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Four well-resolved peaks with very narrow linewidths were found in the D-band and G�-band features of
double-walled carbon nanotubes �DWNTs�. This fact implies the occurrence of additional van Hove singulari-
ties �vHSs� in the joint density of states �JDOS� of DWNTs, which is consistent with theoretical calculations.
According to their peak frequencies and theoretical analysis, the two outer peaks can be deduced to originate
from a strong coupling between the two constituent tubes of commensurate DWNTs and the two inner peaks
were curvature-related and assigned to originate from the two tubes with a weak coupling. This observation
and elucidation constitute the first Raman evidence for atomic correlation and the resulting electronic structure
change of the two constituent tubes in DWNTs. This result opens the possibility of predicting and modifying
the electronic properties of DWNTs for their electronic applications.
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I. INTRODUCTION

Recently, much interest has been generated for double-
walled carbon nanotubes �DWNTs�,1–4 because of their spe-
cial double wall structure and their potential for applications
in nanoscale devices. For a single-walled carbon nanotube
�SWNT�, it was well established that its structure can be
uniquely determined by its �n ,m� indices.5,6 However, a
DWNT cannot be determined only by two different �n ,m�
combinations, but also by the atomic arrangement of its two
constituent tubes, i.e., their relative circumferential rotation
angle and their axial translation is an important determining
parameter.7,8 Theoretical calculations for energy bands of
DWNTs have concluded that their electronic structures are
sensitive to their structural symmetry, that is, the atomic cor-
relation between adjacent nanotubes.7–10 It is possible to
change the electronic structure by changing the relative po-
sitions of the inner and outer tubes, which controls the
amount of lattice matching7,8 and interlayer interaction.
Therefore, it is quite important to identify the atomic corre-
lation between the two constituent tubes of a DWNT and to
determine its electronic structure for electronic applications.
However, rare experimental results have so far been reported
for the atomic correlation of the two constituent tubes of a
DWNT and the resulting influence on its electronic structure.

The atom position and electronic structure of an isolated
SWNT can be obtained by scanning tunneling microscopy
�STM� and spectroscopy �STS�.5 However, the relative atom
position and electronic structure of a DWNT cannot be mea-
sured by STM/STS directly, since only the outermost nano-
tube contributes to the STM image and STS conductance
measurements.7 Raman spectroscopy provides a sensitive
probe for electronic structure through the coupling between
electrons and phonons in the one-dimensional �1D� system.
However, the radial breathing mode �RBM� and G band re-
late to the center of the two-dimensional �2D� graphite Bril-

louin zone �� point� and are considered to be based on the
single resonance mechanism.11 Therefore, the RBM and
G-band frequencies of an individual tube are independent of
the excitation energy but the Raman signals vanish with the
laser being less resonant with the van Hove singularities
�vHSs� in the joint density of states �JDOS�. In contrast to
the RBM and G band, both D-band and G�-band features
relate to the corner of the 2D graphite Brillouin zone �K
point� and are highly dispersive, showing a strong depen-
dence of their frequencies on the laser excitation energy for
SWNT bundles.6,11 The physical origin of the D-band and
G�-band features in Raman spectra of isolated tubes is based
on the double resonance mechanism, which involves a reso-
nance not only with the incident or scattered photons, but
also with an intermediate intraband scattering process.11,12

According to the double resonance effect, the phonon q re-
sponsible for the D-band and G�-band frequencies is strongly
related to the resonance electron k vector. For the nanotubes,
the vHSs for the electronic states Eii will strongly constrain
the k vector and consequently affect the selection of q vec-
tors involved in the double resonance process.13,14 Therefore,
both the D-band and G�-band features are very sensitive to
the electronic structure of the nanotubes.

In the present paper, we try to provide Raman evidence
for the atomic correlation and the resulting influence on the
electronic structures of the two constituent tubes of a DWNT
from the resonant Raman profiles of their D-band and
G�-band spectra. Four well-resolved peaks with very narrow
linewidths were found in the D-band and G�-band features of
double-walled carbon nanotubes �DWNTs�. This implies the
occurrence of additional vHSs in the JDOS of DWNTs,
which is consistent with theoretical calculations. According
to their peak frequencies and theoretical analysis, the two
outer peaks were deduced to originate from the strong cou-
pling between the two constituent tubes of commensurate
DWNTs and the two inner peaks were curvature-related and
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originated from the two tubes with weak coupling.

II. EXPERIMENT

Three DWNT samples with different diameter distribu-
tions were used in this study and were prepared by a floating
catalytic decomposition of methane with different amounts
of sulfur addition.2,15,16 The first sample consisted of aligned
DWNT ropes �more than 90% DWNTs in the sample� with
outer and inner diameters of 1.85±0.15 and 1.15±0.15 nm,
respectively.15 A great deal of HRTEM observations showed
that the mean outer and inner diameter of the other sample
�more than 70% DWNTs� are 2.26 nm and 1.52 nm,
respectively.2 Another sample, containing about 30%
DWNTs, was also synthesized by the floating catalyst
method and their average outer and inner tube diameters are
1.85 and 1.15 nm, respectively. Moreover, it should be
pointed out that: �1� no multiwalled carbon nanotubes
�MWNTs� were found in the above samples, and �2� the rest
of the samples, except for DWNTs, consisted of SWNTs with
a diameter similar to the outer diameter of the DWNTs. The
large and small diameter SWNTs �average diameter 1.85 nm
and 1.20 nm, respectively� used for comparative experiments
were synthesized by the floating catalytic decomposition of
methane and ethanol chemical vapor deposition �CVD�,
respectively.16 All the above structural information of the
samples studied was obtained from a great deal of HRTEM
observations. Resonant Raman measurements were per-
formed in the backscattering configuration at room tempera-
ture using three laser energies �Elaser� of 1.96, 2.41, and
2.54 eV. We fitted the D-band and G�-band features using a
sum of Lorentzians.

III. RESULTS AND DISCUSSION

Figure 1 shows the D-band and G�-band Raman features
of different samples measured with the 1.96 eV laser excita-

tion, in which Fig. 1�a� is from the DWNT rope with a nar-
row diameter distribution, Fig. 1�b� is from the sample con-
taining about 30% DWNTs, and Fig. 1�c� from the SWNTs
with an average diameter of 1.85 nm. It is clear that the D
band and G� band of the samples containing DWNTs are
composed of four well-resolved peaks and those of the
SWNTs are a single peak. The inset of Fig. 1 shows the D
band of DWNTs with a larger outer diameter of 2.26 nm.
Note that the four-peak Raman features of the D band and G�
band could be observed in both DWNT samples with differ-
ent mean diameters, and their frequencies were dependent on
the mean nanotube diameter. Moreover, the four peaks can
be reproducibly found in the D band at the different positions
of the sample, as shown in Fig. 2, with the same position and
linewidth. Therefore, we conclude that the four components

FIG. 1. Raman spectra of the RBM, D band
and G� band measured with a laser energy of
1.96 eV of �a� sample containing more than 90%
DWNTs with outer and inner diameter of
1.85±0.15 and 1.15±0.15 nm, respectively, �b�
sample containing about 30% DWNTs and 70%
SWNTs with the similar outer diameter of
1.85 nm, and �c� SWNTs with average diameter
of 1.85 nm. The inset shows a fit to the D band of
DWNTs with a larger diameter of 2.26 nm. A
Lorentzian line shape was used in the fitting pro-
cess. The frequencies/widths of the observed
modes are also displayed.

FIG. 2. The reproducible D-band feature at different positions of
an aligned DWNT rope.
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arise from the intrinsic structural features of DWNTs. In the
following paragraphs, we will discuss the physical origin of
the unique D-band and G�-band features observed in
DWNTs based on double resonance mechanism.

In the case of nanotubes, the presence of vHSs in the
JDOS greatly affects the result of double resonant process
and the resulting peak structure and position of the D
band.15,16 Moreover, according to the double resonance
mechanism, not only the quantized electronic structure but
also the phonon dispersion relations of the nanotubes should
be taken into account to quantitatively analyze the fine struc-
ture of the D band of nanotubes.12,17 Zólyomi et al.17 consid-
ered that the fine structure of the D-band feature for SWNT
bundles was dependent on four factors: the triple resonant
transitions originating from the vHSs �i.e., the double reso-
nance conditions with the scattering process occurring be-
tween electronic states in the k space corresponding to vHSs
in the density of states�, chirality distribution of SWNTs in
the sample, the trigonal warping of the phonon dispersion,
and the reciprocal lifetime of the excited states. Moreover, it
was worth noting that the main peak originates from the
SWNTs satisfying the triple resonant condition, and the side-
bands of the D band with a relative small intensity originate
from those SWNTs that are somewhere between being truly
triple resonant and merely double resonant. Generally, only a
relatively small number of SWNTs have the vHSs satisfying
the triple resonance condition in a SWNT sample with a
Gaussian diameter distribution. Accordingly, only one main
band was observed in the D band, with the frequency �D
equal to the weighted average of all the �D for the SWNTs
satisfying the triple resonance conditions.13

Damnjanovic et al.18 calculated the phonon dispersion re-
lations of the commensurate DWNTs based on symmetry and
found that the high-energy modes are scarcely influenced by
the interlayer interaction. This result implies that the unique
D-band structure of DWNTs should not originate from the
change of phonon dispersion relations. In order to elucidate
the physical origin of the unique D-band feature, first, we
assume that the electronic structures of the two constituent
tubes of DWNTs are not changed. Based on the above elu-
cidation on the D-band feature for SWNT bundles, it is ex-
pected to have two main peaks for the D band of DWNTs
because of the Gaussian diameter distribution of the outer
and inner tubes of DWNTs. However, four well-resolved
main components were found in the D band experimentally,
indicating that they should not be a mere consequence of the
diameter distribution of the DWNTs.

To further rule out the diameter distribution origin of the
four peaks, a comparative experiment was designed, in
which a SWNT sample with a large diameter �1.85 nm� simi-
lar to the outer tube diameter of the DWNTs was sonicated in
ethanol and the dispersed SWNT bundles obtained were
dropped onto a Si�100� substrate covered with small diam-
eter SWNTs �1.20 nm� similar to the inner tube diameter of
the DWNTs to form a mixture of two kinds of SWNTs with
different diameters. Figure 3 shows the RBM and D bands of
the large diameter SWNTs, small diameter SWNTs and their
mixture, respectively. We can see that the D band of the
mixture is simply superposed by the two D bands of the
original SWNT samples originating from the curvature effect

of the nanotubes, without the occurrence of the two addi-
tional peaks. Considering that the four additional peaks can
even appear in a sample containing only a small amount of
DWNTs, as indicated in Fig. 1�b�, we can conclude that the
four peaks in the D band and G� band are related to the
atomic correlation and the resulting electronic structures of
DWNTs.

It is important to note that the four components in the D
band of DWNTs have comparable intensity and exhibit very
small linewidth of about 9–13 cm−1, comparable to the in-
trinsic linewidth of a single SWNT.19 This result indicates
that �1� incident and scattered phonons are very close to the
vHSs �Ref. 19� �i.e., satisfying the triple resonance condi-
tion�, and �2� the density of states is very singular, leading to
a long phonon lifetime, consistent with the result from RBM
analysis,20 which provide direct evidence for the correlations
between the four peaks and the intrinsic electronic structures
of DWNTs. Moreover, it was worthy to note that only one
main peak was found in the D-band feature for an upshift of
about 0.2 eV in the Eii energy transition resulting from the
intertube interactions in SWNT bundles.13 Therefore, we de-
duce that the occurrence of additional vHSs in the JDOS
plays a key role in the unique feature of the D band and G�
band of DWNTs.

Theoretically, the band repulsion can be expected for the
energy bands with the same symmetry of wave functions
belonging to two different nanotubes due to the large matrix
elements of interlayer interaction, leading to the splitting of
the energy bands for the two constituents of DWNTs.7,8 As
for the wave functions with different symmetries, the energy
bands can cross each other, since the wave functions remain
orthogonal to each other even in the presence of interlayer
interaction.7,8 Generally, there are two kinds of DWNTs,
commensurate and incommensurate, depending on the ratio
of two different lattice constants of the constituents.7,8 The
commensurate cases are the cases of achiral DWNTs, since
translation vectors are the same for two armchair nanotubes
or for two zigzag nanotubes.7 For a general chiral DWNT,

FIG. 3. The RBM and D band of �a� two separated SWNTs with
average diameters of 1.85 nm and 1.20 nm, respectively, and �b� the
mixture of the two SWNTs in �a�.
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the two constituent tubes are expected to be incommensurate
and have only 2� rotational symmetry along the chiral vec-
tors which are both perpendicular to the nanotube axis.8 Thus
the energy bands of the inner tube are not degenerated with
those of outer tube. Therefore, the electronic property of an
incommensurate DWNT can be considered to be the sum of
the electronic structures of two independent nanotubes, ex-
pect for some small modification due to a weak interlayer
interaction. According to our previous researches,2,15,16 the
diameters of inner and outer tubes of DWNTs have a Gauss-
ian distribution, respectively. Therefore, two main peaks
could be expected in the D band of the incommensurate
DWNTs, having approximate frequencies with those of inde-
pendent SWNTs with similar diameters.

Considering the diameter difference of �0.7 nm and their
resonance contributions from different vHSs subbands, the
spring constant mechanism is dominant in the determination
of �D of the two constituent tubes.21 Therefore, we can pre-
liminarily estimate their frequencies on the basis of the di-
ameter dependence of the D band of SWNTs. It is well
known that the �D of SWNTs decreases as their diameter �dt�
decreases with a simple linear relation �D=�0−� /dt,

22 at-
tributed to the softening of the spring constant due to the
curvature effect of individual SWNTs in bundles,6 where �0
is the D-band frequency for 2D graphite. According to the
relation between �D and dt for Elaser=1.96 eV, �D=1331
−16.5/dt,

22 the �D of the outer tube with a mean diameter of
about 1.85 nm can be predicted to be �1322 cm−1, which is
in a good agreement with the observed high frequency com-
ponent of the D band �1322 cm−1�. For an average interlayer
spacing of 0.37 nm, the �D of the inner tube should be
�1316 cm−1 �corresponding to 1.11 nm�, which approaches
the observed 1313 cm−1. Therefore, the inner two peaks can
be assigned to originate from the incommensurate DWNTs.
The obtained D-band frequency agreement between DWNTs
and SWNTs with the similar diameters provides strong evi-
dence for the weak interlayer interaction between the two
constituents of the incommensurate DWNTs.

Commensurate DWNTs have a better atomic correlation
and a stronger van der Waals interaction between the two
constituents than those of incommensurate ones. Two impor-
tant changes were predicted theoretically for the electronic
structures of commensurate DWNTs: �1� occurrence of addi-
tional vHSs due to the separation of original degenerated
energy bands with the same symmetry, and �2� very singular
density of states at many anticrossings of energy bands due
to the interlayer interaction.8 The occurrence of additional

vHSs makes it possible to give rise to some additional vHSs
satisfying the triple resonance conditions. Moreover, the very
singular density of states makes related D-band frequencies
distinguishable due to the resulting very narrow linewidth.
Consequently, some new peaks were expected to appear in
the D band of commensurate DWNTs, having different fre-
quencies with those of incommensurate DWNTs. Therefore,
the two observed outer peaks in the D band can be deduced
to originate from the occurrence of additional vHSs related
to a stronger interlayer interaction for the commensurate
DWNTs in the sample.

It was well known that each �n ,m� SWNT has distinctive
vHSs attributed to the electronic trigonal warping effect.22

However, it is possible to find two vHSs with a wave vector
k of the same magnitude and opposite direction, due to modi-
fication of the electronic trigonal warping effect for the com-
mensurate zigzag @ zigzag DWNTs. Thus, the correspond-
ing D-band frequency splitting is dependent on the phonon
trigonal wrapping effect. It is very interesting to find that the
observed D-band frequency difference, ��D=25 cm−1, for
the two outer peaks is in good agreement with the splitting
for the related phonon frequencies between the directions
KM and K�, ��ph=24 cm−1.23 This result provides one pos-
sibility to quantitatively explain the frequency splitting of the
two outer components in the D band of DWNTs. Moreover,
recent HRTEM studies on DWNTs showed that it was pos-
sible to have the atomic correlation as a commensurate
graphene stacking with zig-zag chains in some local areas for
the circumscribed DWNTs in their bundles with a strong van
der Waals interaction between the neighboring layers,24

which provides experimental evidence for the above analy-
sis.

Recently, Barros et al.25 studied the Raman spectra of
graphitic foams, which are composed of two intermixed gra-
phitic structures, one with stacked planes and one with a
turbostratic structure. It is interesting to note that the G� band
of graphitic foams is composed of three peaks in the range
between 2550 and 2680 cm−1, one corresponding to the con-
tribution from 2D graphite and two from 3D graphite. This is
consistent with the above results observed for the D band
and G� band profiles of our DWNTs. Figures 4�a� and 4�b�
show, respectively, the laser energy dependence of �D and
�G�. It is noteworthy that the inner two components of D
band and G� band have a stronger Elaser dependence than the
outer ones. The inner two components exhibit a similar Elaser
dependence relation to that observed in SWNTs and 2D
graphite,13,26 having a slope of about 53 and 106 cm−1/eV,

FIG. 4. Laser excitation energy dependence of
�D �a� and �G� �b� for DWNTs with outer and
inner diameter of 1.85±0.15 and 1.15±0.15 nm,
respectively.
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respectively. However, the outer two components exhibit a
weaker Elaser dependence with a slope of about 47 and
97 cm−1/eV, respectively, approaching that for 3D
graphite.27,28 Moreover, it is worth noting that the averages
between the frequencies of the two D bands of commensu-
rate DWNTs are 1319.5 cm−1, 1341 cm−1, and 1348 cm−1 for
the 1.96 eV, 2.41 eV, and 2.54 eV excitation, respectively.
These values are very close to the averages of D-band fre-
quencies of incommensurate DWNTs, which are of
1317.5 cm−1, 1338.5 cm−1, and 1349.5 cm−1 for the 1.96 eV,
2.41 eV, and 2.54 eV excitation, respectively. The above re-
sults are in good agreement with those obtained from gra-
phitic foams.

The detailed structural information of DWNTs and gra-
phitic foams was taken into account to gain a further insight
into the similarity of their Raman features and inherent
physical correlations. Note that the incommensurate DWNTs
are similar to the turbostratic graphite structure in graphitic
foams, i.e., the neighboring layers are not stacked with re-
spect to one another with a good atomic correlation. There-
fore, the interlayer interactions between the neighboring lay-
ers are weakened, leading them to behave as if they were
isolated. However, for commensurate DWNTs, their struc-
tures are similar to 3D graphite in graphitic foams, with
neighboring layers stacking with a good atomic correlation
and a strong interlayer interaction. Therefore, the similarities
of Raman features further prove that it is the different atomic
correlations and the resulting different interlayer interactions
that play a key role in the profiles of D band and G� band of
carbon materials, such as DWNTs, 3D graphite, turbostatic
graphite, and graphitic foams.

According to the assignment of the physical origin of the
four peaks in the D band, a rich D-band structure can be
expected depending on the amount of DWNTs with different
structures. Indeed, one, two, three, and four main peaks in
the D band were found experimentally at different positions,
as shown in Fig. 5, which also provides support for the above
assignment. However, further theoretical studies and investi-
gations on isolated DWNTs are required to justify this de-
duction.

All the above analyses indicate that atomic correlation
between the two constituent tubes of DWNTs plays a very
important role in the determination of their D-band and
G�-band profiles, which is consistent with the results from
RBM analysis.20 To interpret the line splitting in the RBM
feature of DWNTs, Pfeiffer et al.20 used the Lennard-Jones
�LJ� potential to describe the interlayer interaction and found
that the difference in the interaction energy is rather small for
the DWNTs with the same inner diameters, due to the small
difference in outer diameters. Moreover, it is important to
note that the atomic correlation of the two constituents of
DWNTs has a stronger influence on the interlayer interaction
attributed to their larger contribution to the distance of car-
bon atoms. However, the interlayer interaction of DWNTs
has a larger effect for the lowest frequency modes with radial
mode displacements, and much smaller effects for high fre-
quency modes,18,29 as the effect of intertube interactions in a
SWNT bundle.5 Therefore, the line splitting of the RBM fea-
ture of DWNTs is dominantly attributed to the change of
phonon dispersion relation resulting from the relative change

of the mutual positions of hexagons in the constituent tubes.
As we stated above, the line splitting of the D band was
dominantly attributed to the modification of the electronic
structure. Therefore, a common conclusion that can be drawn
here is that the atomic correlation between the two constitu-
ent tubes of a DWNT is an important structural parameter,
which has a strong influence on the properties of DWNTs,
such as electronic structure and phonon dispersion relation.

IV. CONCLUSION

We have made assignment of the four peaks firstly found
in the D band and G� band of DWNT bundles. The result
indicates that the atomic correlation of the two constituent
tubes of a DWNT can be probed by studying the spectral
profiles of the D band and G� band of DWNTs, which cannot
be obtained from the RBM and G band, which only provide
information on their �n ,m� configurations. This finding im-
plies that �1� the atomic correlation between the two con-
stituent tubes of DWNTs has a very important influence on
their electronic structures, and �2� additional vHSs occur in
the JDOS of commensurate DWNTs compared to those of
independent SWNTs, which is consistent with theoretical
calculations. However, further experimental investigations
on isolated DWNTs are required to justify this deduction.
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FIG. 5. The D-band feature obtained at different positions of an
aligned DWNT rope.
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