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We present resonant-Raman scattering results on single and multi-walled carbon nanotubes in the
range 1.5 to 2.6 eV. In addition to the known resonance of metallic tubes with a maximum at
~1.9 eV we determine the resonance profile of semiconducting single-walled tubes. For a diameter
of dy = 1.3 nm it has a flat minimum between 1.8 and 2.3 eV and a resonance above and below
that. For tubes with dy = 1.45 A all resonance energies decrease by about 0.1 eV. For multi-walled
tubes a monotonic increase in Raman intensity with excitation energy is observed which is ex-
plained as a smearing out of the square-root singularities in the electronic density of states of 1D
systems.

Introduction The optical properties of carbon nanotubes have become the subject of
recent intensive investigations. The combination of a strictly one-dimensional system
and the metallic and semiconducting property of a particular tube symmetry is fascinat-
ing for basic research. The one-dimensionality leads to a quantum confinement for
k-vectors perpendicular to the tube axis; parallel to the tube axis k can have continuous
values [1]. The electronic density of states has singularities characteristic for one dimen-
sion, i.e. square-root terms at energies located symmetrically around the Fermi surface
and with an energy gap that depends on tube symmetry and diameter [2, 3]. These
singularities determine the optical properties of the nanotubes and give rise to resonant
processes in the Raman scattering spectra [4, 5].

A nanotube is uniquely specified by its chiral vector ¢ = na; + ma, along the circum-
ference, a; and a, forming the elementary cell of graphene. By knowing only the tuple
(n,m), e.g., the number of atoms in the unit cell, the point group of the tube can be
derived easily. In particular, single-walled nanotubes are metallic if (n — m)/3 is an inte-
ger and semiconducting otherwise [1].

The vibrational properties of carbon nanotubes have been investigated by a number
of groups. The structural similarity to graphite has allowed tentative assignments of
vibrational peaks to eigenmodes in the Raman spectra. Polarized spectra, however,
have not yet been reported since single crystals or at least highly oriented material
have not yet become available. Results on nanotubes enclosed in an oriented matrix [6]
and depolarization ratios determined on unoriented samples [7] do not appear to be
fully consistent with the symmetries predicted by group theory and leave open the con-
firmation of the assignments in the Raman spectra. Nevertheless, there is general agree-
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ment about the physical origin of the two main bands observed in the Raman spectra
of single-walled tubes at 150 to 200 cm™!, the so called low-energy mode (LEM), and
at ~ 1600 cm ™!, the high-energy mode (HEM). The HEM arises from the E,, displace-
ment pattern in graphite and corresponds to a bond-stretching vibration of neighboring
carbon atoms. The LEM corresponds to a fully symmetric (Aj,) radial breathing-type
displacement of the tube with a van-der-Waals contribution from neighboring tubes [8,
9], which does not exist in graphite. In multi-walled tubes there is a single peak at
1583 cm™! corresponding again to the high-energy graphite-like mode; the low-energy
mode is generally not seen. A complete group-theoretical analysis of the vibrations in
single- and multi-walled nanotubes is given by Damnjanovic¢ et al. [10].

When changing the excitation wavelength in single-walled tubes throughout the visi-
ble and near infrared strong changes of the relative intensities of the peaks occur in the
high-energy region. For 1.5 eV < hw; <2.2 eV resonance enhancements of the peaks
on the low-energy side of the maximum were observed [5, 11 to 13]. Pimenta et al.
normalized their resonance spectra internally, i.e. with respect to the peak intensity of
the largest peak outside the resonance at 1592 cm~!. This resonance enhancement was
interpreted as due to transitions between the 1D-density of states in metallic nanotubes.

In this paper we report the Raman scattering cross sections of single (SWNT) and
multi-walled (MWNT) nanotubes normalized to the scattering intensity of CaF, and
find the resonance of Pimenta et al. in SWNT qualitatively confirmed. However, in
single-walled tubes the peak at 1592 cm~! undergoes a resonance as well, showing that
it may not be used for normalization. We calculate the joint density of states for both
semiconducting and metallic single-walled nanotubes and compare them with the nor-
malized Raman spectra. For two SWNT samples with a different mean diameter the
resonance maximum shifts, as expected, inversely proportional with tube diameter. In
addition, we report preliminary resonance measurements on multi-walled tubes, which
in accordance with the calculated density of states, show a monotonic increase of the
scattering efficiency in the range considered.

Experimental Multi-walled nanotubes were produced by the arc-discharge method
from graphite, the SWNT from a mixture of metallic catalysts (Ni and Y) and graphite.
The latter are organized in ropes with a triangular lattice structure [14, 15]. For the
investigation of the diameter dependence we selected two samples with different mean
tube diameters. From TEM images the majority of SWNT diameters d was found
to be 1.1 to 1.5 nm and 1.2 to 1.7 nm in the two samples, following a Gaussian-like
distribution with mean values dy = 1.3 nm and 1.45 nm and a halfwidth of about 0.1 nm.

The Raman spectra of the single-walled nanotubes were recorded on a Dilor XY 800
spectrometer equipped with a liquid-nitrogen cooled CCD. The multi-walled meas-
urements were performed under a microscope with a Labram spectrometer. An Art/Kr*-
ion-gas laser and a Ti:sapphire laser were used for excitation energies between 1.59 and
2.55 eV and an excitation intensity below 500 W/cm?. All measurements were per-
formed at room temperature in the backscattering geometry. For normalization pur-
poses we also recorded the intensity of the optical mode of CaF, taken under the same
experimental conditions. The optical properties of CaF, are constant over the examined
energy range (1.59 to 2.55 eV) [16]. A necessary correction to the resonant excitation
profiles when comparing to the joint density of states is to account for the varying
optical penetration depth of the nanotube sample, which determines the scattering vol-
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ume. From optical measurements [3] we found the absorption length to decrease ap-
proximately by a factor of two when varying the excitation energy from 1.6 to 2.6 eV.
The excitation profiles of the nanotube samples were thus obtained as a Raman scatter-
ing efficiency normalized to the scattering efficiency of the CaF, phonon.

Results and Discussion In Fig. 1 we show the Raman spectra in the high-energy re-
gion of two SWNT with different diameters and MWNT. Going from bottom to top we
decreased the excitation energy. In Fig. 1a we find that the spectra excited with 2.54 eV
are dominated by the peak at 1592 cm~!, which corresponds to the type of spectra
usually reported in the literature. At this energy the spectra depend only little on the
diameter of the tube [17], the relative intensities of the two peaks do not change much.
In the maximum of the metallic resonance near Aw; = 1.92 eV we see that the low-
energy side of the spectra is strongly enhanced relative to the peak at 1592 cm™'. Note
that the two diameters produce now a significant difference: for the larger diameter
(do = 1.45 nm) the low-energy peak is weaker than the 1592 cm~! peak, while for the
smaller diameter (dp = 1.3 nm) it is stronger. This behavior is expected since the den-
sity of states maximum shifts to higher energies for smaller tube diameters. At the low-
est energy (Aiw; = 1.61 eV) the spectra look again similar to those above the resonance,
the two diameters again not showing a noticeable difference. In Fig. 1b the multi-walled
spectra recorded for the same excitation energies are shown. The spectra look alike,
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Fig. 1. Raman spectra at three different excitation energies. a) The high-energy mode of two sin-
gle-walled nanotube samples with different diameters dy. b) The high-energy mode of a multi-
walled nanotube sample. Note how the relative intensities in the SWNT spectra change with en-
ergy, while there is no apparent excitation-energy dependence in MWNT
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demonstrating the absence of such sharp resonances as found in the single-walled spe-
cies.

We will now show that the difference in resonance behavior is due to the different
electronic structure of single- and multi-walled tubes. The resonance energies of a given
SWNT are determined by the separation between the mirror image spikes in the 1D
electronic density of states and are thus diameter dependent [2]. The transitions contri-
buting to the resonance are those from a singularity in the i-th valence band to one in
the i-th conduction band [4, 18]. Transitions with i  j occur with a much smaller prob-
ability for symmetry reasons [18], and we neglect their influence. Multi-walled nano-
tubes, on the other hand, consist of concentric tubes with subsequentially increasing
diameter. In the approximation that interactions between these tubes can be neglected,
we consider the electronic density of states (EDOS) of an MWNT to be the sum of the
corresponding single-walled tubes. The large outer diameters of a typical MWNT
(dout = 7.5 nm) compared to SWNTs (dyp = 1.3 nm) cause many spikes in the EDOS at
low energies. This generates a quasi continuous density of states and results in a loss of
a pronounced resonance behavior in the MWNT spectra.

Semiconducting SWNTs with diameters similar to those of our samples have three
pairs of such singularities within £1.5 eV of the Fermi level [1, 19] separated by about
0.5 to 0.7 eV. Metallic SWNTs exhibit only one pair of spikes in this energy range with
a gap of 1.5 to 2.2 eV accounting for the metallic resonance. These predictions were
confirmed by combined scanning tunneling microscopy and spectroscopy (STM and
STS) [20, 21]. In particular, the separation of the first pair of singularities for metallic
SWNTs with diameters 1.2 to 1.4 nm was found to be 1.7 to 2.0 eV.

The energy gap in a single nanotube Ej; is inversely proportional [2] to the tube
diameter d and equal to E; = 2iac_cy,/d where for metallic tubes i = 3,6, ... and for
semiconducting tubes i = 1,2,4,5,7,... Here ac_c = 1.42 A is the nearest-neighbor dis-
tance of the C-atoms and y, the nearest-neighbor electronic overlap integral. The y,
values reported range from 2.5 eV to 3.14 eV. STM experiments [21] yield a y, value of
2.7 eV and resonance Raman experiments [5] 2.95 eV. Despite the uncertainty in y, a
typical diameter distribution will result in broad bands of electronic transitions for both
semiconducting and metallic SWNT and a complete smearing out of these transitions
for MWNT. For the examined energy range the different £; in SWNT imply the exis-
tence of windows where the incident light cannot resonantly enhance the vibrational
modes in metallic or semiconductivity tubes, respectively.

We now estimate the resonance Raman profile of both SWNT and MWNT by sum-
ming up the Raman matrix elements over the joint density of states involved in the
process in a similar way as was done in Ref. [13]. The matrix element K(%iw;) of the
Raman process is [22]

MiH;M;
(hoy — hw; — iy;) (hos — hoj —iy;)

K(ha) = (1)
where w(ws) are the frequencies of the incident (scattered) light, w;; are the frequen-
cies of the resonant electronic transitions with matrix elements M;;, y; is the damping
factor of the i-th transition and Hj is the electron-phonon Hamiltonian matrix ele-
ment. To obtain the Raman cross section this matrix element is summed over all possi-
ble w;; and then squared [22, 23]. Because of the quasi one-dimensionality of the elec-
tronic density of states this sum can be converted into an integral over the joint DOS
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(JDOS). To obtain a convenient expression for the JDOS in the examined energy re-
gion we use the approximation of Mintmire et al. [24] to calculate a universal density of
states of SWNT. We find that in a particular tube the i-th pair of energy bands (a
valence and a conduction band symmetric with respect to the Fermi level) introduces

into the JDOS, J(E), a term of the form ac_cE/dy, \/ E> — E% whenever E > E;;. This

is a good appoximation provided ac_c/d <« 1, which is satisfactorily fulfilled by our
samples (ac_c/d ~ 0.1).

Weighting the JDOS expression by a Gaussian diameter distribution
(dmin < d < dmax) for SWNT we obtain the JDOS of all tubes in a SWNT sample as
follows:

gy _cE d—dy\*
JSWNT [y ac-c ex ( o) 7 2
( ) ; dzgmin d'}/o \/ E? — E,‘iz P \/ZU ( )

where dj is the mean diameter of the SWNT in the sample and o the Gaussian width
parameter. In our experiment on SWNT only terms with i = 1, 2, and 4 for the semi-
conducting tubes and i = 3 for the metallic tubes contribute significantly.

The JDOS curves of the SWNT samples with mean diameters 1.3 nm are plotted in
Fig. 2a. The JDOS curve has a resonance-like shape modulated by the square-root
singularities of the individual tubes. The Raman intensity profile should exhibit the
same resonance behavior as the matrix elements M;; provided Hj; can be regarded as
constant over the resonance range. For the small-diameter tubes with strongly pro-
nounced 1D-singularities in the density of states, we approximate the JDOS of such
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tubes as
SWNT N e o _ d—dy\?
J (E) ~ Zl: d:%:mm (ao/d) 8(E — Ej;) exp { ( T30 ) } , (3)

where again i is appropriately chosen for semiconducting and metallic SWNT. Integra-
tion yields the excitation profiles of both semiconducting and metallic single-walled

tubes:
d—dy\*
A exp [—( > }
dima 20
ISYNT (figp)) = DS l V2

7 ddu, @ [(Ei — han)® + y2 /4] [(Ei — hoy + ha)ph)z + 24
(4)

Here A is a normalization factor, Awpy, = 0.199 eV and 0.194 eV are the energies of the
created phonons, and the damping factor y, is taken to be the same for the bands
considered. We have included the diameter distribution as a Gaussian exponent with a
halfwidth ~0.1 nm. Equation (4) is similar to the one used by Pimenta et al. [5], but
differs in the weighting factor d~2. In Fig. 3a we show the joint density of states for a
larger-diameter single-walled nanotube. It is clearly seen that the resonance energies of
semiconducting and metallic tubes shift to lower energies and that the spacing between
the spikes becomes smaller. Our expression thus properly accounts for the stronger
resonant enhancement of tubes with smaller diameter.
Equation (4), with the appropriate
indices distinguishing semiconducting
d,=1.45nm and metallic tubes, was fitted to the
Raman intensities of the peaks at
wph ~ 1592 ecm™! and 1550 cm™! cor-
rected and normalized to CaF, as de-
scribed. The adjusted parameters are
the nearest-neighbor overlap integral
¥, and the damping factor y.. The re-
sults are shown in Fig. 2b together
with the experimental data. Appar-
R A ently the resonance profiles of the
E,=126eV E,=18eV E,=24eV two peaks are well described by the
0.08 - l ' l two predicted types of resonances.
The metallic resonance has a maxi-
mum due to Es3; at 1.9 eV and drops
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off sharply for energies above and below that (closed symbols). The semiconducting
resonances, according to the expression for Ej; = 2iac_cy,/d with y, =2.9 eV from the
fit, have maxima at E; = 1.3 eV and at Eyy = 2.5 eV, just outside the range considered
here. The experimental data for the 1592 cm™' peak confirm the increasing Raman
cross sections (open symbols in Fig. 2b) and allow for a satisfactory description of both
resonance profiles. In Fig. 3b we show the corresponding results for the larger tube-
diameter sample (dy = 1.45 nm). The metallic resonance is indeed shifted to lower
energy; Es3(dy = 1.45nm) = 1.8 eV is the energy in the maximum. The resonance en-
ergies of the 1550 cm™! peak shift to Ey = 1.2 eV and to Ey =2.4 €V (y, = 2.9 eV),
correspondingly.

For multi-walled tubes we proceeded similarly to obtain the joint density of states,
except that the Gaussian distribution in diameters used in Eq. (2) is replaced by a fixed
number of diameters given by the inner and outer diameter of the MWNTs. We sum
over all diameters incrementing in steps of the wall-to-wall separation in MWNT
(~2x34 A) from di, to doy. We chose dj; = 4 nm and dy = 18 nm in accordance
with the TEM pictures of our multi-walled tubes and found the result to be nearly
independent of the exact values. Thus

dou E
PNT(E) oc 53 3L S

7 d=dy dyy VEE — Ei
the index i this time is chosen such that all energies in the range considered (<3 eV) are
included. As d increases, the index successively increases as well. Figure 4a shows the
joint density of states for an MWNT with the above parameters. It is seen to increase

linearly, i.e., the spikes in the density of
d =4nm states are entirely yvashed out.by the
d:uf 18 nm averaging process in the multll-walled

tubes. Figure 4b shows the experimental
results, again normalized to the intensity
of the CaF, phonon. We find a similar
monotonic increase of the Raman scat-
tering intensity, in rough agreement with
the joint density of states. This is similar
to the behavior of graphite [12] although
we might expect some modulation of the
Raman profile due to the inner tubes of
the MWNT. Measurements with more
closely spaced excitation energies are
planned to resolve this issue.
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Conclusions From resonant Raman profiles determined in single-walled nanotubes of
two different mean diameters and in multi-walled tubes we were able to confirm the one-
dimensionality of the electronic density of states in nanotubes. The metallic SWNTSs show
pronounced resonances (Ey» = 1.9 eV for the smaller d and 1.8 eV for the larger d). The
semiconducting resonances appear as shoulders in our spectra; their energy is found at
E» =13eVand 2.5eV (dy = 1.3 nm) and about 0.1 eV below that for dy = 1.45 nm. The
inverse diameter dependence of the energy of the singularities in the density of states is
confirmed. We obtained the carbon—carbon electronic overlap integral y, =2.9 £0.2 eV
and the broadening parameter y, = 0.065 & 0.01 eV from a fit to the data, in good agree-
ment with results obtained by other experimental techniques. In multi-walled nanotubes
the Raman cross sections increase with excitation energy, in rough agreement with the
linear dependence of the calculated density of states for such tubes.
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