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Abstract

Micro-Raman spectra of single-walled carbon nanotubes in the range of two-phonon 2D bands are investigated in
detail. The fine structure of two-phonon 2D bands in the low-temperature Raman spectra of the mixture and individual
single-walled carbon nanotubes is considered as the reflection of structure of their m-electron zones. The
dispersion behavior of 2D band fine structure components in the resonant Raman spectra of single-walled
carbon nanotube mixture is studied depending on the energy of excitating photons. The role of incoming
and outgoing electron-phonon resonances in the formation of 2D band fine structure in Raman spectra of
single-walled carbon nanotubes is analyzed. The similarity of dispersion behavior of 2D phonon bands in
single-walled carbon nanotubes, one-layer graphene, and bulk graphite is discussed.
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Background
Single-walled carbon nanotubes (SWCNTs) due to their
unique physical and mechanical properties have been
extremely investigated during the last two decades.
High-strength, electric, and thermal conductivities and
biological applicability make them an attractive material
for nanotechnology and nanoelectronics, and medicine,
as well as biosensors and biocatalyst [1]. All these prop-
erties are strongly dependent on nanotube structure,
namely how the graphene sheet is twisted up to form
the nanotube. Therefore, characterization of SWCNT
parameters (1, m—indices) is always been a priority.

Resonance Raman spectroscopy plays a great role in
SWCNT characterization and gives valuable information
about their physical and mechanical characteristics.
Moreover, it is a powerful tool for investigations of
electron and phonon excitations and defects in micro-
structure of all carbon-based materials [2, 3].

The first-order Raman spectra of such materials always
show two main features: the graphite-like G band
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(~1580 cm™'), caused by scattering on Brillouin zone
center phonons, and D band (~1350 cm™ ) whose exist-
ence is related with defect-induced resonant scattering
[4]. The G bands in the Raman spectra of SWCNTs
show a doublet structure (split into G* and G~ compo-
nents). The shape of the G~ component is highly sensi-
tive to whether the SWNT is metallic, where a broad
structure of the G~ band appears, or semiconducting
(single-component G~ band) [5]. Besides G and D bands,
another prominent feature at ~100-400 cm ™', called the
radial breathing mode (RBM), appears in the first-order
Raman spectra of SWCNTs. The frequency position of
the RBM modes gives information about distribution of
single-walled carbon nanotube diameters according to
the relation wgpy (cm™) =204/d, (nm) +27 (cm™) [6].
Then, taking into account the SWCNT diameter distri-
bution and comparing the energy of Raman excitation
with that known from Kataura plot optical transition
energies E; (i=1, 2, 3, ...), one can assign the chiral
indices (1, m) of the particular nanotubes excited in the
resonant Raman process.

Second-order Raman spectra of carbon-based materials,
and particularly of single-layer graphene, are dominated
by 2D band at ~2700 cm ™', caused by the existence of
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double electron-phonon resonance (DR) mechanism. The
phonons with wave vector g = 2k, where k is an electron
wave vector, participate in electron-phonon scattering in
DR process, thus making it possible to study the structure
of electron bands from the analysis of resonance Raman
spectra [7, 8].

Quantum states of 2D graphite (graphene) in a
complex way modifies, when transforming into 1D states
of the nanotubes leading to appearance of van Hove
singularities (VHSs) in a density of electron states (DOS),
which determine the electronic properties of SWCNTs.
It also results in modification of the selection rules for
the DR process [9, 10].

The present paper studies the dispersion of two-phonon
2D bands in the Raman spectra of SWCNTs, measured at
liquid nitrogen temperature. The structure of 2D phonon
bands is analyzed in relation to the electron band
structure of SWCNTs, and possible resonant processes
are discussed.

Methods

Samples

Single-walled carbon nanotubes used in this study were
synthesized by the arc-discharge method in a 600-mbar
He atmosphere with nickel and yttrium oxides as
catalysts. The diameter distribution of the investigated
carbon nanotube mixture was estimated from the
experimental frequencies of radial breathing modes
(RBM) as d; = 1.51 £ 0.30 nm [11].

Raman Measurements
Micro-Raman spectra were measured in backscattering
geometry at room and liquid nitrogen (77 K) temperatures
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using triple Raman spectrometer T-64000 Horiba
Jobin-Yvon, equipped with cooled CCD detector. Lines
of Ar-Kr ion laser with wavelengths of 454.5, 457.9,
476.5, 488.0, 496.5, 514.5, 520.8, 530.9, 568.2, and
647 nm were used for excitation. Excited radiation was
focused on the sample surface with 50x optical object-
ive. The laser power on the sample surface was always
kept below 1 mW, in order to obtain acceptable signal
to noise ratio and to prevent laser heating effect.

Results and Discussion
Figure 1 shows the Raman spectra of one-layer graphene,
two-layer graphene, bulk Bernal graphite with (ab),-stack-
ing, individual SWCNT, and mixture of SWCNTs. In the
Raman spectra of one-layer graphene besides allowed in
the first-order scattering processes of G band, which is
caused by twofold degenerated valence intra-layer vibra-
tions of C-atoms, intensive single two-phonon 2D band is
observed [7]. This band is due to second-order processes
for phonons near the K-point [12]. The intensity relation
of G and 2D bands (I,p/Ig~5) and uniform contour of
2D band are the typical features of single-layer graphene
[7, 13]. The 2D band in the Raman spectra of two-layer
graphene consists of four components, which are well ap-
proximated by four Lorentz contours [13]. These compo-
nents are known to be related with the structure of
electron bands, which are revealed due to double
electron-phonon resonance [7]. The 2D band in the
Raman spectrum of monocrystalline Bernal graphite
contains only two components, which also reflects the
electron band structure.

As it was mentioned above, 2D band in the Raman
spectra of two-layer graphene consists of four components
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(P12 P1-1> P2-2 p2-1) (Fig. 1). The interlayer interaction
in two-layer graphene leads to an increase of 2D line com-
ponent number as compared with one-layer graphene,
which connects with Davydov splitting (DS) of electron
states of one-layer graphene. Thereby, m and * electron
bands of graphene monolayer divide into four, 1y, 1%, 105,
and m,*, bands in the case of graphene bilayer. Dispersion
of electronic states near the K-point in such graphene has
parabolic behavior instead of linear behavior of one-layer
graphene [14].

Taking into account the anisotropy of optical absorption
(emission), only electronic transitions m=mn; and m<=r;
are allowed in bulk graphite crystals.

In bilayer graphene, the anisotropy of optical transi-
tions is less sufficient than for bulk crystalline graphite
and transitions m=mn; and m=mn, become also allowed
[15]. That is why the 2D Raman band consists of two
and four distinct components in the case of bulk graph-
ite and two-layer graphene, respectively.

Raman spectra of SWCNT mixture and insulated
SWCNT are also shown in Fig. 1. The G band in the
Raman spectrum of SWCNTs consists of two components
G~ (1565.6 cm™}) and G* (1590.5 cm™!), which are the
components of a chiral doublet. The G* band corresponds
to valence vibrations of armchair nanotubes perpendicular
to nanotube axis and the G~ band to valence vibrations of
zigzag nanotubes parallel to the nanotube axis [9].

As it can be seen from Fig. 1, the 2D band at 2700 cm™
in the Raman spectrum of isolated SWCNT consists of
two components (p;, p2) and contains three components
(p1, p2 p3) in the case of SWCNT mixture. These compo-
nents are well-resolved and could be approximated by
three Lorentz contours. The position of the main p; peak
correlates with the position of 2D band of single-layer
graphene. The low-energy peak p, is downshifted to
~33 cm™ with respect to the most intensive p; peak, and
the position of p; peak is upshifted to ~26 cm™.

In order to figure out the nature of the observed struc-
ture in 2D Raman band of SWCNTs, we carried out the
resonance low-temperature (77 K) Raman measure-
ments. Figure 2 shows the 2D band Raman spectra of
SWCNT mixture measured at different excitation ener-
gies. As it can be seen, each 2D band in Fig. 2 consists
of three components, which can also be approximated
by Lorenz contours. Figure 2 also shows the dispersion
behavior of the analyzed components as well as the
dispersion of 2D band for single-layer graphene [8]. The
dispersion of analyzed components appeared to be
almost linear with slight variations from the linear be-
havior. The position and slope of the most intensive p;
peak almost coincide with the corresponding values for
2D band of single-layer graphene. The slopes of p, and
ps peaks also appeared to be close to the dispersion of
single-layer graphene 2D band, with average frequency
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Fig. 2 2D Raman band of SWCNT mixture at different excitation
energies. Resonant Raman spectra in the range of 2D band for SWCNT
mixture (a). Dispersion of 2D band components for SWCNTs (b).
Dispersion of graphene 2D band is also shown for reference. T=77 K

downshift for p, peak about 36 cm™" and the upshift for
ps peak about 26 cm™.

The splitting of 2D band in the Raman spectra of
SWCNTs was observed earlier [5, 10, 16] and was ex-
plained by the peculiarities of double electron-phonon
resonance process providing different resonant condi-
tions for resonances with different van Hove singularities
(VHSs) of SWCNTs.

From the analyses of frequency position of observed
radial breathing modes (RBM) at used excitation ener-
gies, we analyzed the diameter distribution of SWCNTs,
which are excited in resonant Raman process [11]. Thus,
in the considered resonance process, SWCNTs with di-
ameters in the range of 1.20-1.79 nm are excited. Taking
into account the diameter distribution of SWCNTs, the
range of used excitations and making the correlation
with the Kataura plot in ref. [9], it is possible to con-
clude that in our case, only the resonant processes with
semiconducting Esz3, E44, and metallic E;; vHSs can be
observed. At energies near E.,. =1.91 eV, mostly metallic
SWCNTs are involved in resonant process, which is
additionally confirmed by the presence of broad G band
registered in the Raman spectra (not shown here) [17].
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Figure 3 shows the examples of possible schemes of
resonant processes within the double electron-phonon
resonance with vHSs of different SWCNTs giving rise
to observed features of SWCNTs 2D band [10]. Thus,
the most intensive p; peak can be attributed to
incoming resonance processes shown in Fig. 3a-c,
which in fact is similar to the case of one-layer gra-
phene. The high intensity of p; peak is provided by
all types of mentioned resonant processes giving rise
to this feature. The nature of less intensive down-
shifted p, peak can be related to the processes of out-
put resonances with vHSs (Fig. 3a, c). The upshifted
ps peak also could be a sequence of outgoing reson-
ant conditions but considering the effect of trigonal
warping [5, 16].
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From the obtained dispersion behavior of SWCNT 2D
band and taking into account the energy of 2D band,
which in our case makes ~0.3 eV, the expected down-
shift of p, peak frequency position with respect to p;
peak in the considered double-resonant process can be
estimated as ~30 cm™' [10], which is close to experi-
mentally observed downshift for peak p,.

The similar dispersion of the most intensive p; peak in
the Raman spectra of SWCNTs and single-layer graphene
2D band, as well as almost linear dispersions of additional
p2 and p3 peaks, in our opinion, reflects the general nature
of SWCNT electron bands, which originate from single-
layer graphene electron bands within the zone-folding
procedure, in such a way providing similar conditions for
double electron-phonon resonances.
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Fig. 3 Examples of possible energy schemes illustrating different types of resonances with van Hove singularities (vHSs) giving rise to 2D Raman band
of SWCNTs. a Incoming and outgoing resonances with EY) vHSs for armchair (11,11) nanotube at £, = 1.91 eV. b Incoming resonance with E3; vHSs
for zigzag (20,0) nanotube at E., = 2.18 eV. ¢ Both incoming and outgoing resonances corresponding with Ef14 vHSs and E§3 vHSs for chiral (15,7)
nanotube at E.,. =241 eV. Horizontal lines with arrows show the width of the resonant window [5, 10]
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Conclusions

The fine structure of 2D bands in the Raman spectra of the
mixture of SWCNTs and individual SWCNT is explained
as caused by the structure of their n-electron zones.

The most intensive p; feature of 2D band in the
Raman spectra of SWCNT mixture and individual
SWCNT is shown to be related with incoming reson-
ance on SWCNT van Hove singularities, which provides
the dispersion behavior with the energy of exciting pho-
tons similar to the 2D band of single-layer graphene.
The less intensive components of the 2D band (p, and
ps) in our opinion are caused by additional resonant
conditions including the outgoing resonances and
trigonal warping effect.
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