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The temperature dependence of the radial breathing modes (RBMs) and the zone-center tangential optical phonons (G-bands) of double-
walled carbon nanotubes (DWCNTS) has been investigated between 300 and 700 K using Raman scattering. As expected, with increasing
temperature, the frequencies of the Raman peaks, including the RBMs and G-bands downshift simultaneously. We show here that the
temperature dependence of the RBMs can be fitted by a simple linear dependence and different RBMs have different frequency shifts. We
observe a noticeable nonlinearity in the temperature dependence of the G-band associated with the outer semicondugjirg) tulieeG

deviation from the linear trend is due to the contribution of the third-order anharmonic term in the lattice potential energy with a pure
temperature effect. An estimated value of 1.5 for thér@isen parameter of thelx(s) band was found.

Keywords: Raman spectroscopy; double wall carbon nanotubes; high-temperature; anharmonicigis&r parameter.

La variacbn con la temperatura de los modos de respiracadial (RBMs) y los fononedpticos tangenciales de centro de zona (banda

G) de los nanotubos de doble pared (DWCNTS) han sido investigados en el rango de 300 a 700 K utilizandordRaeran. Como era

de esperarse, con el incremento de la temperatura las frecuencias de los picos Raman de los RBMs y las bandas G se despdazan hacia m
bajas frecuencias. Nosotros demostramos que la vaniaacin la temperatura de los RBMs puede ser ajustada mediante un modelo lineal y
muestran diferentes desplazamientos en frecuencia. Nosotros observamos una no linealidad importante eon@eariademperatura

de la banda G asociada a los tubos semiconductores ex{@ggs)). La desviaddn se debe a la contriburi del termino anardnico de

tercer orden en la endegpotencial. Se encodtun valor estimado de 1,5 para el fanetro de Gineisen de la bandal@s).

Descriptores: Espectroscopia raman; nanotubos de carbono doble pared; altas temperaturas; anarmonaideloaiineisen.

PACS: 63.22.GH; 63.20.KG; 78.30.-J

1. Introduction The synthesis of mono-dimensional nanocrystals is com-
plex due to the lack of stability of such structures. One way
Carbon nanotubes have attracted intense scientific interegs stabilize them is to prepare them within a container, such
due to their fascinating essentially one-dimensional elecys CNTs. CNTs are good candidates for this application due
tronic and vibrational band Structure, their Unique mechanto their inner diameter being in the nanometer range, as well
ical properties as well as the prospect for numerous applicags their good chemical and thermal stability [4-6]. It has been
tions [1-3]. The double-wall carbon nanotube (DWCNT) is shown recently that the DWCNTS can be filled with different
the most important member of the multi-walled carbon nanmaterials: Phj Fe, Te and others, opening a wide range of
otube (MWCNT) family which can be produced in significant possible applications [7-8]. Also had been shows that DWC-

quantities [4]. These tubes consist of two concentric cylindri-NTs quality can be improved by heat treatment [9].
cal graphene layers. Typical values of their inner and outer

diameters range from approximately 0.40 to 2.5 nm and from Raman spectroscopy was shown to be a powerful and
approximately 1.0 to 3.2 nm, respectively [5-6]. These nanonondestructive technique for structural characterization of
objects made possible the study of low-dimensional crystatarbon nanotubes [10]. Raman spectroscopy at ambient pres-
growth when the incorporated material is constrained to aure has been also successfully employed in the study of the
few atomic layers in thickness by the encapsulating van demore recently observed [8] and synthesized in bulk quanti-
Waals surface of the carbon nanotubes. The preparation d¢ies [9] of double-wall carbon nanotubes (DWNTS), suggest-
highly anisotropic one-dimensional (1D) structures confinedng that the outer tubes provide an unperturbed environment
into CNTs in general is a key objective in carbon nanotubeo their interior [10] and that the interaction in a DWNT bun-
research [7-8]. dle is stronger than the inner-outer tube interaction [11].
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It is known that carbon nanotubes have strong tempera- g % o
ture dependence [11-13], and all the phonons downshift with e 200 E | .
the increased temperature. In single-wall carbon nanotubes E I/R o 390
(SWCNTs) and DWCNTSs has been found that the shifts in AV AN
Raman frequencies for all peaks are linear as a function of 100 i w ahe s ]
the temperature [9, 12-13]. Nevertheless, more recently Zhou Fluorescence Shift (cm™)
et al. [11] shows that the shift for G-band in DWCNTSs and 0 N
SWCNTSs has a nonlinear relation with the increased temper- 5000 5025 5050 5075 5100 5125
ature. They also have noted that the deviation from the linear N
trend is a consequence of the contribution of the third- and R1-Line Fluorescence Shift (cm )

fourth-order anharmonic terms in the lattice potential energy
with pure temperature effect.

In this letter, we present the results of a Raman spec-
troscopy study of the RBMs and G-bands at high temperaFIGURE 2. Variation of R1-line position vs temperature. Full
tures in DWCNTS which were produced by a CCVD method.Savares: f_rom [14]. Open circles: present va_Iues. The inset s_hows
The temperature dependence of the Raman shift is analyzéBe intensity of ruby fluorescence as a function of Raman shift at
. . . . .various temperatures.
in terms of thermal expansion and cubic anharmonic contri-
bution. Four-phonon processes were not considered, since

the temperature reached was not very high. served Raman peaks. High-temperature measurements were

carried out using a heating system “Watlow 96” in static air
2. Experimental details from 300 to 700 K. The temperature was obtained using small

ruby spheres of around;/sm diameter as the standard. Ruby
DWCNTSs were synthesized by catalytic chemical vapor deis a chromium-doped form of corundum 485 with Cr3+
position (CCVD) as described in more detail in Ref. 6. A substituted for aluminum ions. Ruby crystallizes in a close-
systematic analysis of TEM images (see Fig. 1) reveals thgtacked hexagonal structure slightly distorted by repulsion be-
samples produced by this method contain approximately 77%ween neighboring cations. Although the symmetry is re-
of DWCNTSs; the high proportion of DIWCNTSs was also con- duced from cubia),, to trigonal C3 Ligand-field approach
firmed by electron diffraction with a small admixture of about is quite reliable to describe electronic properties of ruby with
18% of single-wall CNTs (SWCNTSs), and roughly 5% triple- low Cr3* concentration. Assuming in first approximation a
wall CNTs. The inner and outer diameters range from 0.53ubic field on the thred electrons of the Cr" ions, one can
to 2.53 nm and from 1.23 to 3.23 nm, respectively. The meeasily obtain electronic level diagrams by treating both trigo-
dian inner diameter is 1.2 nm and the median outer diametaral distortion and spin-orbit interaction as perturbations. The
is 1.9 nm. first excited cubic state 2 is split by the interplay of both

The Raman spectra of the DWCNTSs were recorded at amperturbations resulting in two Kramers’ doubtedf and* A,.

bient pressure and temperature; in back-scattering geometihese two degenerate states are, respectively, responsible for
using a micro-Raman, triple grating system (DILOR XY800) intense and narrow emission liné§ and R, which occur
equipped with a cryogenic CCD detector. The spectral resaround 14409 cm! at ambient conditions. Th&; and R,
olution of the system was about 1 th For excitation, the lines are routinely used as situ temperature sensors [14].
514.5 nm line of an Ar laser was focused on the sample The R1-line position vs temperature given in Ref. 14 together
by means of a 100X objective, while the laser power waswith the present data is shown in Fig. 2. The inset shows the
kept below 2 mW, in order to avoid laser-heating effects orruby fluorescence as a function Ramam shift for various tem-
the probed material and the concomitant softening of the obperatures.

Rev. Mex. Fis57 (2011) 510-517



512 J. MARQUINA, C.H. POWER, J.M. BROTO, E. FLAHAUT, AND J. GONZALEZ

1400 1500 1600 1700 radial breathing modeyrgw, varies inversely with diameter,

G GO d, at least for small tubes( 2 nm) [15]:
1590.5(2)
A

WRBM = q’ 2
where A is a constant and is nanotube diameter. For
the determination of the diameters we have use the value
A =228.2 cnt! nm reported by Popov and Lambin [16].

Figure 3 shows the spectral region of radial breathing
e modes (RBM) measured with 514.5 nm (2.41 eV) excita-
‘ : tion for the outer and inner shells of the DWCNTs. As
100 200 300 . ; .
Raman Shift (Cm_l) observed, the Q|ameters are ranging from 0.7 nm (inner) to
2.0 nm (outer) in good agreement with those reported by E.
FIGURE 3. Left: Raman spectra of RBMs of DWCNTs at Belandfaet al. [17]. Table | shows the frequencies and the
room temperature showing the positions of all peaks fitted with FWHM of the Lorentzian fitted lines attributed to the RBMs,
Lorentzian lineshape. Right: Raman spectra of G-bands of DWC-5 wel| as the calculated chiralities and diameters. The inner
NTs at room temperature; £X(s) and Gy, bands are fitting with 5 the outer tubes of a DWCNT can be either metallic (M)
Lorentzians and the 3(m) band is adjusted by the BWF profile. o o miconducting (S), therefore there are four possible com-
'I_'he numbers i_n parentheses_correspond to mean value of the Stati%_inations which we c’an label as usually: M-M, M-S, S-S
tical error obtained from the fit. ! - . ) ! ’
and S-M, where S-M indicates an S inner and M outer tube.

In order to ensure equilibrium conditions between rubyThe interplz_inar separation of graphite (0.335 nm according to
and the sample, for each used temperature T, the measuf@ef. 33) with a tolerance of 6% was used as intertubes sep-
ment was started after about 25 to 30 min, and then the tenffation to make a tentative identification of the external and
perature T was measured using the ruby luminescence tecmternal Wa”S, as ShOWn In Tablel ThUS, although there are
nique [14]. In the range of the RBMs (100 to 400¢chy, for ~ SOmMe external and internal tubes in our resonant Raman spec-
each value of T, the Raman spectrum was obtained with alfum, it is not possible to determine with precision which in-

acquisition time of 360 s and 5 accumulations while that, for€r tube goes with which outer tube unless experiment mea-
the range of the DWCNT (1400 to 1900 chj the acquisi- ~Surements at the individual DWCNT level as has been done

(;<\l
1562.0 (7)

G, (m)
1520(3)

P
T

Raman Intensity (A.U.)

tion time was 180 s and 3 accumulations. in earlier work by Villalpando-Paegzt al [18]. They find that
The relation used to find the temperature of the nanotube€ inner-outer tube distance (0.31-0.33 nm) was less than the
was [14] interlayer spacing in graphite. Therefore, the RBMs features
L at314 cnt! and 164 cm?, also at 190 cm' and 123 cm?
Ry (T) = R (To) - 0.158T em™, ) separated by 0.33 nm may possibly be inner and outer on the

where R, (Ty) = 14450 cm™lis the extrapolated value at same DWCNT. We can also observe the existence of some
0 K. This linear expression is valid in the range studied. TheSWCNTs in agreement with the results of transmission elec-
estimated accuracy is given by the spectral resolution of ouiron microscopy.

spectrometer (1 cmt). The ruby spheres were immersed in ~ The Fig. 3 shows also a typical fit over Raman spectra
the matrix of nanotubes and the laser was focused right nexaf G-band in our DWCNTs sample. The G band in DWC-
to the ruby. Therefore, we do not expect significant differ-NTs contains contributions from both the internal and exter-
ences between the temperature of the ruby sensor and the ral tubes, which depend on external parameters such as pres-
gion on the nanotubes where the laser beam is focused. Tisgire, temperature, and applied electrical field [19]. The G
temperature was determined by Eq. (1) before and after theand lineshape of DWCNTSs is a mixture of Lorentzian lines,
measurement of the Raman spectra of DIWCNTs. An averthe frequencies of the outer tubesc(,= 1590 cnt! and

age uncertainty of 10 K was estimated from the differences/¢_= 1562 cn') and a metallic shouldew; = 1520 cm )

in temperature before and after the measurement. with a Breit-Wigner-Fano (BWF) profile [20]. The frequency
value of the outer semiconducting tube*(Gat room tem-

perature is close to the values published in Refs. 21 and 22
for DWCNTSs and similar to the frequency values of @&
3.1. Raman scattering at room temperature SWCNT [23]. The simultaneous experimental observation
of the outer bands of the semiconductor nanotubes #&d
Figure 3 shows the Raman spectra of DIWCNTSs at room tem&—) and the bands of internal metallic nanotubes {Gs
perature. In the low frequency region we observed the rabecause both the inner metallic (M) and the outer semicon-
dial breathing modes (RBM) and in the high frequency regionductors (S) tubes are in resonance with the same excitation
we observe the tangential G bands. The RBMs modes allowt 2.41 eV. Using the Kataura plot is easy to see that for a
us the identification and characterization of nanotubes unddaser energy of 2.41 eV and taking into account the distribu-
study. It has been previously shown that the frequency of théon of diameters obtained through HRTEM measurements

3. Results and discussions
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TABLE |. RBM on DWCNTSs excited at 514.5 nm. In the first and second columns show the values for different RBM frequencies and lii
widths, respectively. The third and fourth column is shows the experimental diameter obtained from the Eq. (2) and the theoretical diam
to from ideal cylindrical geometry with a carbon-carbon distance of A4th the fifth, six and seven columns are tentatively assigned
indices of chirality, conductivity type and the wall type, respectively.

wemr(cm™) FWHM (cm ~1) Dexp. (NM) diheo. (NM) (n,m) Type Inner/Outer
116 2.0 1.97 1.97 (19,9) S Outer
123 1.4 1.86 1.86 (14,13) S Outer
137 3.4 1.67 1.67 (15,9) M Single-wall
146 2.8 1.56 1.56 (18,3), (16,6) M-S Outer
156 8.7 1.46 1.46 (13,8) S Outer
164 9.4 1.39 1.39 (17,1) S Outer
171 8.0 1.34 1.34 (13,6) S Inner
176 7.1 1.30 1.30 (14,4) S Single-wall
184 4.2 1.24 1.24 (10,8) S Single-wall
190 6.3 1.20 1.20 (12,5) S Inner
211 9.8 1.08 1.07-1.09 (13,1)-(12,3) M-M Single-wall
267 7.1 0.86 0.86 9,3) M Inner
275 6.9 0.83 0.83 (7,5) S Inner
314 12.4 0.73 0.73 (8,2) M Inner

(see Fig. 1), there are several chiral indices that are in res- )
onance simultaneously in the branche,EEY, E5,, ES,, ()= Io [1+ (w—wswr) /qT] 3)
EM, etc. 1+ [(w—wpwr) /T

] where 1/q is a measure of the interaction of the phonon with
The Ramaq spectra of the _RBM modes al_so confirm t_ha(tjl continuum of states, while;zy -, Io andT are the BWF
the outer tube in our DWCNT is semiconducting and the in-neak frequency, the intensity and the broadening factor, re-
ner tube is metallic and both are in resonance for the exgpeciively. The BWF spectral shape occurs when a discrete
citation of 2.41 eV. So, if we look at Table I, the RBM at gnergy excitation level interacts with a continuum of energy
314 Cm_l corresponds to a metallic inner nanotube with chi-gycitations, causing a resonance and anti-resonance effect
ral indices (8,2) and 0.73 nm diameter and according to the g thus giving rise to a non-symmetric spectral lineshape
Kataura plot a laser energy of 2.41 eV is in resonance fofq; the discrete state. We have found at room temperature a
this diameter with the branchiE Likewise the RBM at \a1ye of 1/q = -0.08. This value is smaller than previously re-
164 cn1 ! belongs to a semiconductor external nanotube Wiﬂborted values (-0.1 to -0.15) for DWCNTSs by Christofiets
chiral indices (17,1) and 1.39 nm diameter and is in resoy| [25]. Since all our spectra have a very small background
nance with the branchiE The distance between the tWo \ye think that these differences are related to a lower propor-

layers of this DWCNT is approximately 0.33 nm, which is tion of metallic nanotubes present in our samples that are in
similar to the interlayer separation in graphite (0.335 nm).asonance with the excitation energy.

From the results of Ref. 23, which establishes the frequency

dependence af¢ andwe_as afunction of diameted() of 32 Raman scattering at High-temperature

the nanotubes, the expectegd_ values for the inner (M) and

outer (S) tubes of our DWCNTs ate; = 1530 cnt! and  Figure 4 shows the Raman spectrum of the RBMs (between
wg.=1560 cnT! respectively. We used the average valuesl00 and 400 cm!) and the tangential (between 1400 and
of the inner and outer diameters; cf the nanotubes (1.2 1700 cnt!) G bands in DWCNTSs at different temperatures
and 1.9 nm respectively) obtained by TEM [4-6]. As com-obtained as was indicated in the experimental section. The
pared with our experimental values there is a good agreeRaman shift of the RBMs exhibits a linear dependence with
ment for the outer (S) tube frequency (1562 cmand for  temperature (view Fig. 5) consistent with the previous reports
the inner (M) tube frequency (1520 crh). The G" band [11-13,23]. Taking into account that, the signal to noise ra-
shows almost no dependence on the diameter or chiral anglép of Raman spectra of the RBMs was not very satisfactory,
and their frequency value is about 1591 Tthj24]. We have  and that the spectral shape is modified slightly with increas-
made the adjustments of the Raman peak at 1520 amith ing temperature, it was difficult to follow the behavior of the
an asymmetric line shape, described by a Breit-Wigner-Fan&BMs modes of vibration for the whole temperature range
line shape (BWF) [24]: studied. So that it was decided to focus our attention on two
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T T DWCNTs, it is difficult to compare guantitative values be-
cause they are very sensitive to parameters such as degree of
M purification of nanotubes (presence of metal particles such as
Co or Fe), diameter of the nanotubes, the size of the bun-

dles and tube environment. In Fig. 5 we plot the shift of the
c) Raman frequencies of thel®s), G, and G,,(m) modes
versus temperature for DWCNTs and a nonlinear behavior
was observed clearly for theis) with increasing temper-
®) ature. However because the scatter of experimental points is

Raman Intensity (A.U.)

greater for the @, and G,,(m) band modes, the nonlinear-
a) ity of these tangential bands as a function of temperature is
less evident. Moreover it is well known also that the non-
N Y S linearity is more important at low temperatures. Zhou et al.
0 100 200 300 400 1400 1600 1800 2000 was the first to observe that the temperature dependence of
4 the Raman shift for DWNTs and SWNTs have a small but
Raman Shift (cm ) clearly nonlinear dependence on temperature [11]. All pre-

FIGURE 4. Raman spectra of RBMs and G-bands of DWCNTSs at vious studies showed a linear dependence with temperature

the following four temperatures: a) 319, b) 390, c) 517 y d) 653 K. for SWCNT [12-13]. However, a recent study in SWCNT
shows that the ,(s) peak has a universal temperature de-

1596 pendence (non-linear), independent of SWCNT sample type
ol Coe G . 1 or excitation laser wavelength [26].
E ] Returning to Fig. 5, it is seen that the values of the Ra-
o 1588 Y 1 man shift obtained by Zhoet al. [11] for the Gi,(s) mode
: 1584 1580 are slightly lower than the present ones and the difference be-
fy=i R o DN 14560 tween these values increases as the temperature is increased.
= . A reason for this behavior could be due to different ther-
2 w 11520 mal sensors (thermocouple and/or ruby) used to measure the
g 320 & 1500 temperature. We have found a statistical error for the lin-
g Ll e o ] ear coefficient of the G,(s) band of about 15%. The linear
< coefficients shown in Table Il were obtained with a second-
& 1ol 1 order polynomial. It is important to note that the, @m)
160 L e band has a linear coefficient much larger than the other two
0 200 400 600 800 bands G,(s) and G, this indicates that the electron-phonon
Temperature (K) interacFion is more intense because of the higher carrier con-
centration.

FIGURE 5. Temperature dependence of the Raman-actijig <5
mode in DWCNTSs. The open down triangles are our date and filled
circle are from Ref. 11. Middle: temperature dependence of the

The Raman shift of optical phonons with increasing tem-
perature is due to the change of harmonic frequency with vol-

Raman-active G (diamonds) and ((m) (up triangles) modes in ume expansion and anharmonic coupling to phonons of other
DWCNTSs. Bottom: Temperature dependence for the two Raman_branc.hes. The real part of the phonon self-energy shift can
active RBM modes in DWCNTSs. The solid curves give the theoret- D€ written as [27]:

ical fit using the three-phonon processes and the thermal expansion

contribution (Eq. (4)). The estimated errors for the Raman shift w(T) =wo +ADT + ADT 4)

and the temperature were 1 chand 10 K respectively; for the

sake of clarity the corresponding error bars are shown only for thewherew, + AT correspond to Raman shift 85— 0 K,
Ga(s) mode. AWT is the thermal-expansion contribution to the shift, and

AT is due to the anharmonic coupling of the phonon in

representative peaks (see Fig. 5) at 171 and 314'cm question with other phonons. TRE)T term can be written
The linear temperature coefficient values obtained foryg [2g):

these modes are, respectively, -0.019 ¢K—' and

-0.029 cnTtK~1. These values are consistent with those re- T

ported in Ref. 26 for SWCNT bundles. ADT = g |exp _7/5 (T dT" | —1 (5)
As is apparent in Fig. 4, the frequencies of the G-bands J

downshift with increasing temperature are in good agreement

with previous work [9, 11-13]. However we note that while where~ correspond to Gmeisen parameter for the Raman

the qualitative behavior is similar to other works that studymode and3(7”) is the volumetric expansion coefficient as a

the temperature variation in Raman modes in SWCNTs anflnction of temperatur@’. The correction due to anharmonic
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TABLE Il. Parameters of fit Raman shift obtained for DWCNTs, SWCNTSs, graphite and others semiconductors materials. In the third, fou
and fifth columns are representing the temperature dependent coefficientsiitiesén parameters and the frequency extrapolated at 0 K,
respectively. Columns 6 and 7 show the coefficients of cubic (C) and quartic (D) coupling, respectively.

dw/dT ~ wo C D Ref.
(em™*K™1) (300 K) (em™1) (cm™h) (em™)
DWCNTs G (9 1.3x 1072 15 1597 -4.06 0 Our
DWCNTs G -1.9x107? 1.3 1573 -6.6 0 Our
DWCNTs - (m) —4.3 x 1072 1.9 1540 -17.46 0 Our
DWCNTs G (9 —2.42x 1073 -1.4 1622 -26.67 0 [11]
DWCNTs G (9 —2.6 x 1072 [9]
SWCNT G 1.24 [36]
graphite G —2.4 x 1072 1.72-1.90 - - - [9, 33, 37]
graphene G 1.86, 1.99, 1.80 [34, 37 38]
D-CNT' Gu(s) —2.3x 1072 [12]
C-CNT# Gy(9) —2.8 x 1072 [12]
RBM —1.9x 1072 1.1 174 -1.21 0 Our
RBM —2.9x 1072 1.4 319 -3.26 0 Our
Si LO 529 -4.24 0 [29]
Si LO 528 -2.96 -0.174 [29]
CuGa$ I's(L,T) —5.2x 1073 -0.9 75.5 -0.134 0.009 [27]
AgGaS Is(L,T) 2x1073 4.4 35 -0.083 0.0014 [27]

TDischarge carbon nanotube (D-CNT).
fCatalytic CNT method (C-CNT).

coupling of three-phonon processes (cubic anharmonicity imn first approximation, we have used the values of the radial

second order) can be modeled as [29-30] and axial thermal expansion S:oefﬁcients of the (;:NTS for a
9 SWCNT with a diameter of & and length of 30A [32].
AT = ¢ (1 + 1) , (6)  With these values we have obtained a volumetric expansion

coefficient given by:
wherex = hwy/2kgT correspond to coupling of two optical
phonons with identical or oppositgbelonging to the same

_ -7 _ —8
branch and” is a constant. B =-2.4608 x 10 3.492 x 107°T

For SWCNTSs is always possible to draw a tetragonal cell, +1.96337 x 1071972 _ 3.45363 x 101373
being the volume of this cell equal to
+3.19218 x 107 *°7* — 1.66857 x 10~ 97°
vV =d*, )
+4.6717 x 107237 (10)
whered and! are diameter and length of the nanotube, re-
spectively. Since the coefficient of volume thermal expan-
sion, is defined as, With this equation (Eq. (10)), the experimental frequency
1 /0V shift of all the Raman modes as a function of temperature
B = v <6T> ; (8)  was fitted (solid line in Fig. 5) by using Eq. (4). In Fig. 6,
P we extrapolated the theoretical model of equation (4) at low
then, temperatures for the g and G, (m) bands respectively. The
e (dgl) change of the one-phonon frequency with temperature is due
B = [2 ( > ] to the anharmonic coupling of the considered phonon with
d*l or other phonons and also due to the thermal expansion of the

1/d8d 1/ 0l crystal (Eq. (4)). We can clearly see that the nonlinearity
=2 [d <8T> } + [l (87’) } =2a,+0a, (9) is most evident for temperatures below 200 K. This occurs

P P because the anharmonic effects tend to diminish as the tem-

whereq,. anda, are the radial and axial thermal expansion perature is reduced. Consequently, the frequency approaches

coefficients of the carbon nanotube (CNT), respectively [31]to a nearly constant value as the temperature approaches zero
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1580 — - — - It is to be mentioned that the G band in SWNTs and
DWCNTSs both exhibits an asymmetric Breit-Wigner-Fano
(BWF) line shape, which is usually an indication of an
electron-phonon coupling [39,40] and not due to coupling to
low-energy plasmons, as was previously reported in Ref. 35.
In SWNTs, the BWF line shape is commonly used to dis-
tinguish between metallic and semiconducting tubes. Then,
from the temperature dependence of the Raman peak at
1520 cnr! using the BWF asymmetric line shape [24], we
can calculate the variation of the parameter 1/q as a function
of temperature and the resulting values are shown in Fig. 7. It
is seen from this figure that the values of 1/q are nearly con-
stant (-0.02) up to about 525 K, where a sudden jump, to a
value 1/g= 0.17, and a change of the sign in 1/q occur. A rea-
Temperature (K) son for this behavior would be that at 525 K there is a discon-
tinuous increase in the Lorentzian asymmetry. This would
FIGURE 6. Extrapolation of the theoretical model values given by jndicate that below and/or above 525 K the electron-phonon
Eq. (4) atlow temperatures for theG(diamond) and G,(m) (Up jnteractions are different. However, it was found that very
triangle) bands respectively. little information on the variation of 1/q with T for DIWWCNTs
025 is available in the literature; further information on this point
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0,20 .
015l ] 4. Conclusion
' We have investigated the vibrational properties of DWCNTs
0,10 1 at high temperatures. From the experimental results we ob-
=2 served that the frequencies of the RBMs and G-bands down-
~ 0,05} . . Sy - . .
v shift with increasing temperature and a nonlinear behavior
0,00 - [ l I T I l 4 was observed, in good agreement with previous work. A
J J l good agreement between experimental observation and the-
0,05 1 oretical calculation confirms that the pure-temperature ef-
010 fect (three-phonon process) dominates the contribution to the

300 350 400 450 500 550 600 650 temperature-dependent Raman shifts of RBM and G bands
and the pure-volume effect is quite small within the exper-
Temperature (K) imental temperature range. The obtainedi@isen param-
FIGURE 7. Asymmetric parameter 1/q vs. temperature for DWC- eters for the G-bands are in good agreement with the value
NTs. The solid curve is a linear data fitting. The error bars corre-reported for SWCNTSs, graphite and graphene.
spond to mean value of statistic fitting.
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