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Raman resonance and orientational order in fibers of single-wall carbon nanotubes
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Polarized Raman spectroscopy is used to study Raman resonance and orientational order in fibers of single-
wall carbon nanotubes. The polarized Raman intensity follows essentially the same angle dependence for both
radial breathing mode and tangential modes and for both semiconducting and metallic nanotubes. A simple
resonant model is proposed, which provides good fits of the whole vertical-vertical and vertical-horizontal data
in different kinds of fibers. The model is used to describe orientational order of nanotubes in anisotropic fibers.
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I. INTRODUCTION

Control and characterization of the orientation of nan
tubes in bulk materials is a major challenge for the study
physical properties~electronic, thermic, vibrational! and for
applications. Several techniques have been developed by
ferent groups to prepare anisotropic nanotube-based ma
als. Gommanset al. used an electrophoretic method to pr
pare fibers of single-wall carbon nanotubes~SWNT!.1

Haggenmuelleret al.used solvent casting and melt mixing
prepare PMMA/SWNT films and a melt spinning/extrusi
processing method to prepare composite PMMA/SWNT
bers ~1 wt % nanotubes!.2 Smith et al. prepared anisotropic
films by filtering suspensions of SWNT under strong ma
netic fields.3 Recently, Vigoloet al. developed a simple pro
cess, based on the dispersion of SWNT in surfactant sus
sions followed by a recondensation of the nanotubes in
flow of a polymer solution, which makes SWNT assemb
into infinitely long ribbons and fibers.4 For all these aniso-
tropic materials, accurate techniques for characterization
the orientational order are required. The use of birefringe
techniques is limited because of strong optical absorpt
Electron microscopies provide useful informations but fail
achieve an accurate quantitative description of the orie
tion order. X-ray diffraction has been used to study the d
tribution of nanotube orientations in films3 and fibers.5 The
technique probes the orientation of two-dimensional~2D!
hexagonal arrays of nanotubes assembled in bundles. G
ian distributions with typical FWHM~full width at half
maximum! of about 35° were found for the films deposite
under magnetic fields.3 The sum of a constant and a Gauss
distribution with typical FWHM about 75° was used
achieve good fits of the results for fibers prepared by rec
densation of dispersed SWNT in the flow of a polym
solution.5

Another widely used technique to study SWNT has be
Raman scattering.1,6–15The frequency of the radial breathin
mode~RBM! is a relevant probe to estimate the diameter
SWNT.12–14The Raman signal is resonantly enhanced wh
the energy of the laser light is close to optical-absorpt
thresholds. For SWNT of diameter in the range 1–2 nm,
occurs in the visible and near infrared. Furthermore, abs
tion energies are diameter dependent and significantly sh
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for metallic and semiconducting nanotubes, which ma
Raman a unique probe to study selectively SWNT as a fu
tion of their diameter and metallic or semiconductin
character.12,13,15 Several groups have recently attempted
study anisotropic samples via Raman measurements.1,6–11

Saitoet al. calculated in a classical~nonresonant! model the
intensity of the Raman lines for a single nanotube in seve
configurations of polarization as a function of the angle b
tween the nanotube axis and the laser light polarizati
hereafter calledf.16 Rao et al. found that the angle depen
dence of the Raman intensity in VV configuration~vertical-
vertical, i.e., same polarizations for incident and scatte
light! for the tangential mode~TM! of aligned multiwall car-
bon nanotubes was well fitted by that of theA1g component
of the TM in the calculations.8 Jorio et al. also used a non-
resonant analysis to describe experimental results on alig
bundles of semiconducting SWNT.9 They assigned two
peaks measured at about 1550 and 1610 cm21 to tangential
modes ofE2 symmetry and two other peaks measured ab
1565 and 1590 cm21 to unresolved tangential modes ofA1
andE1 symmetries. However, the samples studied were v
heterogeneous and contained both SWNT with a broad di
eter dispersion and multiwall carbon nanotubes~MWNT!.9,10

After subtraction of the contributions of MWNT and atypic
SWNT, the authors concluded that the effect of anisotro
tube absorption~so-called ‘‘antenna’’ effect! is stronger for
metallic tubes than for semiconducting ones.10 Gommans
et al. showed that the VV intensity of all Raman modes f
metallic SWNT with a small diameter dispersion decrea
continuously when the angle between fiber axis and li
polarization, hereafter calledC, increases.1,6 They proposed
a simple resonant model where the only nonzero absorp
cross section, and consequently the only nonzero compo
of the Raman polarizability tensor, is for light polarized pa
allel to the tube axis~‘‘antenna effect’’ in Ref. 10!. This
assumption was supported by calculations17 and by reflectiv-
ity measurements.6 This allowed them to describe well th
angle dependence of the Raman intensity measured ex
mentally. However, the authors considered a 2D~in the po-
larization plane! disorientation of the tubes, which is incom
patible with the cylindrical symmetry of fibers and leads
underestimation of the tube orientation, as sho
elsewhere.11 Duesberget al. observed a similar behavior o
©2002 The American Physical Society26-1
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the Raman intensity on isolated or thin ropes of meta
SWNT and reported an angular dependence nearly pro
tional to cos2(f) for VV intensity. Recently, Reichet al. in-
vestigated the phonon symmetries in the Raman spectr
nanotubes using linearly and circularly polarized light18

They demonstrated that for theA1 RBM of SWNT, all com-
ponents of the Raman polarizability tensor were negligi
with respect to the~z,z! one wherez is the axis of the tube
They also investigated the relative contributions ofA1 , E1 ,
andE2 components in the TM of SWNT. They found that th
A1 phonons are responsible for most of the intensity and
the ~x,x! and~y,y! of theA1 tensor represents less than 5%
the overall intensity.

Many discrepancies and questions arise from these di
ent studies. Are the nonresonant model of Ref. 16 or
resonant model of Ref. 1 relevant to describe the experim
tal data for SWNT? Is the relevant model dependent on
metallic or semiconducting character of the tubes? How
one estimate accurately the distribution of tube orientation
a fiber? To address these questions, we report in this p
Raman measurements19 performed on partially aligned fiber
of well-characterized SWNT. We propose a simple mo
based on the hypothesis that resonant scattering for
RBM and TM modes and both metallic and semiconduct
SWNT is only effective for light polarized parallel to th
tube axis. We use a cylindrical orientational distributi
around the tube axis and consider a correction factor to
into account light absorption from the nanotubes, which w
not made in previous published models. We validate
model by fitting simultaneously five intensity ratios wi
only two adjustable parameters, which is also achieved
the first time to our knowledge. Furthermore, we fit theC
dependence of the Raman intensities in both VV and
~vertical-horizontal, i.e., crossed polarizations for incide
and scattered light! configurations. Our model offers
simple and effective way to estimate orientational order
fibers of SWNT.

II. EXPERIMENTAL

SWNT were prepared by the electric arc technique. Th
are characterized by a mean diameter of about 1.4 nm a
narrow diameter dispersion as determined by x-ray diffr
tion and Raman studies.14,20 They were aligned in a fibe
using the process developed by Vigoloet al.4 Raman spectra
were excited with the green line~2.41 eV! and the red line
~1.92 eV! of an Ar-Kr laser in order to probe selectively th
signal from semiconducting and metallic tube
respectively.12,13,15Spectra were recorded in a backscatter
geometry. The Raman intensities measured on different a
of the fiber were slightly different indicating some heterog
neity in the orientational order along the fiber. Therefo
each set of spectra was measured over three different are
get a statistical picture of order in the fiber.

III. RESULTS

Typical raw data are presented in Fig. 1. The RBM f
quencies are between 160 and 200 cm21 which corresponds
16542
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to a diameter distribution between 1.2 and 1.55 nm for na
tubes assembled in bundles.14 For such diameters, one ex
pects selective resonance from semiconducting tubes at
eV and from metallic tubes at 1.92 eV.15 This is confirmed by
the symmetric Lorentzian-like profile of the components
the TM at 2.41 eV and their asymmetric, broad Bre
Wigner-Fano-like profile at 1.92 eV. For VV configuration
one essentially observes an overall and continuous decr
of the Raman intensity for both RBM and TM for increasin

FIG. 1. Typical raw experimental Raman results~relative units!
for a Vigolo fiber in VV ~a! and VH ~b! polarizations in the ranges
of the RBM ~left! and TM ~right!, for laser energies 2.41 eV~top!
and 1.92 eV~bottom!. For each figure, from top to bottom,C
50°, 11°, 45°, 68°, 90°.
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RAMAN RESONANCE AND ORIENTATIONAL ORDER IN . . . PHYSICAL REVIEW B65 165426
values ofC. Note that the different components of the RB
and TM bunches display slightly different dependenc
whose origin will be discussed below. This overall decre
was already observed on fibers prepared using an ele
phoretic process1 and on isolated or thin bundles of SWNT7

We also observed a similar behavior on fibers prepared w
nanotubes synthesized from the HiPco process,21 which are
characterized by a smaller mean diameter and a rather l
diameter dispersion~about 1.0560.3 nm!.22 Therefore, this
general decrease of the Raman intensity appears to be
pendent of the diameter and of the metallic or semicond
ing character of the tubes. This is in total variance with w
is expected from nonresonant calculations where, for
ample, theA1g RBM is expected to display a minimum in
tensity atC50° and a maximum intensity atC590° while
the main (A1g) component of the TM goes through a min
mum around 56°.16 By contrast, this is in good qualitativ
agreement with the assumption that in the resonant Ra
process the~z,z! component of the Raman polarizability te
sor ~wherez refers to the tube axis!, is much larger than al
other components, as proposed in Ref. 1. This assumptio
supported by optical-absorption calculations17 and measure-
ments on single nanotubes.7 This is also confirmed for RBM
by measurements in linearly and circularly polarized light
powders.18 For VH configuration, one also observes a simi
C dependence for RBM and TM~Fig. 1!. The intensity in-
creases and goes through a maximum at 45° and then
creases symmetrically up to 90°. The two rati
I VV,90° /I VV,0° andI VH,0° /I VH,45° appear to be relevant probe
to estimate the FWHM of the distribution of orientations.
the following, we will compare these ratios, as well as t
depolarization ratiosI VH,0° /I VV,0° and I VH,45° /I VV,45° to cal-
culations for various distribution functions. Note that for V
configuration andC590°, one expects a weak intensity fo
well-aligned tubes in the resonant model. By contrast, in
nonresonant model, the intensity is maximum for RBM a
it goes through a secondary maximum for TM.16 Therefore,
if all components of the polarizability tensor@except the~z,z!
one# are not strictly zero, the calculated ratioI VV,90° /I VV,0°
will be underestimated with respect to experiments. In or
to test this possibility, we also calculated the ra
I VV,45° /I VV,0° for each set of parameters. We will show b
low that comparison of calculations and data allow us
describe well orientational order in fibers.

The C dependences of the Raman intensity for VV a
VH measurements in the ranges of RBM and TM are d
played in Fig. 2. The rather large dispersion of the points
two main origins:~i! the inhomogeneity of orientational or
der along the fiber and~ii ! the difference between the resul
obtained for the different components of RBM and TM, f
red and green laser light. The first source of dispersion
be lowered in the future. As for the second source of disp
sion, it shows the limits of our simple assumption that
modes for all laser energies can be associated to a s
~resonant! Raman polarizability tensor. To overpass the
limits and get a very accurate description of the distribut
function of tube orientations, more sophisticated mod
should be used. However, we will show below that o
simple model can provide a good general agreement of
16542
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whole data and therefore a relevant estimate of the orie
tional order.

IV. CALCULATION OF RAMAN INTENSITIES

Without any assumption on the Raman tensor, the s
tered Raman intensity for one nanotube in the refere
frame of the fiber writes:

I t~C!5( nAnA8eABeA8B8EBEB8 ,

FIG. 2. C dependence of the Raman intensity in VV~top! and
VH ~bottom! polarization configurations for~a! electric arc sample
~present study!, ~b! data from Ref. 1. Open~solid! symbols are for
laser energy 2.41 eV~1.92 eV!. Squares~circles! are for RBM
~TM!. Lines are best fits of the experimental data~see text!. Insets:
corresponding distribution functions~see text for details!.
6-3
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E. ANGLARET et al. PHYSICAL REVIEW B 65 165426
whereEB(C) andnA(C) refer to the cartesian componen
of incident and scattered light vectors, respectively, andeAB
are the components of the polarizability tensor of the tube
the referential of the fiber. The latter is a function of t
componentseab of the Raman polarizability of the tubes i
their own reference frame and of the components of the
tation matrix R that goes from the fiber frame to the tub
frame:

eAB~b,u!5( RAaRBbeab ,

whereb is the angle between fiber axis and nanotube a
andu is the azimuthal angle~Fig. 3!. In our assumption, the
only nonzero component of the Raman tensor of the na
tube is ezz. Consequently, the intensity scattered by o
nanotube and measured in the reference frame of the la
the sum of 16 terms:

I t~C,b,u!5( ( nAnA8RAzRBzezzezzRA8zRB8zEBEB8 .

This expression of the intensity does not consider a
optical correction factor. We feel justified to neglect refle
tion since reflectance of well-aligned SWNT fibers and m
was shown by Hwanget al. to be very weak in the visible
range.6 By contrast, optical absorption is not only expect
to be strong but also intrinsically anisotropic. Therefore, o
must consider a correction factorf abs in the calculations tak-
ing into account the angle dependence of optical absorpt
i.e., the angle dependence of the beam penetration depth
large absorptions,f abs5(a i1as)

21 ~Ref. 23!, wherea i and
as are the absorption coefficients for incident and scatte
light, respectively. These coefficients express as a functio
the nanotube absorption coefficients for light parallel a
perpendicular to the tube axisa i and a' , and the angle
f~C, b, u! between polarization of light and nanotube ax
Finally, we get f abs5$a i@(cosfi1cosfs)1K(sinfi
1sinfs)#%

21 with K5a' /a i . In order to calculate the inten
sity scattered by the fibers, one has to weight the intensity
each tube by a distribution functionF(b) of the orientation
and integrate the result over the whole space:

I f5E
0

pE
0

2p

I t f absF~b!sinb db du.

FIG. 3. Sketch of reference frames and angles. Subscriptt is for
tube, subscriptf is for fiber, and~X,Y,Z! is the reference frame of th
lab.
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For the distribution function, this is reasonable to assu
that the function presents a cylindrical symmetry and g
through a maximum forb50 andb5p. We used the sum
of two Lorentzian~or Gaussian! functions with the same pro
file, centered onb50 and b5p, suitably normalized to
describe 3D disorientation relevant for fibers. Therefore,
our calculations, there are only two adjustable paramet
FWHM of the distribution function and the absorption a
isotropy constantK. Typical examples of calculations are di
played in Fig. 4 forK51/4 and various values of FWHM fo
a Lorentzian distribution. As expected, the VV intensity d
creases continuously from 0° to 90° and the VH intens
goes through a maximum at 45° and decreases on both s
symmetrically down to 0° and 90°. The narrower the FWH
of the distribution function and the faster the decrease.
determine the unknowns FWHM andK from the data, we
will consider five relevant polarization ratios:I VV,90° /I VV,0° ,
I VV,45° /I VV,0° , I VH,45° /I VH,0° , I VH,0° /I VV,0° , and I VH,45° /
I VV,45° where the subscript refers to the polarization config
ration and the angleC. Note that the unknownsezz anda i

eliminate in these ratios. Note also that the isotropic depo
ization ratio, i.e., the polarization ratio for a powder, pr
vides an additional independent constant. In the present c
it gives a justification to neglect all the components of t
Raman polarizability tensor. Finally, note that we also r
calculations for~i! 2D disorientation~tube axis in the polar-
ization plane! and/or~ii ! without considering any absorptio
coefficient factor, in order to compare our results with tho
of Ref. 6.

V. DISCUSSION

For us, the relevant test to validate calculations will be
fit the five ratios with the same set of parameters~FWHM,
K!. In Fig. 5, we report the results of calculations for 3
disorientation ~cylindrical symmetry!, for Lorentzian and

FIG. 4. C dependence of the calculated intensity for VV~top!
and VH ~bottom! polarizations, for a Lorentzian distribution func
tion with FWHM of 0°, 1°, 10°, 30°, 60°, and 90°~from bottom to
top!. The results for 0° correspond to calculations for a single tu
6-4
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RAMAN RESONANCE AND ORIENTATIONAL ORDER IN . . . PHYSICAL REVIEW B65 165426
Gaussian functions, and for different values of the absorp
anisotropy constantK, as a function of the FWHM of the
distribution function. Note that the results appear sign
cantly different for Lorentzian and Gaussian functions, es
cially for small values of FWHM. This relates to the stron

FIG. 5. FWHM dependences of the five intensity ratios
Lorentzian~open symbols! and Gaussian~solid symbols! distribu-
tions. No absorption was considered for squares,K51/4 for circles
andK50 ~absorption only for polarization parallel to tube axis! for
triangles. Horizontal hatched areas correspond to experimental
ues for~a! electric arc sample~present study!, ~b! data from Ref. 1.
Vertical hatched areas indicate the values of FWHM providing
best fit of all the intensity ratio simultaneously for Lorentzian d
tributions ~see text!.
16542
n
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contribution of the ‘‘tail’’ of the Lorentian function forC
590° and C50° in VV and VH configurations, respec
tively. The experimental ratios were calculated for RBM a
TM and for the two laser lines for the Vigolo fiber. Th
dispersion for each value ofC for a given sample is betwee
5% and 30%, which corresponds to dispersion between
results for different modes, different laser lines, and differ
areas. The horizontal hatched areas correspond to the ex
mental ratio for the present data@Fig. 5~a!# and for data of
Ref. 1@Fig. 5~b!#. First, note that no agreement can be fou
simultaneously for the five ratios when considering plan
~2D! disorientation and a Lorentz function~not shown, see
discussion and some results in Ref. 11!. For 3D disorienta-
tion with a cylindrical symmetry, good fits of the whole s
of data occurs only for Lorentzian distributions of orient
tions ~vertical hatched areas in Fig. 5!. For the Vigolo fiber,
this is achieved for a FWHM of 30°65°. For data of Ref. 1,
the distribution of orientations is narrower, with a FWHM o
15°65°. Best fits are obtained for small values ofK ~tri-
angles and circles in Fig. 5! indicating strongly anisotropic
absorption, as expected. By contrast, no simultaneous fi
the five ratios can be achieved for Gaussian distributions
orientations. Indeed, the contribution of the ‘‘tail’’ of th
Lorentzian appears to be essential to achieve good fits.
other way to interpret this is to consider that the fibers c
tain a mixture of oriented and unoriented tubes. Such
assumption was already made in Ref. 1 and the presenc
unoriented tubes was also evidenced by the x-ray-diffrac
~XRD! results of Ref. 5. Therefore, the key for a good
with a Gaussian distribution would be to add a backgrou
~BG!, where the BG corresponds to unoriented tubes in
samples. Note that for a Lorentzian, the weight of the fu
tion at b5p/2 accounts for such a background. Satisfacto
results are obtained for a FWHM of 40° and a rate of uno
ented tubes of 1/5 for the Vigolo fiber, and for a FWHM
15° and a rate of unoriented tubes of 1/6 for results of Ref
This is amazing to observe that this ratio of unoriented tu
is very close to that determined by Gommanset al. for the
same data with a model assuming one part (p50.86) of the
nanotubes uniformly oriented between 0° and an angleu and
the other part~1-p50.14, very close to our 1/6! uniformly
~mis!oriented betweenu and ~p-u!. Note thatu was deter-
mined using a 2D model and can therefore not be compa
directly to our results. The best fits of theC dependence of
the Raman intensity in the fibers are reported in Fig. 2. T
corresponding distribution functions are presented in the
sets. Note that the ‘‘tails’’ of the functions are comparable
the Lorentzians and the sums (Gaussian1BG).

Good fits are achieved for both VV and VH results.
much better accuracy on the calculations would be expe
by considering additional~weak and mode-dependent! com-
ponents of the polarizability tensor and by considering d
ferent K parameters for metallic and semiconducting tub
For example, let us consider not strictly nonzero values
the other components of the Raman tensor. For a mod
A1g symmetry, the~x,x! and ~y,y! components of the Rama
tensor are, with the~z,z! one, the only nonzero componen
values expected in a nonresonant model. In the case of R
each peak in the bunch corresponds to a different tube di
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E. ANGLARET et al. PHYSICAL REVIEW B 65 165426
eter. If the~x,x! and ~y,y! components are not strictly zero
their relative value, with respect to that of the~z,z! compo-
nent, will likely depend on diameter and possibly on chi
angle. This would explain the slightly differentC depen-
dences of the different components of the RBM in Fig. 1~a!.
In the case of TM, the different peaks in the bunch do
correspond to different tube diameters but to modes of
ferent symmetries, associated with different polarizabi
tensors. Therefore, small but nonzero values of some c
ponents of the tensors would also explain the slightly diff
entC dependences of the different components of the TM
Fig. 1~a!. Note that the problem is less critical for VH con
figuration since the expectedC dependences for resona
and nonresonant models are close to each other for theA1g
components of both RBM and TM. Despite these imperf
tions, one can observe that a good overall description of
data is achieved. Therefore, our model provides a simple
useful way to estimate orientational order in fibers of SWN
from Raman measurements. We claim that Lorentzian dis
butions of tube orientations with FWHM of 30°65° and
15°65° give a good picture of tube orientations in fibe
prepared from the process described in Refs. 4 and 1, res
tively. Gaussian distributions of tube orientations with t
same FWHM also allow us to fit the data, providing that o
considers a significant part of unoriented tubes. We also
derline that both the ratiosI VV,45° /I VV,0° and I VV,90° /I VV,0°
must be considered to estimate the distribution of tube
entations. A first estimation based on the ratioI VV,90° /I VV,0°
only led to FWHM of 40°65° and 20°65° for the same
samples,11 slightly overestimated with respect to the prese
values. Finally, it is interesting to compare these results
diffraction results. Launoiset al. found that the best fit of
their data for other fibers prepared from the Vigolo proc
was achieved with the sum of a Gaussian function w
FWHM of 75°65° and a constant that corresponds in par
the contribution of unoriented tubes.23 The assumption that a
part of the tubes is unoriented is necessary in both case
achieve good fits with Gaussian distribution functions, b
the fitted FWHM is very different. This may indicate that th
orientation of the tubes in the fibers is very sensitive to
details of the preparation process and therefore very diffe
from the fibers studied in XRD and Raman but this is u
nu

e
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ur
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likely since XRD results were fairly reproducible for man
different fibers.24 We rather believe that the differences c
be explained by the specificities of each technique. First,
analysis of Ref. 5 considered the diffraction peak~10! and
was therefore sensitive to the orientation of bundles of tub
By contrast, one probes all tubes in Raman experiments.
significant part of the tubes is individual or in small and/
ill-crystallized bundles, which is possibly the case given t
weak intensity of the~10! peak in Ref. 5, the smalles
FWHM measured in Raman would indicate that individu
tubes or small bundles are better oriented than large
well-crystallized bundles. However, the most likely explan
tion for the difference between XRD and Raman results
that XRD probes the whole thickness of the fiber, while o
tical absorption restricts the effective thickness in Raman
a few microns at most. If the orientation of the fibers is n
homogeneous between surface and center, one expects
ferences between XRD and Raman results. In the future,
will have to test more systematically the correlation betwe
XRD and Raman by working on the same samples.

VI. CONCLUSION

Polarized Raman spectroscopy was used to study orie
tional order and resonance in fibers of SWNT. We state t
for convenient excitation energy~close to an optical transi
tion of the tubes!, the angle dependence of the Raman inte
sity for both semiconductingand metallic nanotubes canno
be interpreted in a nonresonant model. A simple reson
model assuming that the~z,z! component of the Raman po
larizability tensor is much larger than all other compone
for all Raman modes~and in particular for RBM and TM!
leads to a good agreement with the measured intensity ra
and satisfactory fits of the angle dependence of the Ra
intensities. Lorentzian distributions of orientations with typ
cal FWHM of 35° and 15° were found for fibers prepared
condensation of nanotubes in the flow of a polymer solut
and by an electrophoretic method, respectively.
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