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Abstract

Carbon nanotubes (CNTs) grown on plain substrates Si0,/Si(100) by a direct current and hot fila-
ments catalytic chemical vapor deposition process have been studied by synchrotron X-ray ab-
sorption near edge spectroscopy (XANES) technique to theoretically investigate the angular-de-
pendence of carbone (C) K-edge 7" and o” transitions. Experimental XANES spectra show that n*
resonance increases with the incidence angle from normal to grazing incidence angle while o* re-
sonance decreases. This has been explained by the sine-square and cosine-square dependencies of
n* and o intensities, respectively. These results were confirmed by theoretical XANES curves of
highly oriented pyrolytic graphite (HOPG) and CNTs plotted versus incidence angle. It has been
shown that ©* and ¢ transitions strongly depend on the nature of polarized light (linearly or cir-
cularly). At the linear polarized light, &* resonance is a preference as well as at right-circular pola-
rized. At the left-circular polarized light, " resonance is a preference. The 7" intensities are high at
parallel orientation and the & intensities are low at normal orientation. The smallest ©* intensity
is noticed at normal orientation, where the 7" orbitals are supposed to be lying parallel to the sur-
face plane for perfectly aligned HOPG or CNTs. This explains the incomplete extinction of ©* inten-
sity. We noticed at parallel orientation a region where any n* and o" transitions did not expect be-
cause of the lack of polarization light.
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1. Introduction

Since the discovery of carbon nanotubes in 1991 by lijima [1], a considerable effort is currently devoted partic-
ularly to their field emission property. This property as well as many others such as a high aspect ratio (ratio of
the length to the external diameter), a reasonable work function, a chemical inertness and a mechanical robust-
ness provides them related applications and makes them very interesting on a technological point of view. Prep-
aration of such samples implies the growth of bundle or individual aligned nanotubes standing on flat substrate.
Catalytic Chemical Vapor Deposition (CCVD) techniques using plasma-enhancement (PE-CCVD) and direct
current and hot filaments (DC HF CCVD) are the best adapted to fulfill these requirements as the local electric
field orientates the growth normal to the surface. Thus a fine and localized control of the nucleation and growth
of oriented nanotubes can be achieved from catalyst made up of transition metal particles (Fe, Co, Ni) spread
onto the surface [2].

To more understand the properties and applications of carbon nanotubes, more techniques have been used
such as Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) techniques which
provide the qualitative overview study of alignment of carbon nanotubes [3]-[5]. Grazing Incidence Small Angle
X-ray Scattering (GISAXS) by contrast allows the quantitative study of their alignment, their structure and their
morphology [6] and their angular dependence [7]. X-ray Absorption Spectroscopy (XAS) as more techniques
has its advantage to probe the spatial orientation of sample by varying the direction of light polarization and the
electronic density of unoccupied density of state of a system by varying the photon energy around an absorption
edge of an atom. Recently, much progress has been done to understand the spatial orientation and electronic
structure of aligned carbon nanotubes using X-ray Absorption Near Edge Spectroscopy (XANES) technique
[8]-[10]. No more attention is paid to the study of angular dependence of aligned carbon nanotubes instead of
the unlimited researches made on carbon nanotubes. These last years, angle-resolved has been investigated [11]-
[14] showing the sine-squared and cosine-squared dependencies of n” and & intensities, respectively. Chiou et
al. found enhanced =" and o intensities at the tips of multiwalled carbon nanotube (MWNT) arrays [11]. More
recently, angular dependence of aligned carbon nanotubes has been studied by GISAXS technique to quantify
the disorder degree of their orientation since they can be affected by some other species using during the prepa-
ration sample [7].

In this paper, we theoretically investigate the angular dependence of aligned carbon nanotubes using XANES
technique in order to deep the orientation and the final state of density of state (DOS) around the free-interlayer-
electron region for the study of their anisotropy. We used highly pyrolytic graphique (HOPG) and carbon nano-
tubes (CNTs) XANES spectra to investigate the angular dependence of the carbon nanotubes studied by Grazing
Incidence Small Angle X-ray Scattering (GISAXS) on previous paper [7] and introduced with X-ray Absorption
Spectroscopy by Mane et al. [15]. The experimental results are used for simulation to approach the XANES an-
gular dependence theory to the experimental conditions. The aim is to study theoretically the behavior of =" and
o intensities angular dependence at grazing and normal incidence and compare with the tendency found in the
literature.

2. XANES Experiments and Theoretical Analysis of Angular Dependence
The different steps of substrate preparation and CNTs growth could be found in references [5] [10] [15].

2.1. XANES Experiments Process

Substrate preparation and CNTs growth conditions have been developed elsewhere [7] [10] [15]. Our attention
will be focus only on XANES experiment. The carbon K-edge XANES measurements were carried out on the
SACEMOR beamline at the Laboratoire pour I’Utilisation du Rayonnement Electromagnétique (LURE, ORSAY,
France) on the VUV Super-Aco storage ring. The tutorial grating monochromator (TGM) was used with 1200
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lines Nm™ grating (better resolution than 0.2 at C K-edge). The spectra were recorded in total-electron-yield
detection (TEY) and partial electron yield (PEY), which is expected to be less surface sensitive. Then, were
normalized to the copper grid spectrum freshly coated with gold. The XANES data were collected at characte-
ristics angles such as grazing incidence (with 6= 90°, E is normal to the surface) and normal incidence (with 8=
0°, E parallel to the surface), where @ denotes the angle between the sample normal and the direction of the elec-
tric vector (E) of the X-ray beam (see Figure 1). Energies were calibrated with 0.1 eV step to the carbon ioniza-
tion potential (IP) and the error on the N K-edge is expected to be more than 0.4 eV. More details could be
found in Ref. [10]. In order to extract quantitative information, two nitrogen-containing polymer references poly
acrylonitrile (PAN) were used as a reference for the terminal nitrile configuration, and (P2VC) as a reference for
nitrogen in pyrolytic configuration where the isolated pair of electrons is out of the aromatic plane.

Line shape analyses of the individual C1s lines were carried out using home-made software. The data were
first smoothed and subsequently deconvoluted, including both Gaussian broadening (accounting for experimen-
tal resolution, electron-phonon interaction and amorphization effects) and Lorentzian broadening (accounting for
the life time of the core hole fixed at 0.21 eV for the Cls lines). Threshold functions of the r — 7 and ¢ — o
transitions, which were Heaviside step functions broadened by the Gaussian experimental resolution, were add-
ed to these individual contributions. The asymmetry parameter was fixed at 0.1 for = resonance and at 0.07 for
o resonance. Thus, the base line 7" transition was 0.14 for graphite at grazing and normal incidence and was
0.15 for carbon nanotubes = and & transition. While, the base line of ¢~ transition was fixed at 0.16 for graphite
at grazing and normal incidence.

2.2. Theoretical Analysis of XANES Angular Dependence

Knowing that, Pauli’s exclusion principle requires that the final quantum state was unoccupied before absorption
took place. Quantum mechanics shows us that the probability of an optical transition by the absorption of a
photon from an initial state i to final state f is proportional to the square of the transition dipole matrix element:

P, oc|<f|E-r|i>|2 1)

When the energy of photon is equal to the difference of energy between two states involved in an allowed
electronic transition, the photon is resonant with that transition. The transition probably assimilated to the cor-
responding intensity could be expressed as, according to Fermi’s gold rule [16]:

Figure 1. Incident geometry of n~ and ¢ orbitals for a vertical CNT
tube axis along z with respect to the incident beam and the electric field
vector E which remains perpendicular to the incident X-ray beam [15].

)
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I=[%j|<f|E-r|i>|2 P, (E) )

E is the electric field vector, r is the position vector and h is a Plank constant. f and i are the final and initial
wave state, respectively and P; (E) is the density of final states. To quantitatively understand the results of
XANES data analysis, we have to evaluate the angular dependencies that would be expected for two main poss-
ible orientations of carbon nanotubes [17].

Assuming the more general case of carbon nanofibers where the graphitic basal planes are oriented with a
conical polar angle y relative to the fiber axis AA’ [15]. In the case of the carbon nanotube, y is equal to zero.
The XAS signal is integrated over all the n orbitals along the ¢ azimuthal angle around the axis of the carbon
nanostructure (Figure 1). Let us consider the case where the carbon nanotubes are grown on a flat substrate with
a random polar angle @ relative to the normal axis ZZ' to the substrate. In that case, a random orientation normal
to the surface is equivalent to &= 0 and the random orientation parallel to the substrate is equivalent to 8= /2.

Knowing that the light impinges the surface at an incidence angle « relative to the (X, Y) plane of the sub-
strate with a Poynting polarization vector P in the z direction and the electric vector E is within the plan (x, y, 0)
with an angle g relative to an horizontal orientation of the electric field in the propagating light (Figure 1),
which is generally encountered in synchrotron light. We can consider two particular points with g = 0° where the
light is linearly polarized and 5= 45° where the light is circularly polarized.

Assuming a general elliptic polarization of the light 0°< # <45" the intensity of the absorption with a transi-
tion to . states of the carbon nanostructures can be expressed by integrating over all azimuthal angles ¢ [15]:

|, (e, B,7,60)= NTI’?{COSZ ¢9[(1—3sin2 7)(1-3cos” Beos® a)] .

+(1+cos” Bcos’ ) +sin’ y (1-3cos” Bcos? a)}

where N is the atomic density of carbon atoms and I,f is @ maximum experimental value of =" intensity. To
determine the intensity of & state, which has 3¢ orbitals for each = orbital, we multiply the =" state intensity by
3 and replace yby y+ n/2, and we can then obtain:

'a(alﬁ#ﬁ):g[l—'”(a,ﬂ,%@)]- @)

Let us continue by examining the cases of linearly and circularly polarized light. The case of linear polarized
light, the angle B =0°, thus the =" state intensity can be expressed as follow:

N 7(: 2 a2 2 2 a2 2
|, (,0,7,0)= " {cos 0[(1—35|n 7)(1-3cos a)}+(l+ cos’ &) +sin’ y (1-3cos a)}. (5)
And the o state intensity as:
3
1, (,0,7,0) :E[l— |, (,0,7.0)]. (6)
While the case of circular polarized light, the angle /S =m/4, thus the 1 state intensity can be expressed as

follow:

T NI;? 2 02 3 2 1 . 2 3 2
I”(a,z,;/,ejz . {cos 6{(1—3sm 7) 1—Ecos all+ 1+Ecos a |+sin?y 1—Ecos alt. (@)

And the o state intensity as:

Ig(a,%,yﬂj:%{l—Iﬂ(a,%,}/ﬂﬂ. (8)

We focus our investigation on the HOPG and the CNTSs in order to fully understand the angular dependence
of their =" and &~ transitions.

For HOPG graphite, the value of y is equal to g so, we can develop the ©r" state intensity Equation (6)



B. T. Sendja et al.

staying in the case of linear polarized light and get the following equation:

I [a,o,g,aj = N2I,2 [—cos2 0(1-3cos’ a)+(1-cos® a)]. 9)

And the ¢ state intensity can be expressed as:

|G(a,o,g,ej:§{1—|,,(a,o,g,eﬂ. (10)

In the same way, we can get the following formula of =" and & state intensities considering the circular pola-
rized light. Thus:
0
I/r (Q,E’E’HJ = NI”
4 2 4

And the intensity of ¢ state is:

|G(a,%,g,ej:%{1—|”(a,%,g,9ﬂ. (12)

Now, taking the case of carbon nanotubes where the y is equal to zero, we obtain for the linear polarized
light:

{—2 cos® 0(1—%0052 ozj+(2—cos2 a)}. (11)

0

I, (,0,0,0) = %[cos2 6(1-3cos? o) +(2+ cos® a)J (13)
And:
3
1, (.0, 0,9):5[1— 1, (,0,0,6)]. (14)

For the case of circular polarized light, we have the following expressions of =" and ¢ state intensities of

carbon nanotubes:
0
I [a,z, 0,0] _N, cos? 9(1—§cos2 ozj+[1+lcos2 aj . (15)
4 4 2 2

Ig[a,%,O,szg{l—Iﬂ(a,%,O,Hﬂ. (16)

In the previous papers [10] [15], it has been shown that HOPG and CNTs have two main orientations normal
(perpendicular) to the surface substrate with the & angle equal to zero and parallel to the surface substrate with &

And:

angle equal to g . Obviously, n" and ¢~ state intensities of HOPG and CNTs could be finally rewritten in these

conditions.
HOPG in the linear polarized light, we can get for normal orientation (6= 0):

Iﬂ(a,O,g,Oj: N1° cos? 6. (17)

|U(a,o,g,oj=g[1—|”(a,o,g,oﬂ. (18)

HOPG in the circular polarized light, we obtain for normal orientation (6= 0):

I”(a,ﬁ,g,oj: NZI’? (cos” ). (19)

)

And:
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And:

Ig(a,£,£,0)=§|:l—Iﬂ(a,E,E,OH. (20)
4'2 2 4'2

HOPG in the linear polarized light, we can have for parallel orientation [9 = gj :

0
I/z‘ a’O'E'E = NI”
22 2

|5(a,o,g,§J=g{1—|ﬂ(a,o,g,gﬂ. 22)

HOPG in the circular polarized light, one can get for parallel orientation (9 = gj :

(1-cos®9). (21)

And:

TTT NI° 2
| y—,—,— |=—=(2-co0s . 23
”(a 42 2) Al ?) @)

|U(a,5,ﬁ,ﬁ):§{1—|”[a,5,5,ﬁﬂ. 24)
42'2)7°2 422

Let us now taking the case of carbon nanotubes in these two configurations, we have:
CNTs in the linear polarized light, with normal orientation (6= 0):

NZI’(Z (1-cos® ). (25)

And:

1, (2,0,0,0)=

And:
1, (,0,0,0) :%[1— I, (,0,0,0)]. (26)

CNTs in the circular polarized light, with normal orientation (6= 0):

n NI® )
I”(a,Z,O,sz n (3-2c0s” ). (27)

Ia(a,%,O,szg[l—I”[a,%,0,0H. (28)

CNTs in the linear polarized light, with parallel orientation (9 = gj :

And:

) NI? )
|”(a,o,o,§j= . (1+cos’ ). (29)

|6(a,o,o,gj=%[1—|”(a,o,o,gﬂ. (30)

CNTs in the circular polarized light, with parallel orientation (9 :gj :

And:
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(1+£cos2 aj (31)
4 2

L{a,%,o,gj:g{l—|”(a,%,o,gﬂ. (32)

3. Results and Discussion

And:

SEM and TEM analysis of orientation of CNTs grown by HF PE CCVD process have been presented elsewhere
[7] [10] [15]. From SEM and TEM images, we had observed highly contrasted Co particles inside the tubes and
on top of the tubes. Accurate analysis of SEM and TEM images can give an idea of the main orientation of car-
bon nanotubes and allow the estimation of their outer diameter and length. However, their analysis is only qua-
litative and cannot provide good information about the angle dependence. XANES, by contrast, is suitable for
the appropriate study of angular dependence of = and o resonances obtained after heating X-ray photon on a 1s
C K edge core hole of sample. DOS calculations were used to possible assignment of the features of the C(K)
absorption structure to specific states of the Brillouin zone in the theoretical band structure. We focus our atten-
tion only on the region between peaks A and B assigned to =" and ¢~ resonances, respectively. The above region
is not our interest of angular dependences of these transitions. Theoretical curves of angular dependence of "
and ¢ resonances have been obtained by simulation taken as input parameters the values extracted from
XANES analysis.

3.1. XANES Analysis of Orientation of HOPG Grown by DC HF CCVD Process

For a good understanding of polarization trends and angular dependence for Carbon nanotube samples, we first
analyze the HOPG XANES spectra that are considered as reference to our analysis. Typical CK-edge HOPG
spectra, at normal (normal orientation & = 0°) and grazing (parallel orientation 8 = n/2) incidence angles are
plotted and shown in Figure 2(a) and Figure 2(b), respectively.

In Figure 2(a) plotted at normal incidence angle (normal orientation), A and B are localized respectively at
285.45 eV and 292.93 eV. They are attributed to unoccupied ©" resonance and o resonance, respectively [9]
[10]. The final-state band and Brillouin zone region of peak A is associated to my near Q at 2 eV above the Fermi
level while peak B is attributed to o3, o, in the Brillouin zone ' — Q. A; and A, are seen at 287.21 eV and
288.49 eV, respectively. A; is currently associated to the free-electron-like interlayer states in graphite and cor-
responds to " resonance [9] [10] [18]. It has been shown that it may due to the adsorption of some molecules
such as CO, CO, and water [15]. A, is also attributed to the free-electron-like interlayer states and correspond to
" resonance. It could be due to the adsorption of functionalized states C=C. Concerning A; found at 291.78 eV
and currently observed on some HOPG XAS spectra, it corresponds to o C-O bond resonance. Ay, A, and A,
peaks are not far from those found in Ref. [15].

Looking for Figure 2(b) taken at grazing incidence angle (parallel orientation), we can see that the main
peaks A attributed to unoccupied " resonance occurs at 285.40 eV and B attributed to unoccupied o~ resonance
occurs at 292.70 eV [9] [10]. Their final-state band and Brillouin zone region are my near Q at 2 eV above the
Fermi level and o3, o, in the brilloun zone I' — Q, respectively. Between the A and B peaks, we found three
peaks named A;, A, and Asz. A; is the weak one localized near 287.20 eV. It was associated to the free-elec-
tron-like interlayer states in graphite and corresponds to 7" resonance. It may due to the adsorption of some mo-
lecules such as CO, CO, and water. A, is localized at 288.49 eV and corresponds to 7" resonance which could
be due to the adsorption of functionalized states C=C. A; found at 291.78 eV corresponds to ¢ of C-O bond re-
sonance.

While analyzing Figure 2(a) taken at normal incidence, the intensity of A peak corresponding to 7" resonance
found to be equal to 0.43 c¢/s and the one of B peak corresponding to ¢ resonance is equal to 3.80 c/s. Concern-
ing Figure 2(b) taken at grazing incidence angle, the intensity of A peak corresponding to =" resonance found to
be equal to 1.71 c/s and the one of B peak corresponding to ¢ resonance is equal to 2.46 c/s. We define the
orientation parameter (OP) which indicates the tendency of the orientation as the ratio of unique n-type feature
intensities over the unique o-type feature intensity. The OP parameter calculated from Table 1 of XANES
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Figure 2. (a) Graphite experimental and simulated superimposed XANES spectra
at normal incidence angle. A, A;, A,, A; and B are the features assigned to 7= or ¢
transitions. Their final state band and Brillouin zone are presented in Table 1. The
asymmetry parameter of A is equal to 0.10 while the one of B is equal to 0.07. The
line base value of A is 0.14 while the one of B is 0.16. The asymmetry and base
line parameters of the intermediate peaks (A1, A, and Aj3) are equal to zero. (b)
Graphite experimental and simulated superimposed XANES spectra at grazing in-
cidence angle. A, A;, A,, A; and B are the features assigned to «” or ¢ transitions.
Their final state band and Brillouin zone are presented in Table 2. The asymmetry
parameter of A is equal to 0.10 while the one of B is equal to 0.07. The line base
value of A is 0.14 while the one of B is 0.16. The asymmetry and base line para-
meters of the intermediate peaks (A1, A; and A;) are equal to zero.
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Table 1. Main parameters of HOPG XANES spectrum at normal incidence extracted from Figure 2(a). The orientation pa-
rameter is OP = 0.11.

. Binding Intensity . Final state band
Peaks Literature energy (eV) c/s) Assymetry Base Gaussian i By oW 2o e
A lijima 1991 285.46 0.43 0.10 0.14 0.60 o near Q
Eba 2009 Free-electron-like interlayer
Al 287.21 0.21 0.00 0.00 1.20 state + adsorption ="C=C-OH or
Yueh 2001 *
-(C=C-n C=0)
A2 This work 288.49 0.34 0.00 0.00 2,60 Free-glectron-like interlayer
state + adsorption © C=C
A3 This work 291.78 4.23 0.00 0.00 1.10 o C-0
B Fayette 1998 292.93 3.80 0.07 0.16 0.90 01,00 T —>Q

spectrum at normal incidence (normal orientation) is equal to 0.11 while the OP extracted from Table 2 of
XANES spectrum at grazing incidence (parallel orientation) incidence is 0.69.

We can observe that the " resonance increased with the incidence angle from normal to grazing incidence
angle. Reversely, the o resonance decreased with the incidence angle from normal to grazing incidence. This
could be explained by the sine-square and cosine-square dependence of =" and & intensities, respectively as in
Ref. [14]. It has been shown there that the intensity of 7" transition is proportional to sin?e (with its maximum at
grazing incidence) and the intensity of ¢ transition is proportional to cos?e (with its maximum at normal inci-
dence). The total extinction of A peak is supposed to obtain at normal incidence for good polarization of the
synchrotron radiation X-ray beam, but, in our case, we do not observe this total extinction of 7~ band. This could
be due to the incomplete polarization of X-ray beam light or sample misalignment [9].

3.2. XANES Analysis of Orientation of CNTs Grown by DC HF CCVD Process

Assuming that the intensities of the resonance are similar in graphite and carbon nanotubes, they can be esti-
mated from a comparison to graphite XANES spectra. Typical CK-edge CNTSs spectra, at normal (¢ = 0°) and
grazing (6 = m/2) incidence angles are plotted and shown in Figures 3(a) and Figure 3(b), respectively. While
observing carbon nanotubes XANES spectra, on the first point of view, they are very similar to graphite spectra.

In Figure 3(a) taken at normal incidence (normal orientation), specific peaks A and B are localized respec-
tively at 285.34 eV and 292.79 eV. Ay, A, and Azare localized at 287.34 eV, 288.93 eV and 289.51 eV, respec-
tively. The peaks A; and A,, regularly observed in the graphite XANES spectra [9] [10] [18] are also observed
in our graphite and CNTs XANES spectra. As in graphite, A; is associated to the free-electron-like interlayer
states in carbon nanotubes and corresponds to " resonance. This feature could be due to the adsorption of some
molecules such as CO, CO, and water [15]. A, also attributed to the free-electron-like interlayer states, corres-
ponds to  resonance. It could be due to the adsorption of functionalized states C=C. A; corresponds to ¢ C-O
bond resonance and is only observed in our CNTs spectra. We observed one more feature A, at 291.65 eV in our
CNTs spectra. The peak A, is currently observed on some HOPG and CNTs XANES spectra and corresponds to
o exciton of C-H" bond resonance.

In Figure 3(b) taken at grazing incidence (parallel orientation), A and B are attributed to unoccupied 7 re-
sonance occurs at 285.62 eV and to unoccupied & resonance occurs at 292.93 eV, respectively [10]. Their
final-state band and Brillouin zone region are wp near Q at 2 eV above the Fermi level and o1, o, in the Brillouin
region I' — Q, respectively. Between the ©° and ¢ peaks, three one named A;, A, and A; are found and loca-
lized at 287.48 eV, 288.63 eV and 289.92 eV, respectively. As at grazing incidence, A, is associated to the free-
electron-like interlayer states in carbon nanotubes and corresponds to ™ resonance. Mane et al. have indicated
that this feature could be due to the adsorption of some molecules such as CO, CO, and water [15]. A,, also at-
tributed to the free-electron-like interlayer states, corresponds to 7" resonance. It could be due to the adsorption
of functionalized states C=C. Regarding A; it corresponds to ¢ C-O bond resonance. A, localized at 292.08 eV
corresponds to ¢ exciton of C-H™ bond resonance.

Figure 3(a) at normal incidence gives the intensities values 0.42 c/s of A peak of " resonance and 2.63 c/s of
B peak of & resonance. Figure 3(b) at grazing incidence gives the intensities values 2.39 c/s of A peak which
corresponds to the " resonance and 2.15 c/s of B peak of o resonance.
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Table 2. Main parameters of HOPG XANES spectrum at grazing incidence extracted from Figure 2(b). The orientation pa-
rameter is OP = 0.69.

. Binding . . Final state band and
Peaks Literature energy (V) Intensity (c/s) Assymetry Base Gaussian Brillouin zone
A lijima 1991 285.40 1.71 0.10 0.14 0.60 7o near Q
Free-electron-like interlayer
Eba 2009 state + adsorption
Al Yueh 2001 287.20 0.81 0.00 0.00 1.22 'C=C-OH or
-(C=C-n"C=0)-
A2 This work 288.49 0.84 0.00 0.00 2.40 Free-electron-like interlayer
state + adsorption 7 C=C
A3 This work 291.78 2.48 0.00 0.00 1.10 o C-0
B Fayette 1998 292.70 2.46 0.07 0.16 1 01,00 T —Q

As we observed for graphite spectra, we also observe the same trends in carbon nanotubes spectra showing
that the 7" resonance increased with the incidence angle from normal to grazing incidence angle. The ¢" reson-
ance has the reverse tendency in agreement with literature. The same explanation from graphite could be once
more given for carbon nanotubes while they are very similar, thus, n" intensity strongly depends on the sine-
square while ¢ intensity depends on cosine-square [14]. These authors demonstrated that the intensity of
transition is proportional to sin’e (with its maximum at grazing incidence) and the intensity of ¢ transition is
proportional to cos?a (with its maximum at normal incidence). Contrary to graphite where the A peak is going
to extinct at normal incidence for good polarization of the synchrotron radiation X-ray beam, this peak still re-
mains high in carbon nanotubes spectra. This should be due to the carbon nanotubes defects. The OP parameter
calculated from Table 3 and Table 4 is equal 0.16 at normal incidence angle and to 0.90 at grazing incidence
angle, respectively. Those values prove the non total extinction of @ transition at grazing incidence when the
orbitals are supposed to be lying parallel to the surface plane. Then, the non-extinction of the =~ band may be at-
tributed to the misalignment of CNTSs relative to the surface normal, to the contributions steaming from other
Carbon species or to the sample misalignment.

3.3. Theoretical XANES Angular Dependence of HOPG and CNTs

In this section, we focus on theoretical angular dependence of =" and ¢ transitions. We used the values of " and
o intensities corresponding to peaks A and B, respectively, presented in section 3.1 and 3.2 for simulation with
Matlab sofware. We assume a constant N value equal to 100. We use different theoretical formula of XANES
HOPG and CNTs at normal orientation (normal incidence) for two central issues of orientation light such as li-
near and circular polarization. We also use the formula corresponding to the parallel orientation (grazing inci-
dence) for linear and circular polarization. The curves in all cases are plotted, shown and discussed in the fol-
lowing pages. By varying the incidence angle from normal to grazing incidence, the 7° and ¢ transitions could
be more deepened as in Ref. [14] [17]. These authors have demonstrated that the =~ and & intensities have
sine-squared and cosine-squared dependencies, respectively. Showing that, with the increase incidence angle,
the 7 intensity was enhanced, while the ¢~ intensity was decreased. This has been explained by the fact that the
CNTs are formed perpendicular to the substrate surface. In our work, we study the case of grazing and normal
incidence by evaluating the angular dependence of HOPG and CNTs in linearly and circularly polarized light.

3.3.1. Theoretical XANES Angular Dependence of HOPG

We present in Figure 4 the superimposed HOPG " and ¢ state intensities versus the incidence angle in order to
compare their angular dependence. The blue and green curves are ©" intensities in linear and circular polarized
light, respectively. The red and sky blue curves are ¢~ intensities in linear and circular polarized light, respec-
tively. All are considered at normal orientation. The intensity is in the arbitrary units. When the 7" intensity is in
its minimum, the & intensity is in its maximum showing their variation in the reverse direction. We can observe
that the " intensities are too low in the linear and circular polarization comparing with ¢". But, 7~ intensity in
circular polarization is lower than the one in linear polarization. We also see that, ¢ intensity in circular polari-
zation is low while the one of linear polarization is high. The same behavior with the HOPG =" intensity is ob-
served, however, the ¢ intensity is observed in the negative part while the 7" intensity is in the positive one.
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Figure 3. (a) Carbon nanotubes experimental and simulated superimposed XANES
spectra at normal incidence. A, A;, A,, A; A, and B are the features assigned to ="
or ¢ transitions. Their final state band and Brillouin zone are presented in Table 3.
The asymmetry parameter of A is equal to 0.10 while the one of B is equal to 0.07.
The line base value of A is 0.15 while the one of B is 0.15. The asymmetry and

base line parameters of the intermediate peaks (A;, A;, Az and A,) are equal to zero.

(b) Carbon nanotubes experimental and simulated superimposed XANES spectra at
grazing incidence. A, A;, A,, A, A, and B are the features assigned to = or ¢
transitions. Their final state band and Brillouin zone are presented in Table 4. The
asymmetry parameter of A is equal to 0.10 while the one of B is equal to 0.07. The
line base value of A and B is 0.15. The asymmetry and base line parameters of the
intermediate peaks (A1, Ay, Az and A,) are equal to zero.
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Figure 4. The comparison of HOPG = and ¢ state intensities versus incidence angle in linear and circular polarized light
with the normal orientation (LCN). The blue and green curves are " intensities in linear and circular polarization, respec-
tively. The red and the sky blue curves are ¢ intensities, respectively, in linear and circular polarization.

Table 3. Main parameters of CNTs XANES spectrum at normal incidence extracted from Figure 3(a). The orientation pa-
rameter is OP = 0.16.

. Binding Intensity ’ Final state band and
Peaks Literature energy (eV) (cls) Assymetry Base Gaussian Brillouin zone
A lijima 1991 285.34 0.42 0.10 0.15 1 o Near Q
Free-electron-like
interlayer
Al Eba 2009 287.34 0.88 0.00 0.00 1.20 state + adsorption
Yueh 2001 *
n C=C-OH or
-(C=C-n"C=0)-
Free-electron-like
A2 This work 288.93 0.9 0.00 0.00 1.72 interlayer state +
adsorption ©'C=C
A3 This work 289.51 0.89 0.00 0.00 0.60 ¢ C-0
A4 This work 291.65 2.61 0.00 0.00 0.60 o exciton
B Fayette 1998 292.79 2.63 0.07 0.15 1.25 01,0 T —Q

Table 4. Main parameters of CNTs XANES spectrum at grazing incidence extracted from Figure 3(b). The orientation pa-

rameter is OP = 0.90.
. Binding Intensity . Final state band
Peaks Literature energy (eV) (cls) Assymetry Base Gaussian and Brillouin zone
A lijima 1991 285.62 2.39 0.10 0.15 1 o near Q
Free-electron-like interlayer
Eba 2009 state + adsorption
Al Yueh 2001 287.48 1.05 0.00 0.00 1.15 2 C=C-OH or
-(C=C-n"C=0)-
. Free-electron-like interlayer
A2 This work 288.63 1.08 0.00 0.00 2.20 I
state + adsorption n C=C
A3 This work 289.92 1.05 0.00 0.00 0.60 o C-0
A4 This work 291.88 2.59 0.00 0.00 0.60 o exciton
B Fayette 1998 292.93 2.15 0.07 0.15 0.90 01,00 —Q

In Figure 5, we also compare the HOPG =" and ¢ state intensities in linear and circular polarized light with
the parallel orientation. The = corresponds to blue and green curves, while ¢ corresponds to red and sky blue
curves, respectively, in linear and circular polarization. We can observe low © and ¢ intensities in the circular
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Figure 5. The comparison of HOPG =" and ¢ state intensities versus incidence angle in linear and circular polarized light
with the parallel orientation (LCP). The blue and green curves are 7" intensities in linear and circular polarization, respec-
tively. The red and sky blue curves are ¢~ intensities, respectively, in linear and circular polarization.

polarization while the high ones are observed in the linear polarization. We can observe that the ¢~ intensity in
the circular polarization is lower than the one in the linear polarization. When the =" intensity is in its maximum,
the ¢ intensity is in its minimum showing their variation in the reverse direction. Obviously, this situation is
opposite to the one of normal orientation. The " intensities at parallel orientation are greater than those at nor-
mal orientation. This could be explain by the fact that for perfectly aligned HOPG or CNTs normally to the sur-
face substrate, the 7" transition should not be visible [10] at normal incidence since the ©" orbitals are supposed
to be lying parallel to the surface plane.

Figure 6 is the comparison of =" and ¢ intensities versus square sine and square cosine, respectively, in the
linear and circular polarization with normal and parallel orientation. The blue and green curves are in normal
orientation while the red and sky blue are in parallel orientation, all, respectively in linear and circular polarized
light.

At normal orientation, the =~ intensities decrease and increase with square sine of incidence angle at parallel
orientation. But the intensities in linear polarization decrease or increase very fast (Figure 6(a)). Observing
Figure 6(h), the ¢ intensities increase at normal orientation with the square cosine of incidence angle. But the
intensity in linear polarization increases considerably. The reverse situation is observed at parallel orientation
where the intensity decreases and the linear one strongly. The whole behavior of =° and & intensities are
strongly depend on the incidence angle. Thus, we see on Figure 6 the sine square and cosine square angular de-
pendence of n° and ¢ intensities, respectively. However, for HOPG plots, the intensities at parallel orientation
have not yet shown in the literature while those at normal orientation are in agreement with Zhongrui who has
explained the sine square and cosine square dependencies of CNTs ©” and o transitions [14]. This means that
the experimental conditions should be very well care before, depending on the aim of the experiment.

3.3.2. Theoretical XANES Angular Dependence of CNTs

Figure 7 presents the comparison of " and ¢ intensities versus incidence angle in linear and circular polarized
light, all with normal orientation. We can see that 7" intensity in circular polarization is lower than 7" intensity
in linear polarization. The low ¢ intensity in the circular polarization is observed while the high one is viewed
in the linear polarization. n” intensity is in its minimum when ¢ is in its maximum showing their reverse varia-
tion. 7 intensity is observed in the positive region and ¢ intensity is observed in the negative region.

Figure 8 is the comparison of =" and ¢ intensities versus incidence angle in linear and circular polarized light,
all with parallel orientation. In this figure, 7" intensity in circular polarization is lower than =" intensity in linear
polarization. The low ¢ intensity in the circular polarization is observed while the high one is viewed in the li-
near polarization. ©" intensity is observed in the positive region and ¢ intensity is observed in the negative re-
gion. This behavior is perfectly similar to the one at normal orientation, nevertheless, on the one hand, 7" inten-
sity is in its maximum when ¢ is in its minimum showing their reverse variation. On the other hand, =" intensity
is smaller at normal orientation than the one at parallel orientation. As we concluded for HOPG, for per-
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Figure 6. The comparison of HOPG (a) =" state intensities versus square sine of incidence angle; (b) ¢ state intensities ver-
sus square cosine of incidence angle, both in linear and circular polarized light with the normal and parallel orientation. The
blue lines are the 7" and ¢~ intensities in linear polarization and the green lines are the 7" and ¢~ intensities in circular polari-
zation, both with normal orientation. The red lines and sky blue lines are the =" and ¢~ intensities, respectively, in linear and
circular polarization, both with parallel orientation. LCNP denotes linear and circular polarization at normal and parallel
orientation.
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Figure 7. The comparison of CNTs " and ¢ state intensities in linear and circular polarized light with the normal orienta-

tion. The blue and green curves are the &t intensities, respectively, in linear and circular polarization. The red and sky blue
ones are ¢ intensities in linear and circular polarization, respectively.

fectly aligned HOPG or CNTs normally to the surface substrate, one should observe the extinction of " transi-
tion [10] at normal incidence because in these conditions, the n" orbitals are supposed to be lying parallel to the
surface plane. We noticed here the CNTs behavior similar to HOPG. But, we also see an important gap be-
tween the © region and ¢ region at parallel orientation. This allow us to conclude that, they is an existing re-
gion at parallel orientation where one does not expect any ©" and & transitions because of the lack of polariza-
tion light.

Figure 9 is the plots of =" and ¢ intensities versus square sine and square cosine of incidence angle, respec-
tively, in linear and circular polarized light and with normal orientation 1) and parallel orientation 2). This figure
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Figure 9. The comparison of CNTs =" state intensity versus square sine of incidence angle (a) and ¢ state intensity
versus square cosine of incidence angle (b) in linear and circular polarized light with the normal and parallel orienta-
tion. The blue lines are the =" and &~ intensities in linear polarization and the green lines are the ones in circular po-
larization, all of them with normal orientation. The red lines and sky blue lines are the =" and & intensities in linear
and circular polarization, respectively, all of them with parallel orientation.

shows that, at normal orientation, " intensity increases with square sine of incidence angle and ¢ intensity in-
creases with the square cosine of incidence angle. Whereas, at parallel orientation, =° and ¢ intensities decrease
with, respectively, square sine and square cosine of incidence angle. The general trend we noticed is the clearly
sine square and cosine square dependencies of, respectively, n~ and ¢" intensities. The similarity between angu-
lar dependence of HOPG ¢ and CNTs o is observed. However the variation of HOPG =" and CNTs 7 is the

reverse.

4. Discussion

Remarkably, all figures exhibiting the real dependence of angular dependence of =" and ¢~ intensities of HOPG
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and CNTs nanostructures. Nevertheless, the difference is observed between the n~ and o intensities angular
variation according to the literature. The sine-squared and cosine-squared dependencies of 7 and ¢ intensities,
respectively, are well observed. Dependently on the position of the tube axis in z direction (see Figure 2), it has
been shown that the n° and ¢ intensities of aligned carbon nanotube present respectively, sine-squared and co-
sine-squared dependencies [14]. This could be due to the presence of other isotropic carbon species (carbon
clusters, diamond-like carbon or amorphous carbon) or to the randomly orientation of anisotropic nanotubes. It
has been also shwon that the local contribution of ¢~ intensity is proportional to the sum of squared scalar prod-
ucts of two components and electric polarization vector [14], o, which is proportional to 2cos’# and o
proportional to sin® @ . Therefore, the total & intensity decreases when the X-ray incidence angle changes from
normal to grazing due to the cosine-square dependence.

Knowing that the polarization of the X-rays emerging from a storage ring depends on the line of sight, the
polarization of the radiation is linear in that plane in the electrons’ orbital plane (Figure 10(a)), so the electrons
appear to oscillate in the horizontal plane. Thus, the =~ orbitals are supposed to be lying parallel to the surface
plane. The =" intensity could dominate at parallel orientation and its extinction although incomplete could be
observed at normal orientation. This explains the high 7" intensity observed at parallel orientation. Now, the po-
sition of the observer is important for the electrons’ movement. On the one hand, if the observer is above the
plane (Figure 10(b)) the electrons will appear and execute an elliptical orbit in a clockwise direction. The angu-
lar momentum from the observer’s frame of reference is transferred to the emitted photons, which are left-cir-
cularly polarized (LeCP). The electric-field vector of the X-rays also rotates clockwise around the direction of
propagation as viewed back down the beam from the observer. The angular momentum of the rotating electric
field of the left-circular polarized is negative and is described by a vector of that magnitude pointing opposite to
the direction of propagation. The photon will excite L; level corresponding to C2pz states. In that case, the o~
resonance is a preference. This can explain the ¢~ intensities appearance in the negative region. In that condi-
tions, the ¢ intensity dominates at normal orientation and is minimized at parallel orientation.

On the other hand, if the observer is below the electrons’ orbital plane (Figure 10(c)), the polarization is
right-circular polarized and the photons carry a positive angular momentum. The photon will preferentially ex-
cite L3 levels which is C2p, over the L corresponding C2p, levels. In that case, the n resonance is a preference
and can explain its appearance in the positive region. The " intensity dominates at parallel orientation as we no-
ticed in LP, but a difference relative to the incidence angle exists and cannot be negligible. We can understand
this particular trend to the study of experimental analysis based on =" transition. It could be better at parallel
orientation instead of normal orientation, to use the beam light in linear polarization where 5= 0°, to more eva-
luate the " intensity transition. Meanwhile, the circular polarization is useful for the study of X-ray magnetic
circular dichroism (XMCD).

5. Conclusion

We have investigated the XANES angular dependence of carbon nanotubes grown on plain substrates SiO,/

Linear Polarized (LP) Left circular polarizd (LeCP) Right Circular Polarized (RCP)
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Figure 10. Different types of light polarization depending on the position of observer relative to plane of electron orbit.
Here, LP denotes linear polarized, LeCP denotes Left-circular polarized while RCP is right circular polarized.
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Si(100) by a discharge current and hot filament-enhanced catalytic chemical vapor deposition process studied in
the previous papers. For the good understanding of CNTs angular dependence, we have first analyzed XANES
highly oriented pyrolitic graphite spectra and then XANES carbon nanotubes spectra at normal and grazing in-
cidence. Main features were found and assigned to the =~ and ¢  resonances. The presence of free-interlayer-
like electron was noticed around n” and ¢ transitions. Experimental results of HOPG and CNTSs show that the
C-C =" resonance increases while the C-C " resonance decreases from normal to grazing incidence. This has
been explained by the sine-square and cosine-square dependencies of =~ and o intensities, respectively, in
agreement with the literature. Theoretical XANES HOPG and CNTs curves exhibit the strong dependence on
linearly or circularly polarized light of =~ and ¢ resonances. We noticed that, =~ resonance was the priority one
at the linear polarized light, as well as at right-circular polarized. The reverse tendency is observed at the left-
circular polarized light where & resonance is the priority one. The " intensities are maximized at parallel
orientation and the ¢~ intensities are minimized at normal orientation. This paper open new perspective on the
dichroism study as X-ray magnetic linear dichroism (XMLD) used to deep the domain structure of anti ferro-
magnetic materials. So, as our carbon nanotubes are doped with metallic particles (Fe, Ni, Co), we could be able
to investigate in the near future their ferromagnetic character.
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