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a b s t r a c t

Momentum resolved electron energy loss (EELS) spectra of multi-walled carbon nanotubes (MWCNT)

have been measured at the C 1s edge in a transmission electron microscope (TEM). We demonstrate

that structurally sensitive electron linear dichroic (ELD) signals analogous to X-ray linear dichroic (XLD)

signals (Najafi et al., 2008) [17] can be measured by TEM-EELS from individual MWCNT if sample tilt

and deflection of the inelastic scattering signal relative to the EELS spectrometer entrance aperture are

used. This method is used to map defects in MWCNT at higher spatial resolution than is currently

possible with X-ray microscopy.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

Multi-walled carbon nanotubes (MWCNT) are attractive reinfor-
cing fillers for composite materials [1,2]. MWCNT-reinforced com-
posites exhibit improved mechanical performance and electrical
conductivity as well as resistance against thermal and radiation
damage [3–5].

MWCNT are often functionalized through chemical reactions to
overcome their limited solubility in common solvents, and to facil-
itate charge and load transfer between them and polymer matrices in
composites [6–9]. However, chemical functionalization produces
defects in MWCNT [10] which reduces their failure strain because
defects serve as nucleation sites for fracture [11]. In addition, defects
can impair the electrical and thermal conductivity of MWCNT [12,13].

In order to optimize MWCNT for targeted applications, it is
necessary to quantify and map defects present. Conventional meth-
ods, such as Raman spectroscopy [14,15] and near edge X-ray
absorption fine structure (NEXAFS) spectroscopy [16], sample large
areas and therefore provide information relating only to the average
property of an ensemble of MWCNT. Recently, we have used scanning
ll rights reserved.
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transmission X-ray microscopy (STXM) to measure the X-ray linear
dichroism (XLD) at the C 1s-pn transition from individual MWCNT
in order to evaluate their structural quality [17–19]. The XLD signal
was found to be strong in high quality MWCNT and weak in defective
ones. Thus, maps of the XLD signal along individual MWCNT act as
maps of sp2 defect density [18] (we define sp2 defects as deviations
from a perfect graphitic-like sp2 structure). Furthermore, the C 1s-pn

XLD signal of bundles of high quality single-walled carbon nanotubes
(SWCNT) was found to be similar to that observed in high quality
MWCNT [19].

Although STXM can map sp2 defects, thus providing a method of
evaluating defect distributions in individual MWCNT, STXM has
limited spatial resolution (typically ~25 nm; 10 nm is the record so
far achieved [20]). Here, we explore the use of momentum transfer
(q)-dependent electron energy loss spectroscopy (EELS) measured in
a transmission electron microscope (TEM) to obtain electron linear
dichroic (ELD) information similar to XLD measured in STXM, but at
a much higher spatial resolution. In order to demonstrate the
sensitivity of the measured dichroic signals to structural quality of
CNT, we report an example of using ELD signals measured by
q-dependent TEM-EELS to map defects in a MWCNT.

Linear dichroic signatures have been measured with a dedi-
cated scanning transmission electron microscope (STEM) or TEM-
EELS using a number of different techniques [21–26]. However, to
the best of our knowledge, q-dependent EELS spectroscopy and
imaging using the method described in this work, which provides
information close to that provided by the STXM dichroism
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measurements, has not been reported previously for carbon
nanotubes, although it has been applied to the Ti 2p EELS
spectrum of the rutile form of TiO2 [27]. The first q-dependent
TEM-EELS study of CNT was a comparison of C 1s EELS spectra of
the edge and center of a MWCNT which showed a small change in
the relative intensities of the C 1s-pn and C 1s-sn transitions
when the spectra were normalized in the continuum [21]. The
spectral changes were interpreted as being due to changes in the
orientation of graphitic-like planes relative to a fixed distribution
of q directions. The observation of this type of edge/center effect
has been repeated and its interpretation extended by Sun and
Yuan [22] who have also defined experimental conditions to
measure dichroic-free (so-called ‘magic angle’) TEM-EELS of high
aspect ratio structures [23]. However the edge/center comparison
is not the same as the anisotropic core excitation signal measured
in the STXM studies. In the latter, NEXAFS spectra measured with
the electric vector (E) either perpendicular or parallel to the long
axis of MWCNTs are compared. However in the edge/center TEM-
EELS studies reported to date, the measured signals are integrated
over a range of q orientations, although the average q favors
direction perpendicular with respect to the beam direction.

The spatial orientation of q relative to a sample can be
manipulated in several different ways in a modern TEM. Part of
this study consisted of exploring those different ways to find the
way to measure the ELD signal directly analogous to the XLD
signal measured in STXM. For brevity only the method finally
used to measure that signal is described in this paper. Alternative
methods and the path followed to choosing this method are
outlined in Appendix A.
Fig. 1. (a) Definition of momentum transfer in EELS, and its relationship with the
2. Experimental method

2.1. Sample preparation

MWCNT produced by an arc discharge (AD) method were
purchased from MER Corporation (MERCorp) and used
as-received. To prepare samples for TEM-EELS studies, MWCNT
were dispersed in N,N-dimethylformamide (DMF) under bath
sonication. The samples were sonicated for less than two minutes
to minimize modification of their chemical, physical, and electro-
nic properties [28]. The solutions were drop cast onto holey
carbon grids (SPI Inc.); the grids were left to dry overnight and
then further dried in a vacuum oven for 7 days at 200 1C.

2.2. TEM-EELS measurements

TEM-EELS data was measured using a FEI Titan 80–300 Cubed
microscope (identified hereafter as Titan 1) in STEM mode. Titan
1 was operated at 80 kV using a high brightness field emission gun
to minimize knock-on damage of MWCNT. Titan 1 is equipped with
a Wien-type monochromator to reduce chromatic aberration of the
electron beam and to improve the energy resolution of energy loss
spectra. The microscope is located in an ultra-stable environment to
allow stable operation over a period of several days without
realignments of the microscope. The spectra were recorded in
parallel detection mode using a post-column Gatan Tridiem 866
high resolution imaging filter. The energy resolution was better
Table 1
Experimental conditions used for TEM-EELS measurements.

Energy (kV) a (mrad) b (mrad)

Figs. 3, 4, 6, 7 80 8.4 6.6

Figs. 1, A-3, A-4 80 6.5 4.5
than 0.15 eV as measured at the zero-loss peak. The dwell time for
spectral acquisition at each pixel was 0.5 s for on-axis measure-
ments and 16 s for off-axis measurements. The convergence angle
of the incident beam and collection angle of the scattered beam for
the measurements are presented in Table 1. The choice of conver-
gence angle is a compromise between optimizing momentum
resolution and experimental counts. Reducing the condenser aper-
ture size increases the momentum resolution. However, use of a
very small condenser aperture would require prohibitively long
acquisition times for adequate S/N in recorded spectra. The same is
true of changing the size of the EELS collection aperture. It is also
important to consider the collection angle formed by the EELS
entrance aperture. To optimize recorded spectral counts, the
camera length (magnification in diffraction mode) was chosen such
that the central disk in the convergent beam electron diffraction
(CBED) pattern, which is limited by the condenser aperture, is
approximately the same size as the EELS entrance aperture. This
establishes a situation where the convergence angle is the same as
the acceptance angle. Although, in principle smaller convergence
and collection angles could have given even better momentum
resolution, experimentally we were able to demonstrate that these
conditions gave us sufficient momentum resolution to clearly see
the anisotropy; so much so that the p component was almost
entirely suppressed when probing the long direction of the tubes.
3. Results

3.1. Principles of the method

In EELS, the electron scattering vector (q) is defined as the
difference between the wave vector of the incident (k0) and scattered
(k1) electrons (Fig. 1a) [29]. The differential cross section for inelastic
electron scattering [29] indicates that the intensity of an electric
dipole transition induced by inelastic scattering is related to the angle
(g) between q and the transition moment vector (r, which encodes
wave vectors k0 and k1; the gray surface represents all possible values for k1 for a

given energy loss. (b) Scattering angle of the collected electrons which varies

between 01 and b. (c) Possible q orientations for the collected electrons for

different energy losses (qJ has fixed length for a given energy loss). (d) MWCNT

selected for measurement of the C 1s spectra of the edge and center (see Fig. A-2)

in the tip region. (e) pn image obtained by subtracting the averaged image of

the pre-edge region (270–275 eV) from the averaged image of the pn region

(283–288 eV). (f) sn image obtained by subtracting the averaged image of the pre-

edge region (270–275 eV) from the averaged image of the sn region (288–293 eV).



Fig. 2. (a) Sketch of how an off-axis EELS collection aperture can be used to

control q directionality. For condition (i) the EELS spectrometer collects all

orientations of q?; for ii) it collects q? with perpendicular orientations relative

to the long axis of the MWCNT; and for iii) it collects q? with parallel orientations

relative to the long axis of the MWCNT. (b) Dark field STEM image of a high quality

MWCNT used to demonstrate the procedure. (c) Convergent beam diffraction

pattern (from the white cross in (b); the arrows show the radial and long axis

directions of the tube. (d) Annotation of the convergent beam diffraction pattern

to indicate how displacement of the scattering pattern relative to the EELS

entrance aperture can be used to sample conditions (i), (ii), and (iii).

E. Najafi et al. / Ultramicroscopy 113 (2012) 158–164160
the directionality of the unoccupied state) according to

Ipcos2 g ð1Þ

In principle, this relationship allows the use of q-dependent
TEM-EELS to study the structural anisotropy of materials.

The conventional approach to control and manipulate the
orientation of q in TEM-EELS involves operating the microscope
in diffraction mode and changing the collection angle (b) by
changing the size of the spectrometer entrance aperture and/or
the camera length. The scattering angle (y) of the collected
electrons varies between 01 and b (Fig. 1b) which produces a
complex set of q orientations (Fig. 1c). Leapman et al. [30] showed
that when a large aperture is used (large b), a wide range of
scattered electrons are collected. These electrons carry an average
q with a direction predominantly perpendicular to the beam (q?)
(Appendix Fig. A-1a). As the size of the aperture decreases, the
range of the angular acceptance of the scattered electrons
decreases which enhances the component parallel to the beam
(qJ) (Fig. A-1b). This method was further extended by Botton et al.
[24] who generated 2D momentum-dependent energy-filtered
diffraction patterns. Leapman et al. [30] used this approach to
study the electronic properties of graphite and boron nitride
films. Specifically, they used a small collection aperture to
enhance qJ and then tilted the films to study intensity variations
as a function of tilt angle. By tilting the sample up to 451 relative
to the electron beam they could sample a full range of scattering
angles including parallel and perpendicular to the electron beam.
Stéphan et al. [21] used a closely related approach to study the
structural anisotropy in MWCNT where they employed a large
entrance aperture (and a large convergence angle) to enhance q?.
They used this geometry to investigate spectral differences
between the edge and the center of a MWCNT. Browning et al.
[31] proposed an alternative approach which is based on compar-
ison of the energy loss spectra recorded at both small and large
collection angles. Sun and Yuan [22] used this approach to record
C 1s spectra from the edge and center of a MWCNT. At small
collection angle, they observed that the C 1s-pn transition was
weak at the edge but strong at the center of a MWCNT. At large
collection angle, the trend reversed and the C 1s-pn transition
became strong at the edge and weak at the center.

An example of such anisotropic differences in MWCNT is
illustrated in Fig. 1. Fig. 1d presents an image of the tip of an
AD-MWCNT, extending into vacuum from a lacey carbon support.
A spectrum image measurement was made over the highlighted
region at the tip of the MWCNT with the EELS conditions such
that the average q was perpendicular to the beam (experimental
conditions provided in Table 1). Fig. 1e is the pn image obtained
by subtracting the averaged image of the pn region (283–288 eV)
from the averaged image in the pre-edge region (270–275 eV).
Fig. 1f is the sn image obtained by subtracting the averaged image
of the sn region (288–293 eV) from the averaged image of the pre-
edge region (270–275 eV). These EELS images clearly show that
the C 1s-pn transition is strong at the edge and weak at the
center. In contrast the C 1s-sn transition has a more uniform
intensity throughout the region sampled.

In this work we have overcome the limitations of the spatially
resolved measurements in STEM with large incident and collec-
tion angles by measuring the spectrum with the inelastically
scattered electron distribution laterally displaced relative to the
EELS acceptance aperture. In this way, it is possible to more
accurately control the direction of q relative to the sample and
maintain high momentum resolution. Fig. 2 outlines the principle
of this approach which is based on that of Botton [25], Saitoh et al.
[26], and Radtke et al. [32]. By displacing the inelastically
scattered electron distribution relative to the EELS entrance
aperture and tilting the sample it is possible to collect EELS signal
where q? dominates and the q vector has a specific orientation
relative to an anisotropic sample such as a MWCNT.

The MWCNT studied is shown in Fig. 2b. A convergent beam
diffraction pattern (Fig. 2c) was acquired from the MWCNT at the
position marked with a cross in Fig. 2b using a 6.5 mrad conver-
gence semi-angle of the incident probe (a¼6.5 mrad) and a
4.5 mrad collection semi-angle (b¼4.5 mrad), defined by the size
of the EELS collection aperture. Fig. 2c labels the electron
scattering signal associated with the short axis (radial direction)
and the long axis of the MWCNT. Fig. 2d outlines the strategy to
obtain two well defined orientations of q? relative to the MWCNT.
At 80 kV incident electron energy, the characteristic angle (yE) at
285 eV is 1.8 mrad. At position i (beam centered on the EELS
entrance aperture) with the collection angle of 4.5 mrad, the
majority of scattered electrons are collected. Therefore, anisotro-
pic information is lost in this geometry. However, when the
inelastically scattered electron distribution is deflected such that
the collection aperture is at position ii, the scattered electrons
which enter the spectrometer correspond to q? with orientation
perpendicular to the long axis of the MWCNT. When the inelas-
tically scattered electron distribution is deflected such that the
collection aperture is placed at position iii, the scattered electrons
which enter the spectrometer correspond to q? with orientations
parallel to the long axis of the MWCNT.
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3.2. q-dependent TEM-EELS of a high quality AD-MWCNT

Arc discharge MWCNT are predominantly straight with highly
ordered graphitic walls. Fig. 3a is a low resolution TEM image of
the MWCNT selected for angle-dependent TEM-EELS studies (it is
the same CNT as shown in Fig. 2b). Various forms of impurity by-
products are found, such as those within the dotted circle. High
resolution TEM (HRTEM) imaging reveals these impurities to be
mostly graphitic structures. The HRTEM image of the MWCNT
recorded for rectangle b in Fig. 3a is shown in Fig. 3b. While the
inner layers in the MWCNT are highly ordered, the outer layers
are somewhat distorted. This is due to surface oxidation which
transforms sp2 bonds into sp3 bonds and peels off the layers [33].
The central hollow of the MWCNT has a diameter of �2.6 nm and
remains uniform along the tube.

A series of electron energy loss spectra of this MWCNT were
measured along the line indicated in Fig. 3b. Fig. 4a shows the
spectra of the edge (green) and center (red) of the MWCNT recorded
Fig. 3. (a) Low resolution TEM image of the MWCNT studied (diameter ~35 nm;

length �1.5mm). (b) High resolution (HRTEM) image of the MWCNT recorded

from rectangle b in (a). The line indicates the trajectory of the linescan spectral

measurement while the green (left) and red (right) boxes indicate the edge and

centre areas sampled. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
when the entrance aperture is accepting the scattering signal such
that the q-vector is parallel to the long axis of the tube (see inset to
Fig. 4a). The definition of center and edge in MWCNT is given in Fig.
A-2. The spectra are very similar and both show weak C 1s-pn

transitions. This contrasts strongly with the large differences seen
in the pn intensity for edge/center spectra reported by Stéphan et al.
[21] and Sun and Yuan [22] but it is consistent with a well defined
localization of the direction of q along the long axis of the tube, for
which the C 1s-pn transition is forbidden [17–19]. Fig. 4b shows
the spectra of the edge and center of the MWCNT recorded when
the entrance aperture is accepting the scattering signal such that
the q-vector is perpendicular to the long axis of the tube (see inset
to Fig. 4b). In this scattering geometry there is now a large
difference between these two spectra with a strong C 1s-pn

transition in the spectrum at the edge but a weak one in the
spectrum at the center of the MWCNT. This is consistent with a well
defined localization of the direction of q across the tube, for which
the C 1s-pn transition is allowed at the edge but forbidden at the
center [17–19]. Note that this scattering geometry gives the same
result as reported by Stéphan et al. [21] and Sun and Yuan [22] but
with enhanced differentiation of the two q-directions.

To further demonstrate the directionality of q, and to produce
q-direction dependent ELD signals directly analogous to XLD
measurements with STXM-based photoabsorption [17–19], the
dependence of the C 1s spectrum of the MWCNT was investigated
as a function of the MWCNT tilt (Fig. 5a). By using a high-tilt
tomography holder, the MWCNT was oriented at 771 relative to
horizontal in a plane perpendicular to the beam. The entrance
aperture was placed to collect q? parallel to the MWCNT (similar
to the geometry shown in inset of Fig. 4a). Then, angle-dependent
spectra from the center of the same MWCNT were recorded at
several tilt angles. Specifically, the spectra were extracted from
the center of linescans recorded across the MWCNT. At zero tilt,
Fig. 4. (a) C 1s spectra of the edge (green) and centre (red) of the MWCNT in

Fig. 3b extracted from linescan spectra recorded with q? parallel to the long axis of

the MWCNT. (b) C 1s spectra of the edge (green) and centre (red) from linescan

spectra recorded with q? perpendicular to the long axis of the MWCNT. The

displacement of the inelastic scattering relative to the aperture is indicated in the

inset figures. For each spectrum, a background extrapolated from the pre-C1s

signal has been subtracted, and the intensity has been scaled to set the intensity at

350 eV to 1. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)



Fig. 5. (a) C 1s EELS spectra of the centre of the MWCNT in Fig. 3b extracted from

linescans recorded at the indicated sample tilt angles. The linescans were recorded

with q? parallel to the long axis of the MWCNT. (b) pn intensities at the centre of

the MWCNT (circles, with error bars) plotted versus tilt angle, fit to the

polarization function (Eq. (2)) (solid line).

Table 2
Fitting parameters of EELS data.

Observed anglea (deg.) Ab Bb hf
b

Fig. 5 0 0.270.03 2.570.03 �88751

Fig. 6 20 0.870.01 1.270.01 57751

a Reference line for angle determination is horizontal (clockwise is positive).
b From fit of measured pn intensity to Eq. (2).
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the intensity of the C1s-pn transition is very weak since it is
forbidden (Fig. 5a). When the MWCNT is systematically tilted to
higher angles (up to 601), the intensity of the C1s-pn transition
progressively increases. After subtracting a background extrapo-
lated from the pre-C1s signal and unit normalization of the C 1s
continuum intensity at 350 eV (which is needed as the beam
passes through different amounts of sample as the tilt angle
changes), the C 1s-pn intensity was integrated. This pn intensity
is plotted as a function of tilt angle in Fig. 5b. If the angle
dependence of the intensity corresponds to linear dichroism, the
intensities should depend on tilt angle according to

Ipn ðyÞ ¼ AþB cos2ðy�yf Þ ð2Þ

where yf is an optimizable parameter corresponding to the angle
between the long axis of the MWCNT and horizontal, A is the non-
dichroic intensity, and B is the dichroic intensity. Fig. 5b plots the
best fit of the data to this equation. There is good agreement
between the data (points, with estimated error) and the polariza-
tion fit (solid line). The fit parameters are presented in Table 2.
The good fit is consistent with the intensity variation with tilt
angle sampling the same physics as XLD. The polarization ratio
(I?/IJ, where I? and IJ are determined from the fit to the tilt
dependent intensities) is calculated to be 13.5 for the center
of tube.
3.3. Use of ELD from q-dependent TEM-EELS to evaluate structural

quality of MWCNT

In order to explore the capability to evaluate structural quality
of MWCNT using ELD measured using q-dependent TEM-EELS in
the matter outlined above, an imperfect MWCNT was studied and
compared to the results for the high quality MWCNT (Figs. 3–5).
Fig. 6a presents a low resolution TEM image of this tube, which is
fairly straight and in a plane perpendicular to the beam except at
�150 nm from the tip where it bends and points upward making
an angle of 671 relative to horizontal (this bend is not obvious in
the TEM image). The HRTEM image (Fig. 6b) shows a lot of surface
irregularities which is indicative of a damaged structure. The
region enclosed in the boxes in Fig. 6a and b indicates the area
studied using the q-dependent spectrum imaging technique.

C 1s spectrum images (full spectrum at each point in the
image) were recorded at five tilt angles. The background sub-
tracted, continuum normalized spectra integrated over the center
region of the MWCNT are plotted in Fig. 6c. The intensity
variations at the pn-resonance as a function of tilt angle follow
a trend similar to that observed for the perfect MWCNT (Fig. 5)
but the extent of variation of the pn intensity is smaller. The
stronger transition at zero tilt could be due to the fact that the
region is not perfectly horizontal as well as due to the defects in
the tube. As the tilt angle increases the intensity of the pn-
resonance systematically increases and reaches a maximum at
the highest angle measured (501). Fig. 6d plots pn-intensity values
(black circles) as a function of tilt angle of the defective MWCNT.
The polarization function gives a good fit to these experimental
values indicating that, despite the presence of defects, the tube is
still anisotropic with mainly sp2 configuration. The minimum
intensity is observed at �301 which corresponds to the angle
between the MWCNT and the plane perpendicular to the electron
beam. The polarization ratio (I?/IJ) determined from the fit to the
tilt dependent intensities for the center of the tube was 2.2. This is
significantly smaller than the polarization ratio for the center of
the perfect MWCNT (13.5). Since the experimental conditions
were similar for both measurements and the spectra were
corrected for thickness variation by normalizing to the C 1s
continuum jump, the difference in the measured polarization
ratio reflects the relative structural quality of the tubes.

The pn images (difference of images at 285 eV and 280 eV) at
different tilt angles were assembled into a single file and then the
electron linear dichroic (ELD) response at each pixel in the
resulting polarization-dependent pn tilt-stack was fit to the
polarization function (Eq. (2)). Maps of the amplitude (ELD
magnitude) and constant (non-dichroic component) terms were
then constructed from the A and C terms of the pixel-by-pixel fit.
The white rectangle superimposed on the HRTEM image (Fig. 7a)
shows the region for which the amplitude (Fig. 7b) and constant
(Fig. 7c) maps were obtained. The ELD map (Fig. 7b) shows the
magnitude of the polarization effect at each pixel on the MWCNT.
Brighter pixels correspond to stronger polarization (fewer sp2

defects) while darker pixels correspond to weaker polarization
(more sp2 defects). The ELD amplitude map (Fig. 7b) corresponds



Fig. 6. (a) Low resolution and (b) high resolution TEM images of a defective

MWCNT selected for angle dependent TEM-EELS studies for comparison. (c) C 1s

EELS spectra of the centre of the MWCNT extracted from linescans recorded at the

indicated sample tilt angles. The linescans were recorded with q? parallel to the

long axis of the MWCNT. (d) pn-intensities at the centre of the defective MWCNT

(circles, with error bars) plotted versus tilt angle, fit to the polarization function

(solid line). The vertical scale of (d) is the same as that for Fig. 5b.

Fig. 7. (a) TEM image of the region for which q-dependent EELS was studied to

measure electron linear dichroism (ELD) signals. (b) the amplitude and (c) and

constant maps, obtained by fitting each pixel in the pn polarization stack (23�18

pixels, 3 tilt angles) to Eq. (2). The amplitude and constant maps have been

smoothed to reduce ‘pixelation’.
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relatively well to that expected from the TEM image. For instance,
the region with more surface irregularities in the lower right
appears darker in the ELD amplitude image. The constant map
(Fig. 7c), which corresponds to the portion of the signal without
ELD, is the complement to the amplitude image, with brightest
pixels in the lower right region where the MWCNT is more
defective. The present results clearly serve as a proof-of-principle
demonstration, but are limited both by the relatively few pixels
used (23�18) and the small numbers of tilt angles (3). The
quality of the ELD amplitude and constant images can be
significantly improved by recording data with finer pixels and at
more tilt angles. While the presence of defects can be seen
directly in the HRTEM image (Fig. 7a), the changes in the ELD
signal provide a spectroscopic probe of the level of bonding
deviation from perfect sp2 hybridization.
4. Discussion

The conventional approach to q-dependent EELS in the TEM
[21–23], where the scattering vector q is controlled by changing
the magnitude of the EELS collection angle, does not provide the
same dichroic effect as that observed by STXM of MWCNT [17–19].
In the conventional approach, the spatial orientation of q is not
well enough defined to extract dichroic signals at the edge and
center of MWCNT at various tilt angles, where a large dichroism
should be observed in the C 1s-pn transition (Fig. A-3). In this
work a large electron linear dichroism is observed in the C 1s-pn

transition by displacing the convergent beam diffraction pattern
relative to the EELS entrance aperture. The spectra recorded at
different tilt angles showed an ELD signal similar to the XLD signal
routinely obtained by STXM. This method effectively selects
orientations of q? relative to the MWCNT while removing qJ. This
well-resolved directionality of q is clearly demonstrated in Fig. 4.
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The large change in the intensity of the C 1s-pn transition (Fig. 4b)
shows that q? has been minimized and the collection of qJ has
been limited to certain orientations with respect to the MWCT axis.
This can be further improved by using a smaller entrance aperture
and increasing the displacement of the distribution of the inelastic
scattering signal. However, this reduces the number of electrons
that enter the spectrometer and thus lowers the signal-to-noise
ratio. In order to improve the quality of the spectra, one has to use
a longer exposure which may cause several problems such as
sample contamination, drift, and damage to the sample. The
intensity of the C 1s-pn in a high quality MWCNT could be useful
to evaluate the degree to which q has been resolved as the size and
location of the aperture changes.

The approach to measuring ELD documented in this work can
be used to perform TEM-EELS dichroic evaluations of anisotropic
samples such as carbon nanotubes that, at present, can only be
done on a very small number of synchrotron spectromicroscopy
beamlines, and with much lower spatial resolution than TEM-
EELS provides. In principle, this method is not limited to MWCNT
systems. It can also be used to characterize the ELD and thus the
structural anisotropy in a variety of anisotropic systems such as
NaTiO2 nanorods or nanoscrolls [34], BN nano-wires and nano-
fibers [35], etc. We note that high resolution transmission
electron microscopy can, in favorable circumstances, visualize
individual defects. However, given the experimental challenges of
establishing those conditions, it is impractical to perform such
measurements over a large number of defect sites. In contrast this
spectroscopic method provides a means to evaluate defect dis-
tributions and structural quality over clusters or ensembles of
nanostructures. Thus we consider direct high resolution imaging
and this method as complementary techniques to characterize
defects which affect electronic structure.
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[21] O. Stéphan, M. Kociak, L. Henrard, K. Suenaga, A. Gloter, M. Tencé, E. Sandré,
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