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Influence of delocalized states on electron scattering by carbon nanotubes
under various configurations

Ch. Adessi, M. Devel, and J.-M. Vigoureux
Laboratoire de Physique Mole´culaire, UMR CNRS 6624, 16 route de Gray, F-25030 Besanc¸on CEDEX, France

~Received 8 March 2000!

In the family of electron projection microscopes, the Fresnel projection microscope~FPM! allows observa-
tion in direct space of small organic fibers such as carbon nanotubes, with electron energies about 200 eV.
With carbon nanotube material the optical Fresnel theory fails to explain all the features observed experimen-
tally. We have performed simulations of FPM images of carbon nanotubes by combining quantum-mechanical
electron diffusion theory with anab initio method to include the properties of the molecular object. Simula-
tions done with a~5,5! nanotube do reproduce the experimental occurrence of a very bright and contrasted
geometrical projection of thin fibers, the so-called ‘‘sucking-in’’ effect. Furthermore, they allow to link this
phenomenon with the large spreading of the effective potential occurring with nanotubes. Patterns in the
simulated images of multiwall carbon nanotubes and ropes of nanotubes are reported. They are mainly gov-
erned by interferences occurring between the scattered waves coming from the different nanotubes. Ropes lead
to large fringes unlike multiwall nanotubes, which lead to constructive interferences between the scattered
waves. This constructive behavior is pointed out by means of a chiral inner nanotube, which leads to specific
longitudinal fringes and an asymmetric pattern of the images as it is also reported for single-wall chiral
nanotubes.
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I. INTRODUCTION

Since they have been discovered,1 carbon nanotubes hav
rapidly revealed surprising electronic properties such as t
metallic or semiconducting behavior.2 One implication of
this property, is the possible use of nanotubes as molec
transistors3,4 or nanoscale devices.5–8 Moreover, quantized
energy levels have been observed with short nanotube
scanning tunneling microscopy9 and theoretically interpreted
as levels in a one-dimensional quantum box.10 These prop-
erties clearly came from the low-energy electrons of the m
terial. It is then not very surprising that microscopies,11–15

which use electrons with energies about 200 eV, have
vealed typical interactions between the electronic beam
carbon nanotubes. These interactions lead to phenom
such as the sucking of the incident beam inside the geom
cal projection of the nanotubes.16

For the last decade, electron projection microscopies s
as the Fresnel projection microscope~FPM!,15 have enjoyed
a renewal of interest thanks to the development of meta
field emitters allowing electronic emission from the last ato
of a tip apex, with a very small energetic spread~.0.1 eV!
for a typical energy of 200 eV and a small opening an
~half-opening about5°).17 These properties allow the obse
vation of nanometer size objects with a resolution of ab
0.5 nm. The observations of small diameter nanofibers s
as carbon fibers16 or carbon nanotubes,18 have revealed phe
nomena that cannot be simply interpreted by means o
optical model,19 i.e., which do not come from the Fresn
diffraction patterns of a thread or of a slit. The first effect
this type simulated here and observed experimentally w
nanotubes, is the occurrence of the so-called ‘‘sucking-
phenomenon for which the fiber appears bright with a v
high contrast with respect to the incident beam. Other in
PRB 620163-1829/2000/62~11!/7483~8!/$15.00
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esting effects allow us to discuss the opportunity to differe
tiate the specific FPM signatures of single-wall, multiwa
and ropes of nanotubes. Finally, we have studied the po
bility of using the experimental observation of some lon
tudinal periodicity inside the geometrical projection of nan
tubes to recover a specific periodic structure of the nanotu
For that purpose, we have performed quantum simulation
images of carbon nanotubes in different conformatio
~ropes, multiwall, chiral, and achiral single wall!.

The methodology used to simulate FPM images of carb
nanotubes, corresponds to an integral reformulation of
time-independent Schro¨dinger equation in order to comput
the wave function of an electron emitted from a point sou
and scattered by a molecule.20 In this context, the time-
independent approximation is justified by the high stabil
of the electronic beam. The point-source representation
the electronic source is satisfactory with regard to the sm
dimension of the emitting region, which is about 0.5 Å17

The typical energy of the emitted electrons ranges from 1
to 200 eV. Inelastic scattering, as observed in electr
energy-loss spectroscopy21 with carbon nanotubes and occu
ring at energies above 300 eV, is in this context negligib
On the other hand, for this energy, multiple diffusion pr
cesses are not negligible compared with single one’s. Th
with the aim of simulating FPM images, we have combin
a scattering formalism with anab initio method to take into
account multiple diffusion processes. This has been pra
cally done by means of an atomic-orbital expansion of
electronic states of the nanotube. This technique allows u
describe efficiently the valence electrons of nanotubes w
typically 600 atoms, hence to simulate multiwall and rop
of nanotubes.

In the next section, we summarize the scattering form
ism and theab initio method used to simulate FPM image
Then, simulated images of nanotubes are presented: Firs
7483 ©2000 The American Physical Society
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sucking-in phenomenon is discussed on the basis of a s
of simulated images of a~5,5! nanotube for increasing dis
tances with respect to the beam center; then, the patt
shown on simulated images of single-wall, multiwall, a
ropes of nanotubes are compared and discussed; finally
occurrence of periodic structures over FPM images is
cussed.

II. RESOLUTION METHOD

A. Overview

With the aim of simulating FPM images of carbon nan
tubes, the time-independent Schro¨dinger equation is recas
into an integral form corresponding to the Lippman
Schwinger~LS! equations.22 The two formulations used her
are the following:

w~rW !5w0~rW !1E d3r 8 G0~rW,rW8;E!Ve f f~rW8!w~rW8!, ~1!

w~rW !5w0~rW !1E d3r 8 G~rW,rW8;E!Ve f f~rW8!w0~rW8!, ~2!

whereVe f f represents the effective potential of the one bo
Schrödinger equation associated with the carbon nanotub
vacuum,w the scattered wave,w0 a spherical incident wave
limited by a Gaussian envelope,G0(rW,rW8;E) the vacuum
Green’s function for a given energy E, andG(rW,rW8;E) the
Green’s function of the full system.

The discretization of Eq.~1! in direct space gives rise to
system of N equations with N unknowns, allowing the c
culation of the scattered wave in the whole space. This te
nique, already used successfully,20 is limited by the number
of discretization points. To circumvent this limitation, w
have used a self-consistent field~SCF! method~for a review,
see Ref. 23! to compute the Green’s functionG(rW,rW8;E).
This allows us to compute the scattered wave by mean
Eq. ~2! and to propagate it at any point in space by mean
Eq. ~1!. The inherent limitation is then no more born by th
number of discretization points but by the ability to compu
the Green’s functionG(rW,rW8;E). Theoretically, one could
use the spectral representation ofG:

G~rW,rW8;E!5(
i 51

` c i~rW !c i* ~rW8!

E2e i
, ~3!

wherec i(rW) represents any electronic state of the molec
and e i its corresponding eigenvalue. Thus, the summat
should in fact be a real summation over the discrete spect
and an integral one over the continuum states. However
computational reasons, this summation is truncated to a fi
number of occupied and unoccupied discrete states, c
puted by expansion over a finite basis. This approximatio
coherent with the fact that the influence of the incident el
tron on the molecular states has been neglected. This is
tified by the facts that the energy of the incident electron
much greater than the energies of the valence electrons.
thermore, no resonance effect has experimentally been
in FPM, whereas results from Mayeret al.24 have shown, in
the case of a C60 molecule, that the influence of the dynam
ies
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cal polarizability of C60 is only noticeable near a plasmo
resonance. Hence, in this formalism, the self-consistenc
the problem is no more contained in the LS equation bu
the determination of the electronic states of the molecule

B. Self-consistent field method

The main equation of the SCF method is the one bo
Schrödinger equation, which can be expressed as

F2
\2

2m
¹W rW

21Ve f f~rW !Gc i~rW !5e ic i~rW !, ~4!

with Ve f f(rW)5vext(rW)1vHart(rW)1vxc@r(rW)#, where vext
represents the core potential of the atoms,vHart the Colom-
bian repulsion between electrons, andvxc the exchange-
correlation potential expressed in terms of a functional of
electronic density~corresponding to:

r~rW !5(
i 51

Nel

c i* ~rW !c i~rW !,

whereNel is the number of electrons of the molecule!. To
solve Eq.~4!, an expansion of the electronic states ove
finite basis is used, leading to an eigenvalue equation. S
ing from an initial set for the expansion of the electron
states, an effective potential is then deduced and use
solve the eigenvalue equation, leading to a new set and s
until convergency has been reached. The eigenvalue e
tion can be expressed asHCi5e iSCi , whereH represents
the Hamiltonian matrix,S the overlapping matrix of the basi
elements,Ci one eigenvector, ande i the corresponding eigen
value. We used Slater’s atomic orbitals25 as a basis becaus
interpretation of the diffusion calculation is easier when t
truncation of the electronic expansion is modified. Its ma
disadvantage, compared to a Gaussian type basis, is
nonanalycity of the integrals involved in the Hamiltonia
matrix elements calculation.

The external potential is expressed by means of a pse
potential technique,26 which allows to reduce the number o
electrons involved in the eigenvalue equation. With this te
nique, the valence and the core electrons are dissociated
the assumption that the wave functions of the core electr
are weakly affected by their surrounding environment. T
allows to include them in the Hamiltonian as a constant
rametrized potential. The Hartree potential is described a

vHart~r!5
e2

4pe0
E d3r 8

r~r8!

ur2r8u
.

Finally, the exchange-correlation potential comes from
local-density approximation. It corresponds to the formu
tion proposed by Ceperly and Alder27 and parametrized by
Perdew and Zunger.28

In order to consider molecules with typically 600 atoms
is necessary to use some level of approximation in the re
lution of the eigenvalue equation. A crude one consists
neglecting all three center integrals, since they are the m
time consuming to compute. A softer one consists in negle
ing those which do not involve nearest neighbors. These
levels of approximation have been used successively.
first step, electronic states have been expanded over only
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atomic site excluding all three center integrals. After conv
gence, the configuration obtained with this approximat
corresponds to electronic states localized on one atom
order to include in the Green’s function the collective pro
erties due to the delocalized states~which lead for carbon
nanotubes to metallic2 or semiconductor properties!, it is
necessary to expand electronic states at least betw
nearest-neighbors atoms. This has been done in a last
where Hamiltonian and overlapping elements involvi
nearest-neighbor atoms were computed. This last step
the most time consuming due to the computational diffic
ties arising from the three center integrals that were ca
lated using spheroidal coordinates.

In all the presented results a$2s,2p,3s,3p% basis was
used. The inclusion of the 3s and 3p orbitals allows a satis-
factory description ofs and p bonds for diffusion calcula-
tion. This inclusion is necessary in this formalism in order
include antibonding states in the Green’s function of the s
tem. Moreover, it will be pointed out that the use of
$2s,2p% basis does not allow to recover the ‘‘sucking-in
effect. Tests of convergence were carried out for a C100 mol-
ecule: the same picture was simulated using a$2s,2p,3s,3p%
and $2s,2p,3s,3p,4s,4p% basis. Even in logarithmic scale
differences on the pictures are barely noticeable. Howe
differences of the order of 15% can be noted on the ma
mum value.

C. Scattering formalism

By inserting Eq.~3! into Eq.~2!, the following equation is
obtained:

w~rW !5w0~rW !1(
i 51

`
c i~rW !

E2e i
E d3r 8 c i* ~rW8!Ve f f~rW8!w0~rW8!.

~5!

However, this last equation cannot be used directly to co
pute the scattered wave functionw far away from the mol-
ecule. This limitation arises from the truncation of the expa
sion of the electronic states, which does not allow to get
correct asymptotic behavior for the scattered wave, due
lack of high-radial momentum. To go around this difficult
it is necessary to compute the scattered wave first in
source region~i.e., the region where the effective potential
different from zero! by means of Eq.~5! and then to use Eq
~1! to propagate this wave function far away from the m
ecule. This leads to:

w~rWsc!5w0~rWsc!1E d3r G0~rWsc ,rW;E!Ve f f~rW !w0~rW !

1(
i 51

`
Ai

E2e i
E d3r G0~rWsc ,rW;E!Ve f f~rW !c i~rW !,

~6!

where sc refers to the screen position andAi

5*d3r 8 c i* (rW8)Ve f f(rW8)w0(rW8). In this equation, the first in-
tegral term represents the Born approximation correspon
to a wave scattered only once by the molecule. The sec
integral term represents the remaining terms in the Born
pansion, namely, the multiple diffusion processes co
-
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sponding to a wave scattered twice or more by the molec
In this expansion of the scattered wave, thei subscript in the
second integral term represents electronic states and no
order in the Born expansion. For such an expansion, in
context of electron projection microscopy, see Kreuz
et al.29,30

III. NUMERICAL RESULTS

A. Simulation and interpretation of the sucking-in effect

FPM observation of some carbon fibers and some car
nanotubes revealed very bright ‘‘shadows’’ without su

FIG. 1. Electron density of probability~in units of 1027 nm23)
on a screen 100 nm away from a~5,5! nanotube with 200 atoms
shifted in front of the electronic Gaussian beam. The source
5 nm in front of the nanotube~for zero shift! and the electron
energy is 150 eV. The shift value is ranging from 10 to 0 nm~top
to bottom! by a step of 2.5 nm. The geometrical projection of t
carbon skeleton has been superimposed on all the images.
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FIG. 2. Density of probability~in units of 1027 nm23) on a screen 100 nm away from a linear rope of 3~5,5! nanotubes. The axes o
the nanotube are parallel and placed~see the text! one behind the other~left image!, lined up in front of the source~central image! and in
a triangular configuration~right image!. The source is located 5 nm in front of the nearest nanotube and the electron energy is 150
y
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rounding diffraction fringes, as if the beam was ‘‘sucked’’ b
the molecule, hence the name ‘‘sucking-in’’ for this effe
Its experimental observation was initially done with carb
fibers,16 but its intensity was greatly enhanced with carb
nanotubes. This phenomenon has been suspected to be l
with the thinness of the fibers. This hypothesis has b
partly confirmed by simulations done with carbon fiber31

and carbon nanotubes.32 Other simulations with carbon fi
bers, done by Mayer and Vigneron,33,34 have pointed out a
large dependence of the phenomenon with the polarizatio
the fibers due to the applied field. In the case of carb
nanotubes modelled by using a linear combination of ato
orbitals with a$2s,2p% basis,20 a diameter dependence h
been pointed out but no intensity enhancement has been
served. On the other hand, when using a$2s,2p,3s,3p% ba-
sis, the phenomenon is fully recovered as reported on Fig
where a~5,5! carbon nanotube is shifted in front of the ele
tronic beam. For all these simulations, multiple diffusi
processes are taken into account. Their influence is abou
tenth of the amplitude of the single diffusion and they do n
seem to play a part in the phenomenon.

As the nanotube gets nearer to the central axis of
beam, the width of the carbon skeleton projection is hom
thetically decreased. This phenomenon is also observabl
the central diffraction fringe, thus emphasizing the project
ked
n
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n
ic
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ne
t

e
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hence real space nature of this microscopy. Moreover, fo
large shift, only a small part of the total current is ‘‘sucked
into the shadow of the nanotube. Most of the emitted curr
does not suffer major perturbations and consequently,
Gaussian shape of the incident beam is observed. C
versely, the more the nanotube is brought closer to the
of the beam, the more the emitted current is sucked into
shadow in agreement with experiment.16 This phenomenon is
clearly seen by comparing the maximum density of proba
ity obtained in all these images. This comparison also reve
that the diffraction fringes are none the less always pres
For the larger shifts, they are observable in the vicinity of t
projected shadow, whereas for zero shift, they tend to dis
pear due to the very high intensity of the central fringe.

The addition of the 3s and 3p orbitals to the basis pro
duces a noticeable change in the effective potential due
the larger spatial extension of the valence electrons. As
effective potential plays a dominant role in the integral p
of the LS equation, this finally results in an intensity e
hancement when compared to simulations for a$2s,2p% ba-
sis. However, the position of the brightest fringes is n
much affected. It is still governed by Fresnel diffraction: O
gets a brighter central fringe for the smaller diamet
whereas two bright lateral fringes can be seen when the
ameter is increased~see also Sec. III D!.
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FIG. 3. Density of probability~in units of 1027 nm23) on a screen 100 nm away from a double-wall nanotube constituted w
~10,10! outer layer and a~10,4! ~left image! or ~13,0! ~right image! inner layer. The source is located 5 nm in front of the closest nano
and the electron energy is 150 eV.
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B. Ropes of„5,5… nanotubes

Experimentally, the single-wall nanotubes common
used for the observation were produced by arc discharge
deposited on the transmission electron microscope grid
drop of ethanol solution. According to high resolution tran
mission electron microscope~HRTEM! studies,35 this proce-
dure leads mostly to the formation of ropes of nanotubes
order to differentiate the patterns of ropes with those of i
lated nanotubes, we have simulated images of a rope
~5,5! nanotubes~Fig. 2!. Three configurations were use
Two correspond to a two-dimensional arrangement of
nanotubes, placed one behind the other along the axis o
electron beam for the left image, or side by side in a pla
perpendicular to the electron beam for the central image;
last corresponds to a triangular arrangement~right image! of
the axes of the tubes, which form a triangular prism perp
dicular to the electron beam. In all these configurations,
distance between the axes of the nanotubes is 1.0 nm. Fo
left-hand side image~nanotubes behind one another!, there is
a great enhancement of the sucking-in phenomenon lea
to a very high value of the density of probability. For th
central image~nanotubes lined up in front of the source!, the
maximum of density of probability is about the same as
one obtained with an isolated~5,5! nanotube but interfer-
ences occur between the scattered waves coming from
different nanotubes, leading to diffraction fringes. These
terferences inside the projected shadow of the rope do
allow to deduce the dimension of the rope from the locat
of these fringes unlike what is the case for a single fibe19

The triangular configuration~right image! is a mix of the two
behaviors previously described. A relatively high-maximu
value of the density of probability and the occurrence
diffraction fringes is found. Considering the low contrast b
tween fringes, the experimental observation of such a st
ture would presumably be equivalent to the observation o
nanotube with a diameter smaller than the effective diam
of the triangular-shaped rope. Furthermore, the observa
of an isolated nanotube with a diameter equal to that of
simulated rope~1.6 nm! would lead~see, for example, Fig
5! to a projected shadow with a dark central fringe. In co
clusion, the diameter that one can deduce from the size
nd
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thin bright central diffraction fringe will be a good estima
tion if the observed nanotube is a single-wall one but not i
is a rope made of a few nanotubes.

C. Multiwall observation

Another configuration often encountered with carb
nanotubes is multiwall nanotubes. With the aim of pointi
out specific patterns, we have simulated images of dou
wall nanotubes constituted by a~10,10! overlayer and a
~13,0! or ~10,4! intralayer ~Fig. 3!. The other aim of these
simulations was to investigate the impact of the inter
structure on the images by means of the difference of chi
ity of the two internal nanotubes: The~13,0! is achiral
whereas the~10,4! is chiral with a chiral angle of 16.1°
Furthermore, these two internal nanotubes have very c
diameters. However, a close inspection of Fig. 3 reveals o
one specific effect due to the chirality. This effect is a slig
asymmetric pattern on the images of the~13,0! inside~10,10!
multiwall, which expresses the chiral nature of the intern
nanotube as it is reported with a single-wall nanotube~see
Sec. III D!. The other characteristic that can be pointed o
from Fig. 3 is the nondestructive interference behavior of
different scattered waves. Actually, the scattered waves e
ted by the internal tube and the external tube sum up with
destructive interferences. This behavior differs from the o
observed with ropes of nanotubes~see Sec. III B! for which
destructive interferences occur between the scattered wa
Thus, the images of these peculiar carbon nanotubes
two walls present the characteristics of both layers. Howe
for a larger number of walls, the characteristics of the inn
nanotubes would presumably be attenuated.

D. Chirality effect

Defects with dimensions less than the diffraction reso
tion cannot be resolved with FPM.17,33 Thus, defects such a
Stone–Wales defects corresponding to a pair of penta
and heptagon for a nanotube, are not resolved with that
croscope. Indeed, a simulation done with a~5,5! carbon
nanotube presenting a Stone–Wales defect in its center g
no difference with the simulations presented in Fig. 1. Co
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FIG. 4. Density of probability~in units of 1027 nm23) on a screen 100 nm away from a~16,4! chiral nanotube with 608 atoms. Th
source is located 5 nm in front of the nanotube and the electron energy is 100 eV. From left to right: total scattered wave, fi
approximation, and multiple diffusion processes.
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versely, periodic structures occurring in nanotubes are po
tially observable due to the diffractive nature of the micr
scope. For instance, chiral nanotubes that have a large sp
period and a spiral symmetry, are expected to give rise b
to real and reciprocal space phenomena. To assess the
ence of chirality over FPM images, we show in Figs. 4 an
simulated images of two chiral nanotubes, namely, a~16,4!
and a~20,5!, both with a chiral angle of 10.89°. In order t
estimate the different contributions of the single and multi
diffusion processes we have represented on these figures
full ~observed! density of probability and the contributions o
the single and multiple diffusion processes. Comparing
full density of probability for the two nanotubes, we recov
the typical behavior previously observed20 when the diam-
eter of the nanotube is increased. For the smaller diam
the projected shadow of the nanotube is bright whereas
darker for the larger diameter. This behavior is mainly go
erned by single diffusion processes due to their larger am
tude compared with multiple diffusion processes. One im
cation of the chirality is an asymmetric pattern~originating
in the truncation of the helix at the two ends of the nanotu!
which can be clearly seen on multiple diffusion process
ages. This pattern is also present in the full scattered w
images but less perceptible due to a largely dominant cen
fringe. This occurrence is due to the real-space nature of
n-
-
tial
th
flu-
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imaging process of the microscope. Conversely, the perio
structure of the nanotube leads to longitudinal fringes a
corresponds to a reciprocal space effect. Its dependence
the nanotube period can be clearly seen in Fig. 3. Moreo
the observed periodicity is at most about 1 nm~in the object
plane! which is larger than the geometrical or the image a
quisition resolution17 of the microscope and so potential
observable experimentally.

IV. CONCLUSION

Simulated FPM images of carbon nanotubes with vario
configurations have been presented. These simulations
done by using a scattering formalism combined with anab
initio method. This allows to consider molecules with up
600 atoms and to describe efficiently multiple diffusion pr
cesses occurring in the range of energy used in FPM.

In this framework, it is possible to recover the sucking-
phenomenon~which corresponds to a bright nanotub
‘‘shadow’’ with a high contrast!. This has been achieved b
means of a large basis for the electronic state expans
which allow to recover the contrast enhancement thank
the large spreading of the effective potential of the molecu
hence to the extension of delocalized states in nanotu
However, the position of the diffraction fringes is still gov
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FIG. 5. Density of probability~in units of 1027 nm23) on a screen 100 nm away from a~20,5! chiral nanotube with 620 atoms. Th
source is located 5 nm in front of the nanotube and the electron energy is 100 eV. From left to right: total scattered wave, fi
approximation, and multiple diffusion processes.
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erned by Fresnel diffraction, allowing us to use the cor
sponding resolution criterium for diameter evaluation of th
single-wall nanotubes.

Simulations of systems composed with several nanotu
such as ropes of nanotubes or multiwall nanotubes, h
pointed out a large dependence of the images with the in
ferences occurring between the scattered waves coming
the different nanotubes. For a rope composed of three~5,5!
nanotubes, large fringes inside the geometrical projection
the rope are observed for some configurations. This oc
rence leads to the conclusion that it is not possible to ded
the diameter of the rope from the location of the first fring
contrary to what has been proven for a single fiber.19 Con-
versely, for the double-wall nanotubes simulated here,
fringe is observed and the patterns of the two layers
present on the images. This has been pointed out by m
of two distinct intralayers with the same diameter but diffe
ent chirality.
-
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Finally, simulated images of~20,5! and ~16,4! nanotubes
are reported showing that chiral nanotubes give rise t
slight asymmetric pattern observed in real space, origina
from the ends of the tubes. Conversely, the occurrence
longitudinal fringes is due to the periodic structure of t
nanotube and is observed in the reciprocal space. Moreo
this occurrence depends on the period of the nanotubes
is independent of the chiral nature of the nanotube~chiral or
achiral!.
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