that the
RBM spectra in Fig. 4 are associated mainly with inner tubes
共both metallic and semiconducting兲. From 180 to 250 cm−1
the contribution to the spectra in Fig. 4共a兲 comes from metallic inner tubes, but the strong highest frequency peak at
336 cm−1 comes from a semiconducting nanotube. This isolated peak at 336 cm−1 is assigned to the 共6,4兲 tube. We note
that the 共6,4兲 peak for the pristine DWNT is very sharp, thus
confirming its weak interaction with its outer semiconducting
tube. In the 180– 250 cm−1 range, where the large intensity
RBM features are found, we can attribute the observed spectra mainly to tubes that are members of families 27 and 24
for metallic tubes. The members associated with family 27
are, in order of increasing frequency, 共9,9兲, 共10,7兲, 共11,5兲,
共12,3兲, and 共13,1兲. By examining Fig. 2, we can see that
1.96 eV would be resonant with other metallic nanotubes

that would contribute with frequencies below 200 cm−1. The
end members of family 24 are, in order of increasing RBM
frequency, 共10,4兲, 共11,2兲, and 共12,0兲. The RBM frequencies
observed for these pristine tubes in Fig. 4共a兲 are 243, 248,
and 252 cm−1. The transition energies of 共11,2兲 and 共12,0兲
are close to Elaser and they appear in the spectra with strong
intensity. Again, we point out the low intensity 共or absence兲
of features related to resonance with the higher energy tranM
共H兲兴 共for families 30 and 33兲
sition in metallic nanotubes 关E11
is due to the small magnitude of their matrix elements.22 We
could only see weak peaks at 168 and 186 cm−1 which can
be assigned to the 共16,1兲 and 共9,9兲 nanotubes in resonance
M
. Although these features are weak, we have again
with E11
seen evidence at Elaser = 1.96 eV for the observation of RBM
peaks in the Raman spectra resonant with the higher energy
M
共H兲 transitions for metallic nanotubes in DWNTs.
E11
We now analyze the effect of Br2 doping on the RBM
spectra obtained with 1.96 eV laser excitation energy. First,
we should point out that at Elaser = 1.96 eV we did not observe the Raman spectra at 232 cm−1 from the Br2 molecule,
as we did for the 2.33 eV laser excitation energy. We attribute the absence of the Br-Br mode in Fig. 4共b兲 to the
observation that the electronic resonance window corresponding to this Br-Br vibration is sharp and close to
2.33 eV. We can see by comparing Figs. 4共a兲 and 4共b兲 that
the RBM spectral intensity for both the semiconducting and
metallic inner tubes are affected by the Br2 doping. The bromine doping affects these intensities in two ways. There is a
considerable enhancement of the intensity of certain RBM
modes below 250 cm−1 and a considerable depression of the
RBM mode at 336 cm−1, as discussed below.
The enhancement of the modes located between 200 and
250 cm−1 can be understood by considering the changes in
the electronic transition energies induced by doping, which
Fig. 2 shows to generally enhance the resonance process. We
can observe that the end members of family 27 关共12,3兲,
M
共L兲 by a few meV, thus
共13,1兲兴 increase their energy E11
bringing these tubes into better resonance and thus increasing the intensity of these features upon bromine doping. Figure 2 shows that the end members of family 24 关共11,2兲 and
共12,0兲兴 decrease their electronic transitions energies upon
bromination, thus allowing the transition energies for these
tubes to get closer to Elaser = 1.96 eV, and for this reason we
also predict an enhancement in their intensities as we can
experimentally observe in Fig. 4共b兲. The relative enhancement is observed to be higher for the higher frequency
modes of the 27 and 24 families, which is also consistent
with the fact that, after doping, those tubes are the ones that
get closer to the laser energy than the others. The lineshape
analysis shows that the observed shift in the RBM frequencies is very small for the metallic inner tubes upon doping. A
more detailed study with more laser lines is needed to measure any small frequency shifts that might occur.
Bromination causes the intensity 共linewidth兲 of the 共6,4兲
peak to decrease 共increase兲. This result indicates a weakening in the resonant process by bromination. For the pristine
S
energy is close to Elaser = 1.96 eV but after
sample, the E22
S
transition energy is upshifted
bromination, the predicted E22
by 80 meV for 0.04 electron/carbon atom transfer from the
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nanotube to the adsorbed bromine 共solid circle in Fig. 2兲. The
S
in energy for the 共6,4兲 tube is
experimental upshift of E22
enough to bring the 共6,4兲 tube into a relatively weak resoS
will upshift to
nance condition. The relevant point is that E22
a less favorable resonant condition for this tube upon Br2
doping, in agreement with the experimental observation.
The 共6,4兲 tube diameter is 0.68 nm. By considering that
the inner-outer shell distance is about 0.35 nm, we can estimate the diameter of the outer shell and determine if it is
metallic or semiconducting. The outer tube diameter is thus
expected to be ⬃0.68+ 2 ⫻ 0.35= 1.38 nm, which converting
to RBM would lead to a nanotube with a RBM frequency of
around 160 cm−1. By examining the Kataura plot in Fig. 2,
we see that the outer shell for the 共6,4兲 tube can be a semiconducting or a metallic tube, and thus we are also probing
the S/S DWNT configuration with this tube. No shift in the
peak frequency 336 cm−1 associated with the RBM of the
共6,4兲 tube is observed upon bromination, thus indicating that
semiconducting inner tubes are not very much affected by
bromine doping when the outer tube is semiconducting. A
similar result for semiconducting inner tubes is obtained
when the outer tube is metallic as we discuss next for the
M/S configuration.
3. Metallic outer/semiconducting inner configuration

We also have analyzed the RBM Raman spectra of pristine and Br2-adsorbed DWNTs by exciting the spectra with
Elaser = 1.58 eV. The results are shown in Figs. 5共a兲 and 5共b兲.
According to Fig. 2 it is expected that the spectra excited
with Elaser = 1.58 eV will be in resonance with semiconducting inner and metallic outer tubes. The spectrum reported
M
S
and E22
here for Elaser = 1.58 eV is resonant with the E11
electronic transitions for the DWNT sample under invesS
but
tigation. Some tubes can be also in resonance with E33
their RBMs are not located in the frequency region shown in
Fig. 5.
We first analyze the resonance of Elaser = 1.58 eV with the
S
electronic transitions for the inner tubes in a M/S conE22
figuration. The strong features around 270 cm−1 in Fig. 5共a兲
are identified as coming from the response of the three end
members of the 2n + m = 22 family 共semiconducting nanotubes兲 which are, in increasing order of RBM frequencies
assigned to the 共9,4兲, 共10,2兲, and 共11,0兲 tubes, with frequencies at 264, 268, and 274 cm−1, respectively, for the pristine
sample. The end members are expected to have large
electron-phonon coupling matrix elements and thus are expected to have large Raman intensities.23
The Raman peaks from metallic outer tubes 共Elaser
M
= 1.58 eV in resonance with E11
兲 are weak in part because of
the cut-off condition of the notch filter used in our experiments. In the case of Br2-doped samples, their weak intensity
also provides evidence for a depletion of the electronic states
due to doping. We will discuss this issue when analyzing the
G-band spectra in Sec. III C. However, by analyzing the intensities shown in Fig. 5共a兲, we can state that the weak band
observed from 150 to 170 cm−1 is due to the resonance of
S
for members of family 39. Since the
Elaser = 1.58 eV with E22
diameters are large, the RBM frequencies for the different
共n , m兲 are very close to each other and they overlap with

FIG. 5. Raman spectra taken with Elaser = 1.58 eV for pristine 共a兲
and Br2-adsorbed 共b兲 DWNTs in the RBM spectral region. The
sharp peaks near 170 and 272 cm−1 marked with an asterisk are
experimental artifacts. The inserts show the lineshape analyses for
the spectral region of 250– 280 cm−1.

each other, thus not allowing individual tubes to be clearly
resolved in the experimental spectrum. The weak peak near
310 cm−1 can however be attributed to the 共9,1兲 nanotube of
family 2n + m = 19. Other weak features close to 211 and
236 cm−1 can be identified as coming from the members of
the semiconducting 29 and 26 families. These features are
weak because the 共14,1兲 end member of family 29, the 共12,2兲
second member of family 26, and the 共11,1兲 first member of
family 23 all have weak matrix elements which account for
their low intensity.22
The changes in the RBM features after bromination for
1.58 eV are not so large as they are for Elaser⫽2.33 and
1.96 eV. We can observe that in the RBM spectral region,
the outer tubes in Fig. 5共b兲 experience changes in their Raman spectra, specifically an increase in intensity close to
⬃160 cm−1. The narrow peak at 170 cm−1 for the brominated sample is very sharp 共2 cm−1兲 and should not be related to a RBM feature but to some experimental artifact
共such as a plasma line兲, because the linewidth is less than
what is normally observed for a RBM feature 共6 – 10 cm−1兲
in this nanotube diameter range. For the pristine sample, a
similar very narrow peak was observed at the same frequency. The changes in the relative RBM intensity of the
tubes 共9,4兲, 共10,2兲, and 共11,0兲 after bromination are due to
the shift of the electronic transition after doping 关see Fig.
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FIG. 6. Raman spectra taken with Elaser = 1.58 eV for pristine
and Br2-adsorbed DWNTs in the region of the G band. The inset
shown the line shape analysis for the pristine sample.

2共b兲兴. Before Br2 doping, the 共11,0兲 peak has the maximum
intensity and the intensity of the 共9,4兲 and 共10,2兲 tubes are
weaker. However, upon doping with bromine the RBM intensity for the 共9,4兲 tube decreases because the doping brings
S
value further from Elaser, while for the 共10,2兲 and
the E22
S
leads to more favorable reso共11,0兲 tubes, the upshift of E22
nance conditions for these tubes, thus leading to an increase
in the overall intensity of the Raman RBM feature upon
bromination 共see Fig. 5兲. The observation that, within the
experimental error, the RBM frequencies for the inner semiconducting tubes do not change after the bromination process indicates that semiconducting inner nanotubes when
shielded by metallic outer tubes are not very sensitive to
charge transfer effects due to Br2 doping. In the M/S configuration, the charge transfer should occur predominantly
between the bromine and the outer metallic tubes which give
electrons to the nearby bromine molecules.
C. G-band analysis

The RBM characteristics are more appropriate for analyzing the changes in the electronic transition energies Eii and
also for identifying the 共n , m兲 indices of the tubes that are in
resonance with a particular Elaser. However, the higher frequency modes 共the so-called G band兲 are more appropriate
for studying charge transfer effects, because the G band Raman frequencies are strongly dependent on doping effects, as
is also known from graphite intercalation compounds.14
We start our discussion of the G band by analyzing the
simplest profile we observed for the G band, and this one
共see Fig. 6兲 was taken for Elaser = 1.58 eV. This profile is
typical of semiconducting nanotubes because of its line
shape, and is strongly influenced by the small diameter inner
semiconducting tubes because the splitting between the up+
−
兲 and the lower G-band peak 共G
兲 is
per G-band peak 共G
−1
large 共1586– 1554= 32 cm 兲. This splitting is in agreement
with the diameter dependence of these modes that was previously reported.25 We thus conclude that the spectrum in
Fig. 6 is dominated by the inner semiconducting tubes. The
corresponding splitting for metallic tubes would be about

FIG. 7. Raman spectra taken with Elaser = 1.96 eV for pristine
and Br2-adsorbed DWNTs in the region of the G band. The inset
shows the line shape analysis for the pristine sample.

twice as large as the observed splitting for semiconducting
tubes. It is interesting to note that we do not observe any
appreciable shift in the Raman frequencies after Br2 doping.
We attribute the absence of shifts in the G band at Elaser
= 1.58 eV to the shielding of the semiconducting inner tubes
by the outer metallic tubes. This observation implies a very
weak interaction of the inner tubes with the dopant and a
small charge transfer effect to the inner semiconducting
tubes. Further evidence for the low charge transfer effect
from these inner tubes is that the linewidths 共18 cm−1 for the
G+ peak and 30 cm−1 for the G− peak兲 do not change after
Br2 doping. Therefore, the contribution to the line shape profile from the inner semiconducting tubes should prevail due
to the strong resonance condition. No shifts in either G− or
G+ are observed experimentally. The narrow peak close to
1500 cm−1 that is observed for both the pristine and
Br2-doped samples is identified as an experimental artifact.
The Raman intensity depends sensitively on the electronphonon coupling that is strongly dependent of the nanotube
geometric structure.22 The G-band intensity for metallic
tubes is generally weaker than for semiconducting tubes, and
the overall Raman intensity is also expected to be weaker for
tubes with a large diameter, consistent with experimental observation that the outer metallic tubes do not contribute
strongly to the G-band feature.
The G-band spectra obtained with Elaser = 1.96 eV are
shown in Fig. 7. From the analysis of the RBM we know that
for this laser energy mainly the inner tubes are in resonance
with the incident photons. For this photon energy, the resonant inner tubes are predominantly metallic tubes with a few
small diameter semiconducting tubes also contributing to the
spectrum. However, in the resonance Raman process, the
resonance with the scattered photons should be considered as
well as for the G-band spectra. Since the G band has an
energy of 200 meV, this would imply that those nanotubes
with Eii close to 1.96– 0.1= 1.86 eV would mainly contribute
to the G-band spectra. By analyzing the Kataura plot in Fig.
2, we can conclude that the G band would have contributions
from other 共n , m兲 tubes in addition to, rather than only those
observed and identified in the RBM spectra of Fig. 4. How-
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FIG. 8. Raman spectra shown in the left panel are taken with
Elaser = 2.33 eV for pristine and Br2-adsorbed DWNTs in the region
of the G band. The figures on the right show the line shape analysis
for the pristine 共lower panel兲 and the doped 共upper panel兲 samples.

ever, the tubes resonant with the scattered photons are also
inner tubes and the main contribution in Fig. 7 comes from
the metallic inner tubes. For the spectra taken with 1.96 eV
in Br2-doped DWNTs, the G band upshifts in frequency by
7 cm−1 as compared to pristine samples. This result indicates
that there is a depletion in the occupation of electron states
from the nanotube valence bands as the Fermi is lowered due
to the presence of acceptor Br2 molecules. Furthermore, the
G band of the pristine sample excited with Elaser = 1.96 eV
clearly exhibits a strong Breit-Wigner-Fano line shape for the
G-band feature, thus showing that the inner metallic tubes
are contributing strongly to the G-band profile. This statement is further supported by checking the observed splitting
of the G band as reported in Ref. 25. We can observe in the
upper trace of Fig. 7 that the BWF profile is considerably
weakened for the Br2-adsorbed DWNTs, thus showing that
the bromine molecules are removing electrons from the tubes
and lowering the Fermi level of the metallic nanotubes, consistent with the upshift of the G+. This conclusion is based
+
兲 intensity ratio obtained by line shape
on the IBWF / 共IBWF + IG
analysis of both the pristine 共intensity ratio of 0.35 shown in
the inset to Fig. 7兲 and Br2-doped 共intensity ratio of 0.20兲
samples. Furthermore, the G-band linewidths for the pristine
sample are approximately 8 cm−1 larger than those for the
brominated samples probed with 1.58 eV, which is consistent with the fact that metallic nanotubes exhibit a somewhat
larger linewidth than semiconducting tubes.25 Upon doping,
the G-band intensity increases, thus indicating that a better
resonance condition is achieved after doping, in agreement
with the RBM analysis. The small increase in the intensity of
the D band 共the so-called disorder-induced mode兲 for the
Br2-adsorbed samples also indicates that some interaction
between the acceptor molecules and the outer tubes is occurring. Since the RBM and G-band intensities are not decreased, we conclude that the lowering of the Fermi energy
EF by the charge transfer process is relatively small, and EF
remains above the van Hove singularities of the valence band
levels involved in the relevant Eii transitions.
In the left panel of Fig. 8 we show the Raman spectra of
the G band for both pristine 共lower trace兲 and Br2-doped
共upper trace兲 DWNTs for Elaser = 2.33 eV. The G band for

FIG. 9. Dependence of the G+ − G− splitting on reciprocal diameter. The solid lines come from the dependence of the splitting of
SWNTs on 1 / d2t found in Ref. 25 and the points are our experimental data obtained from Figs. 6–8.

pristine DWNTs excited with 2.33 eV 共Fig. 8兲 is special as
compared to the 1.58 and 1.96 eV insofar as we can clearly
identify the contributions from both the inner and outer tubes
in the G-band spectra because they are both in resonance
with Elaser = 2.33 eV, as shown by the RBM spectra. The
G-band line shape for the pristine sample is complex, showing many features. In order to better identify the contributions from the inner and outer tubes to the observed profile,
we performed the line shape analysis, shown in the right
panels of Fig. 8. The strongest mode at 1592 cm−1 for the
pristine sample has contributions from both the inner and
outer tubes. The other modes are identified by examining the
G+ − G− splitting which exhibits a diameter dependence of
1 / d2t that has a different coefficient for metallic and semiconducting nanotubes.26 By determining the average diameter
for both the inner and outer tubes observed in the RBM
spectra, we can identify whether the peak is due to the outer
or inner tube, as shown in Fig. 9 共solid circles兲. The peak
observed at 1575 cm−1 in Fig. 8 for the pristine sample is the
G− feature associated with semiconducting nanotubes. We
can observe that for the pristine sample there is also a weak
BWF tail. This BWF tail in the Raman line shape is typical
of metallic tubes interacting with their environment and for
our samples the tail originates from the inner tubes that are
metallic 共see Fig. 2兲. The G+ − G− splitting of 108 cm−1 is
consistent with the expected diameter dependence, as we can
see in Fig. 9. Since the inner tubes interact only weakly with
the outer tubes which are predominantly semiconducting,10 it
is expected that the BWF contribution to the G-band profile
will be relatively weak, in agreement with our experimental
observation. The weak G-band peaks at 1519 and 1537 cm−1
are due to the E2 and E1 symmetry modes, respectively. For
completeness sake, we also plot in Fig. 9 the splitting observed for the 1.58 eV 共open circle兲 and 1.96 eV 共open
square兲 laser excitation energies, thus confirming our identification that the G-band profile is dominated by semiconducting and metallic nanotubes, respectively.
The G band exhibits significant changes in frequency and
intensity after Br2 doping. By performing a line shape analysis, we can get the changes in the G-band line shape in detail,
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as shown on the right-hand panels of Fig. 8. A clear broadening of the G band by Br2 doping is observed at Elaser
= 2.33 eV and this is because the metallic inner and semiconducting outer tubes experience different frequency shifts because of different amounts of charge transfer. The linewidths
of the individual lines do not change appreciably after bromination. Metallic and semiconducting tubes both have a G+
peak at about 1592 cm−1 so they sum up to give a strong
peak at this frequency for the pristine sample. For Br2 doped
DWNTs, we can observe a G+ mode at 1599 cm−1 that is
upshifted by 7 cm−1 relative to the 1592 cm−1 for the pristine
DWNTs. This component is attributed to the outer tubes. We
should point out that this upshift is about the same as is
observed for the 1.96 eV spectra for metallic inner tubes.
Based on the results from electrochemical studies,27 it has
been determined that the G-band frequency upshift for
bromine-doped DWNTs is 326 cm−1 / electron/ carbon atom.
Thus, the 7 cm−1 upshift would imply a charge transfer of
0.02 holes/ carbon. The other G band components are somewhat more difficult to analyze because of the strong overlap
in the contributions from the inner and outer tubes. However,
before bromine intercalation, the BWF peak due to the metallic inner tube is clearly identified and it does not overlap
with the modes of the outer semiconducting tubes because of
the very different diameter dependence of this mode
frequency.25 We note that the BWF profile for the inner tube
is strongly affected by the Br2 adsorption. Its frequency exhibits an upshift from 1485 cm−1 up to 1545 cm−1. This
shows that metallic tubes are very sensitive to doping even
though they are here shielded by the outer semiconducting
tubes. A similar effect has been observed for iodine-doped
DWNTs.13 The effect of charge transfer on the electronic
transition energies is small for large diameter tubes. Therefore, the intensity of the Raman spectra for the large diameter outer tubes is expected not to vary so much, which is in
agreement with the results shown in Figs. 3共a兲 and 3共b兲.
Therefore, the upshifts due to charge transfer are about the
same for both spectra measured with 2.33 and 1.96 eV. For
both laser excitation energies, the resonant inner tubes are
metallic and the outer tubes are semiconducting, thus showing that the physics behind the charge transfer phenomena is
similar, although different 共n , m兲 nanotubes are in resonance
at the two laser excitation energies.
Finally we comment on the D band intensity for the different laser energies. We observe that the D band is essentially absent for the pristine DWNTs and is very weak for the
Br2-adsorbed DWNTs for Elaser = 2.33 eV. This result indicates that our samples have a high degree of crystallinity.
This observation also indicates that Br2 molecules do not
intercalate in the space between the inner and the outer tubes.
The presence of Br2 in this region would locally deform the
nanotube structure, breaking the translational symmetry,
which in turn would enhance the D-band intensity. The fact
that the D band is more intense for 1.58 eV than for 2.33 eV
laser excitation does not indicate that the tubes probed by the
1.58 eV have more defects than those probed by 2.33 eV.
This difference in intensity is due to the laser excitation energy dependence of the D-band intensity, in general, and is
not specific to the particular sample used in the present
study.28 More detailed studies using many laser lines are ex-

FIG. 10. The line shape analysis for the Raman peaks from the
Br2 intercalant species from the Raman spectrum taken at Elaser
= 2.33 eV. The dashed line is the contribution from the nanotubes
close to 200 cm−1. The inset shows the second and third harmonic
modes of the Br-Br stretching mode.

pected to further clarify the observed effects.
D. The vibrational properties of the dopant

Br2-adsorbed DWNTs are of special interest because we
can also observe the Raman spectra of the Br2 species for the
Elaser = 2.33 eV excitation 共see Fig. 10兲. The Br-Br stretching
bands for the bromine adsorbed DWNTs are centered at
about at 233 cm−1. We should point out that this band exhibits a large downshift when compared with solid bromine
共300 cm−1兲 and gaseous Br2 共324 cm−1兲.29 For graphite intercalation compounds, the bromine stretching mode was observed at 242 cm−1 at a temperature of 77 K. The downshift
from 242 to 233 cm−1 may be attributed to a hardening of the
atomic vibrations due to a decrease in temperature.14 Of special interest are the Raman spectra of Br2 doped SWNTs
共Ref. 5兲 taken with Elaser = 2.41 eV which showed sharp
peaks characteristic of free Br2 and a broad band at about
260 cm−1, that was attributed to an upshift by 74 cm−1 of the
RBM due to charge transfer. Our study suggests that this
broad band with a doublet structure may in part be associated
with the Br2 molecules which are adsorbed on the SWNTs
and our interpretation of these data would give rise to a
downshift of 67 cm−1 for their Br-Br stretching mode.
The Br-Br stretching mode in Fig. 10 exhibits a large
linewidth 共about 33 cm−1兲 in DWNTs and this linewidth can
be attributed to an inhomogenous environment 共different diameters and chiralities and configurations兲. We therefore
analyzed this broad line by decomposing it into three Lorentzian curves, as shown in Fig. 10. We attribute the downshift
in frequency to the electron charge transfer to the molecule
from the DWNTs. This process changes 共renormalizes兲 the
wave functions for the molecular system which in turn also
affects the vibrational spectra. One scenario would be to attribute the three peaks to a different interaction of Br2 with
the configurations S/M, M/S, and S/S, due to their respective
different carrier densities at room temperature. A broad profile is also found in the Raman spectra reported for Br2
doped SWNTs.5 It should be noted that the 17 cm−1 splitting
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of the components in Fig. 10 is roughly of the same magnitude as the splitting that appears in the spectra for SWNTs in
Ref. 5 at nearly the same Elaser value. We should comment
that additional broadening observed in the Br-Br stretching
modes is attributed to the isotopic effects. The isotopes 79Br
and 81Br have the same abundance. Thus three kinds of
Br-Br bonds are expected in the Br2 system. The different
masses will give a splitting in frequency of 3 cm−1. Thus, the
three peaks observed in the line shape analysis should be
attributed to the different outer/inner tube configurations
rather than to isotopic effects.
We also observed the second and third harmonics of the
Br-Br stretching mode at 454 and 677 cm−1, respectively
共see inset to Fig. 10兲. The observation of harmonics with
considerable intensity suggests that a resonance process is
occurring for energies close to Elaser = 2.33 eV. This statement is also based on the fact that we could not observe the
Br2 Raman spectra for the other two laser lines used in the
present study. A more detailed study of the Br-Br stretching
mode and its resonance profile is now in progress.
E. Comparison with previous studies
on Br2-doped nanotube systems

The relatively small upshifts we observed in the G band
upon Br2 doping differs from previous observations on
DWNTs.2 The 16 cm−1 upshift observed by Chen et al.2 for
Br2 is much larger than what we have observed here for the
2.33 and 1.96 eV excitation energies. These apparent inconsistencies could be related to the specific sample properties,
the different sample preparation techniques that were used,
and the different amount of Br2 that was intercalation. Chen
et al.2 used DWNT samples which had a much higher adsorbed Br content because the sample was in equilibrium
with Br2 gas, and in addition the samples in Ref. 2 were
prepared via a peapod conversion route, while our DWNTs
samples were prepared by a direct process. The strong upshifts they observed in the G band frequency could be either
related to a much larger shift in EF due to charge transfer or
to a different ratio of M/S, S/M, and S/S tubes, or it could be
related to the intercalation within the SWNT constituent
present in their samples or to bromine interaction with the
defects in the outer shells of their DWNTs. The presence of
defects in the outer walls may allow the Br2 molecules to
interact more strongly with the inner tube of the DWNT. The
DWNT samples previously prepared from peapods likely
contain more SWNT constituents than our samples.4 It has
also been shown that Br2 doping has a stronger effect on
SWNTs than on DWNTs.5 As we stated before, our samples
are of very high quality concerning the very small SWNT
admixture, as confirmed by both HRTEM and Raman
spectra.4 Even after being subjected to high temperature heat
treatment, our DWNT samples show only a very small
D-band intensity 共see Sec. III C兲, thus indicating almost an
absence of structural defects in the tube walls.
The intensity depression in the G-band intensity by a factor of 2 in the spectrum recorded with 2.33 eV excitation is
due to the depletion of valence states of the outer tubes. The
outer tubes are closer to the bromine molecules and the

FIG. 11. In situ Raman spectra of Br2-adsorbed DWNTs subjected to different thermal annealing temperatures during heating
共in steps of 25 ° C兲 and cooling 共in steps of 100 ° C兲. The Raman
spectra were excited by Elaser = 2.33 eV.

charge transfer should affect the outer tubes more than the
inner tubes. Our experimental observation seems to be in
agreement with the previous modeling where about 90% of
the charge transfer in DWNTs was found to occur with the
outer tubes.2 Since, our bromine doping level is not high, the
depletion of valence states due to bromination is not large
enough to produce a reduction by a factor 40 of the G-band
intensity, as previously reported by Chen et al.2
The frequency changes observed after doping in carbon
nanotubes as a function of doping level are not as clear as in
graphite intercalation compounds.14 Recent studies showed
that for both isolated and bundled SWNTs, there is an
anomalous change in the C-C bond length upon doping with
alkali metals.30,31 These metals behave as electron donors
and four regimes have been identified in the behavior of the
Raman frequencies of SWNT modes as a function of doping
concentration.32 For low dopant content, the intercalant adsorption mainly occurs on the outside surface of the bundle
and the frequencies do not change. In the second regime of
dopant concentration, the G-band frequencies increase and
the RBM intensity is suppressed. In the third regime, the
frequency of the G band decreases with a continuous loss in
intensity. Finally, in regime IV, the G-band frequency remains constant, thus indicating the saturation regime. These
results are different from GICs and this difference in behavior should be related to curvature effects in nanotubes. Our
observation of upshifts in the G-band modes, suggest that we
are in the third regime where the G-band behavior for both
donors and acceptors follow what has been established for
graphite intercalation compounds. However, in order to
check precisely which regime we have in our samples, experiments with different concentrations of Br2 are needed.
F. Debromination experiments

In order to evaluate how the Br2 molecules are interacting
with our DWNTs, we performed heat treatment experiments
on our Br2-adsorbed DWNTs. In situ temperature-dependent
Raman spectra of our brominated DWNTs are shown in Fig.
11. Upon heating, we can observe that the mode at 233 cm−1
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FIG. 12. G-band and G’-band spectra of pristine, Br2-adsorbed,
and thermally treated 共600 ° C兲 Br2-adsorbed DWNTs. The Raman
spectra were excited by Elaser = 2.33 eV.

and its overtone at 460 cm−1, assigned to the Br2 molecular
vibrations, gradually lose intensity, disappearing completely
at an annealing temperature of 225 ° C. After cooling down
to room temperature, we can observe that the RBM spectrum
for our samples exhibits slight changes for the outer tubes.
The modes close to 270 cm−1 are slightly enhanced compared with the Br2-adsorbed starting sample at room temperature. This could be due to some oxidation effect introduced by the high temperature treatment, which is expected
to affect the outer tubes more than the inner tubes, because
the inner tubes are shielded by the outer tubes. After cooling
the annealed Br2 adsorbed sample down to 21 ° C, the RBM
is not shifted compared with the pristine samples.
In Fig. 12 we show the high frequency modes of
Br2-adsorbed DWNTs cut after exposure to 600 ° C heat
treatment temperatures 共corresponding to the lowest trace in
Fig. 11兲 and the spectrum for the pristine DWNTs before
exposure to Br2. It is clear that the debromination process is
completely reversible, thus indicating a weak interaction between the Br2 molecules and the DWNTs. A comparison between these spectra also indicates that Br2 molecules do not
intercalate between the inner and outer shells of the DWNTs.
The energy needed for removing the Br2 molecule is around
25 meV 共a 200 ° C increase in temperature above the ambient of 21 ° C兲. Such a small energy is typical of the physisorption regime. The absence of D-band intensity indicates
that for the hydrothermally treated sample, all the Br2 has
been removed and that the doping and undoping processes
have not changed the tube structure.
IV. CONCLUSIONS

In summary, we have reported a resonant Raman scattering study of Br2-adsorbed DWNTs. Spectra are observed for

both the Br-Br molecular vibration, as modified by the intercalation, and the DWNTs vibrations that were observed after
intercalation by bromine. The analysis of the resonant Raman profiles associated with the DWNTs allowed us to identify the 共n , m兲 tubes that were contributing to the RBM spectra and how the electronic transition energies for the tubes
were affected by the Br2 doping. By making measurements
at Elaser = 2.33, 1.96, and 1.58 eV we can probe S/M, M/S,
and S/S outer/inner tubes under different bromine intercalation regimes. This allowed us to monitor different charge
transfer characteristics to the inner and outer tubes from the
adsorbed bromine in these different structural configurations.
The analysis of the Raman spectra show that the Br2 molecules decorate the outer tube surface of the individual
DWNT tubes and the spectra further show that the adsorbed
bromine molecules behave as an electron acceptor. We have
also shown that the Br2 adsorption in DWNTs is completely
reversible upon thermal annealing to 600 ° C. Furthermore,
we observe that metallic tubes are extremely sensitive to
doping and the presence of Br2 molecules affect their Raman
spectra even when the metallic nanotubes are the inner tubes
of the DWNTs.
The present work contributes to further understanding the
doping effects in DWNTs because we have been able to
study the effect of doping on the vibrational properties of
selected 2n + m families for the inner tubes. In addition, we
reported the observation of Raman lines due to the resonance
M
共H兲 for metalwith the upper electronic transition energy E11
lic tubes. A detailed study of the various new phenomena
reported here would require the use of tunable lasers and
doped samples with different amounts of dopant and charge
transfer. Such studies would allow us to separate the contributions of the doping to the Fermi energy shift from the
shifting in the electronic transition energies as bromine intercalation takes place.
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