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The electrostrictive response of small carbon clusters, hydrocarbon molecules, and carbon nanotubes is
investigated using the density functional theory. For ringlike carbon clusters, one can get insight on the
deformations induced by an electric field from a simple two-dimensional model in which the positive charge of
the carbon ions is smeared out in a circular homogeneous line of charge and the electronic density is calculated
for a constant applied electric field within a two-dimensional Thomas-Fermi method. According to the
Hellmann-Feynman theorem, this model predicts, for fields of about 1 V/Å, only a small elongation of the ring
clusters in the direction of the electric field. Full three-dimensional density functional calculations with an
external electric field show similar small deformations in the ring carbon clusters compared to the simple
model. The saturated benzene and phenanthrene hydrocarbon molecules do not experience any deformation,
even under the action of relatively intense �1 V/Å� electric fields. In contrast, finite carbon nanotubes expe-
rience larger elongations ��2.9% � induced by relatively weak �0.1 V/Å� applied electric fields. Both C-C
bond length elongation and the deformation of the honeycomb structure contribute equally to the nanotube
elongation. The effect of the electric field in hydrogen terminated nanotubes is reduced with respect to the
nanotubes with dangling bonds in the edges.
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I. INTRODUCTION

Ferroelectric and electrostrictive materials are able to con-
vert electrical energy into mechanical energy. Carbon nano-
tubes �CNTs� are highly sensitive to applied electric fields
�1–6� and the use of CNTs as electromechanical actuators
has been proposed recently �7�. Although the electrostrictive
effect is less intense in CNTs than in other electrostrictive
materials �8,9�, the advantages of CNTs are their nanometer
size, their mechanical properties, the absence of fatigue and
degradation, and the fact that they can support high voltages
without breaking down. On the other hand, since the volu-
metric and gravimetric work densities of the electrostrictive
materials are proportional to the Young’s modulus, it has
been predicted �10� that CNTs would have work densities of
three and six orders of magnitude higher than those of the
ferroelectric and polymer electrostrictive materials, due to
their high Young’s modulus, in the region of TPas.

Exceptionally large electrostrictive deformations have
been predicted by Guo and Guo for carbon nanotubes of
finite length based on Hartree-Fock and density functional
theory �DFT� calculations �10�. The calculated axial defor-
mations are about 12% in finite �3,3� and �5,0� carbon nano-
tubes under fields of 0.4 V/Å. Much smaller elongations
�about 2.6%� are obtained for the corresponding unwrapped
finite planar graphene sheets. In a �5,5� CNT capped with a
C30 cluster at one end and saturated with hydrogen atoms at
the other end the intensity of the electric field has to be
increased up to 1 V/Å for having an electrostrictive defor-
mation of about 12%, similar to that in open-end nanotubes.
These results indicate that a larger electric field is necessary
to get similar deformations in nanotubes with no dangling
bonds at the ends as compared to open-end nanotubes �with

dangling bonds at the tube edge�. In all cases, the nanotube
elongations are attributed to the change in the C-C bond
lengths and the authors claim that there is no deformation of
the honeycomb network of the nanotube. Also, charge polar-
ization of the nanotubes has been obtained upon application
of an electric field �11�.

On the other hand, DFT calculations of field emission
�FE� from clean edge and H-terminated graphitic ribbons
show very different FE currents �12�. The dangling bond
states localized at clean edges are the major contributors to
the FE current. The differences, therefore, arise from the dis-
appearance of dangling bond states at the edges of the
H-terminated ribbons. Ab initio calculations on the unravel-
ing of double wall zig-zag CNTs predict that the tubes can
withstand electric field strengths of up to 2 V/Å before they
begin to disintegrate from the exposed edge �13�. However,
an unstable failure is obtained at fields as low as 0.36 V/Å
for a finite �5,0� unwrapped planar graphene sheet �10�. Re-
cently, it has been demonstrated that atomic force micros-
copy in contact mode can be used to determine the electro-
mechanical response of bundles of single wall CNTs �14�.
The measured electrostrictive strain �change in the bundle
thickness� is about 2.6% under an applied electric field of
0.016 V/Å. This electrostrictive thickness deformation of
the bundles is about one order of magnitude larger than the
calculated �10� axial deformation of individual nanotubes.
However, the electrostrictive behavior along the axial direc-
tion of the nanotubes was not measured.

Due to the lack of experimental studies on the axial elec-
trostrictive behavior of CNTs and on the role played by the
dangling bonds and the hydrogen saturated bonds in the de-
formation of the tubes, additional theoretical investigations
are required to shed light into this problem. In this paper, we
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concentrate on small pure carbon and hydrocarbon systems,
including CNTs. The present study has two parts. First we
apply a simple two-dimensional Thomas-Fermi method to
study ringlike carbon clusters which have been modeled by a
uniform ring of positive charge in a two-dimensional elec-
tronic cloud. This model has been worked out for zero elec-
tric field by two of us �15�, and here the model is extended to
study the clusters under an applied electric field. In the pres-
ence of an external electric field of 1 V/Å the circular clus-
ters deform very little, suffering only a small elongation of
their shape with the symmetry axis along the direction of the
applied electric field. Second, using full three-dimensional
density functional theory, we calculate the electrostrictive re-
sponse of small ring carbon clusters, hydrocarbon molecules,
and finite CNTs with and without hydrogen-saturated edges.
The effect of the electric field on the hydrocarbon molecules
and on the CNTs with hydrogen-saturated edges is smaller
than on the corresponding systems without hydrogen-
saturated edges; it produces moderate deformations in the
small carbon clusters and a larger elongation in the open-end
�with no saturated edges� finite CNTs.

II. TWO-DIMENSIONAL THOMAS-FERMI MODEL
OF RINGLIKE CARBON CLUSTERS

IN AN ELECTRIC FIELD

There is experimental evidence �16� that small neutral
carbon clusters C4n+2 �n�2� produced by the laser ablation
technique present monocyclic ring structures. Two of us have
recently �15� extended the so-called March model of
fullerenes �17–19� to treat carbon clusters with ring structure.
The ring carbon clusters are modeled by a circular line of
homogeneous positive charge obtained by smearing out the
effective positive charge �charge f per ion� of the N carbon
ions of the ring cluster. A two-dimensional Thomas-Fermi
method is then applied to obtain the self-consistent electronic
density and the corresponding self-consistent electrostatic
potential Ves. Putting the chemical potential � equal to zero,
and using a.u., the electrostatic potential is given by

Ves�r� = − ���r�

= − ��K0�t���t − s�I0�s� + I0�t���s − t�K0�s�� , �1�

where K0 and I0 are modified Bessel functions, � is the
Heaviside step function, t=2R, and s=2r, where R is the
radius of the carbon ring and r is the radial distance from the
cluster center. �=2Nf is obtained from the condition of elec-
tron density normalization to the value Nf . In this model the
charge f per ion is the number of valence electrons which are
assumed to be delocalized on the plane of the ring. It cannot
be greater than 4 for carbon atoms. The calculated self-
consistent electrostatic potential, scaled by �, v�s�
=Ves�s� /�, to eliminate its dependence in N and f , is plotted
in Fig. 1 for various values of the scaled ring radius t.

To investigate, qualitatively, the structural deformations
of ring carbon clusters induced by an external electric field
we have extended the two-dimensional Thomas-Fermi �TF�
model to incorporate an external electric field. The chemical
potential of a two-dimensional ring cluster lying in the yz

plane under the action of a constant electric field of strength
� applied in the z direction is given by

� = 2ck
�2���y,z� + Ves�y,z� + �z + �kyy

2 + kzz
2�/2, �2�

where ck
�2�=� /2 is the constant, in a.u., in the kinetic energy

functional

Ts = ck
�2� � �2dy dz . �3�

One should notice that a harmonic term has been added in
the equation of the chemical potential, to keep the electron
density confined, thereby preventing field ionization. The
electronic density � is calculated using in Eq. �2� the elec-
trostatic potential of the field-free cluster given by Eq. �1�.
On the other hand, since the potential Ves used in Eq. �2� is
that of the system without electric field, the calculated den-
sity is non-self-consistent. In other words, the external elec-
tric field has been considered as a perturbation over the elec-
trostatic field of the free cluster.

Some contours of constant areal electron density �number
of electrons per unit area� are shown in Fig. 2. The plot
corresponds to a ring of N=6, radius=1.23 Å �the equilib-
rium radius of the C6 cluster in the DFT calculations by
Amovilli and March �15��, f =2.7, ky =kz=0.03 a.u. �har-
monic force constants�, and an applied electric field of inten-
sity �=0.019 a.u.=1 V/Å along the z axis. Amovilli and
March found in the above-mentioned paper �15� that f =2.7
allows the model to reproduce ab initio equilibrium radii
once an effective nuclear interaction has been introduced.

The harmonic force constants are free parameters in the
present TF model, and hence the choice of ky and kz deter-
mines the value of the chemical potential. In the present
conditions the chemical potential has a value of −0.017 a.u.
The contours plotted represent densities between 0 and 0.1 in
a.u. The most external contour is that for �=0, while the
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FIG. 1. Scaled self-consistent Thomas-Fermi potential v�s� for a
two-dimensional carbon cluster where the positive ionic charge has
been smeared out on a circular line of charge, as a function of a
properly scaled distance s from the cluster center and for different
values of the scaled ring radius t. Scaled units are specified in the
text.
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density of the other contours increases in steps of 0.01 a.u.
The two outermost contours, corresponding to the two lowest
density values, have a marked “pearlike” shape, with the
density elongated in the direction of the applied electric field.
But, as the density increases, the contours become nearly
circular quickly, showing only a small percent elongation.
Contours of density higher than 0.1 a.u., not plotted in the
figure, have a very small distortion. This occurs in particular
for the contour �=1.1 a.u., which lies practically on the ring
of the smeared nuclear charge.

The Hellmann-Feynman theorem tells us that, at equilib-
rium, the atomic nuclei sit at points of zero electric field. We
then expect the ring of positive charge to mimic approxi-
mately the shape of the high density contours and to suffer a
very small deformation. This model, therefore, predicts, for
fields of 0.019 a.u.=1 V/Å, a very small deformation of the
shape of ring clusters along the direction of the applied elec-
tric field. It will be shown in the next section that full three-
dimensional DFT calculations confirm the qualitative predic-
tions of the simple two-dimensional Thomas-Fermi model.

III. DENSITY FUNCTIONAL CALCULATIONS
OF THE EFFECT OF AN APPLIED

ELECTRIC FIELD

The density functional formalism has been used to inves-
tigate the electrostrictive response of small carbon clusters,
hydrocarbon molecules, and finite CNTs. We have used the
DACAPO code �20�. The code utilizes supercells, a basis set of
plane waves �21�, and ultrasoft pseudopotentials �22�. For
the exchange and correlation functional we have used the
generalized gradient approximation of Perdew and Wang
�23�. The code allows for the application of a constant elec-
tric field along a specific direction by introducing an external
dipole layer, placed on both sides of the molecule and far
from it.

A. Optimized nuclear geometries without an electric field

This formalism has been used to optimize the ringlike
geometries of the C6 and the C14 pure carbon clusters and of
the related benzene �C6H6� and phenanthrene �C14H10� hy-
drocarbon molecules, in free space and in the presence of an
applied electric field of 1 V/Å. The optimized geometries in
the absence of the electric field are plotted in Fig 3. The
lowest energy structure of C6 predicted by quantum chemical
�24� and DFT �25� calculations is a cyclic ring with D3h
symmetry. The linear chain isomer comes out higher in en-
ergy. We have fully optimized the ring structure of C6 and
also obtained the D3h symmetry, with geometrical parameters
very close to those reported by Jones �25�. The C-C and C-H
bond distances �1.40 and 1.09 Å, respectively� that we obtain
for the optimized structure of the benzene molecule perfectly
reproduce the experimental values. The calculated minimum
energy structure of the C14 cluster is the monocyclic ring
with all the C-C bond lengths equal, in agreement with pre-
vious DFT studies �25,26� and mass spectroscopy experi-
ments �16�. The structure of the carbon network of the
phenanthrene molecule �that is, without the H atoms� has
been proposed �25,26� as a high energy isomer of C14, but
this is not a stable geometry and it relaxes toward the ring
structure. Similarly, the distorted ring with the shape of an
ellipse relaxes toward the circular ring.

B. Electrostrictive response of C clusters and small polyacenes

The electrostrictive deformations of the structures of the
C6 and C14 clusters and of the benzene and phenanthrene
molecules upon application of an intense electric field of
1 V/Å are given in Table I. Relative changes in the overall
length of the molecules are given in two orthogonal direc-
tions in the molecular plane �y and z directions�, one of
which is, in fact, the direction of the applied field. The first
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FIG. 2. Contours of constant electron density �in a.u., e /bohr2�
for the two-dimensional Thomas-Fermi model of a C6 ring cluster,
in the presence of an electric field of magnitude 0.019 a.u.
=1 V/Å along the z axis and harmonic confinement, obtained from
Eqs. �1� and �2�. From outside to inside, the density of the first ten
contours increases from 0 to 0.1 in steps of 0.01 a.u.

FIG. 3. Optimized geometries of the C6 cluster with D3h sym-
metry, C14 cluster ring, and the benzene �C6H6� and phenanthrene
�C14H10� molecules.
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thing to notice is that, although the overall deformations are
in general small, as expected from the Thomas-Fermi calcu-
lation, the deformations of the pure carbon clusters are much
larger than those of the corresponding hydrocarbons for both
orientations �y and z, as given in Fig. 3� of the electric field.
The C6 cluster loses its D3h symmetry when the field is ap-
plied in the y direction. When the field points in the positive
y direction, the cluster elongates �+1.2% � along the field
direction and contracts �−0.5% � in the transverse z direction.
However, when the field points in the negative y direction,
the cluster deforms in the opposite way and its length
changes by −1.1% and +0.6% along the y and z directions,
respectively. The changes in the C-C bond lengths d2 and d3
�see Fig. 3� are substantial but have opposite signs; on the
other hand, the change in d1 is smaller. The C14 cluster elon-
gates in the direction of the field and contracts in the trans-

verse direction, for both y and z orientations of the field.
However, the deformation is much larger when the field
points in the y direction. The free C14 cluster has, among
others, one symmetry axis in the y direction, which contains
two C atoms, and one symmetry axis in the z direction,
which is perpendicular to two C-C bonds �see Fig. 3�. There-
fore, the y and z directions are not equivalent in this cluster.
An applied field in the y �z� direction preserves the y �z�
symmetry axis of the cluster. Deformation induced by the y
field is easy because carbon atoms are on the two opposite
ends of the elongated cluster. For the z field, bonds perpen-
dicular to the field direction appear at both ends of the de-
formed cluster, and the forced elongation becomes difficult.

In contrast with C14, the deformations of the benzene and
phenanthrene molecules are very small. A close look into the
structural modifications shows that the changes in the C-C
bond lengths are very small not only in the hydrocarbon
molecules but also in the C14 cluster. This can be appreciated
by comparing the changes in d� and do, given also in Table
I. These two quantities are the average lengths of C-C bonds
perpendicular to the z direction and of other �oblique� C-C
bonds, respectively. Therefore, the deformation of C14 is due
mainly to the change in shape, rather than to the elongation
of the bonds. This change in shape is measured in Table I by
the change in the average angle 	 formed by the oblique C-C
bonds and the z axis. It is interesting to notice that the de-
formations of the C6 and C14 clusters under an applied elec-
tric field, as calculated by DFT, agree qualitatively with the
ones obtained from the simple two-dimensional Thomas-
Fermi model.

C. Equilibrium geometry changes in C nanotubes induced
by an applied electric field

We have also optimized the geometry of a finite �4,4�
carbon nanotube with 48 atoms using DFT in free space and
with an external electric field of 0.1 V/Å applied in the axial
direction of the tube. The geometry in the absence of electric
field is plotted in Fig. 4. The length of the nanotube is about
6 Å. The electrostrictive deformations undergone by the
CNT upon the application of the electric field are summa-
rized in Table I, where the relative changes in the nanotube
length �L� and radius �R� are presented. The overall defor-
mations arise from both changes in the C-C bond lengths and
changes in the angles between bonds. Application of this
relatively weak electric field yields an axial elongation of

TABLE I. Deformations induced by an applied electric field on
C6 and C14, on the carbon network of benzene and phenanthrene, on
a clean finite �4,4� carbon nanotube with 48 atoms and on the same
nanotube with edges saturated by hydrogen atoms. The field has
strengths of 0.1 V/Å for the CNT and 1 V/Å for the other clusters
and molecules. Geometries and field directions are shown in Figs. 3
and 4. E�a� represents the relative change �in %� in quantity a. Y
and Z are the lengths of the molecules in the y and z directions,
respectively. d1, d2 and d3 are bond lengths of C6 as shown in Fig.
3. d� and do are the average lengths of C-C bonds perpendicular to
the z direction and of other �oblique� C-C bonds, respectively. 	 is
the average angle between the oblique bonds and the z axis. R and
L are the nanotube radius and length, respectively.

Field direction E�Y� E�Z� E�d1� E�d2� E�d3� E�	�

C6 cluster

y← −1.1 +0.6 +0.2 +1.0 −0.8 +1.3

y→ +1.2 −0.5 −0.1 −0.8 +1.1 −1.2

Field direction E�Y� E�Z� E�d�� E�do� E�	�

Benzene

z↑ +0.0 +0.1 +0.1 +0.1 −0.1

y→ +0.1 +0.1 +0.1 +0.1 +0.1

C14 cluster

z↑ −0.5 +0.7 +0.1 +0.1 −0.9

y→ +5.4 −4.8 +0.0 +0.1 +8.7

Phenanthrene

z↑ +0.0 +0.2 +0.1 +0.1 −0.2

y→ +0.1 +0.1 −0.1 +0.0 +0.1

Field direction E�R� E�L� E�d�� E�do� E�	�

Finite �4,4� CNT

z↑ −0.7 +2.9 −0.1 +1.4 −3.5

Hydrogen terminated finite �4,4� CNT

z↑ −0.5 +2.2 −0.1 +1.3 −2.5

FIG. 4. Optimized geometry of the finite �4,4� nanotube with 48
C atoms.
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2.9% and a reduction of 0.7% of the tube radius. A similar
elongation has been obtained, for a similar value of the elec-
tric field, by Guo and Guo �10� in a finite �3,3� carbon nano-
tube with 42 atoms. The relative axial elongation of the �4,4�
nanotube �+2.9% � is about two times larger than the elonga-
tion �+1.4% � of the oblique C-C bond lengths �which are the
bonds contributing to the nanotube elongation�. Therefore,
the substantial elongation of the nanotube is due only par-
tially to the elongation of the C-C bond lengths in the axial
direction of the nanotube. Half of the tube elongation is due
to the deformation of the honeycomb network. This defor-
mation can be measured by the average change �−3.5% � of
the angle 	 between the oblique C-C bonds and the z axis.
Our results are in contrast with Guo and Guo’s �10� conclu-
sions, which attribute the electrostrictive elongation of the
tube exclusively to the change in the C-C bond lengths.
When the edge atoms of the finite �4,4� nanotube are satu-
rated with hydrogen the deformations under the applied elec-
tric field are qualitatively similar to those of the clean nano-
tube, but of smaller magnitude.

IV. CONCLUSIONS

The electrostrictive response of small carbon clusters, hy-
drocarbon molecules, and finite carbon nanotubes to an ex-
ternal applied electric field has been investigated using the
DFT formalism. The small hydrocarbon molecules benzene
and phenanthrene are quite rigid and their deformation is
negligible even for relatively intense electric fields of
1 V/Å. In contrast, the small C6 and C14 ring clusters expe-
rience moderate deformations under an applied field of the
same intensity. The elongation of C14 in the direction of the
field is due, exclusively, to its change in shape. The C-C
bond lengths are not affected by the field. On the other hand,
the deformation of C6 is due to both its change in shape and
the change in the C-C bond lengths. Our results are in agree-
ment with those of Tada and Watanabe �12�, who found a
more intense effect of the electric field in clean graphitic
ribbons than on H-terminated graphitic ribbons due to the

disappearance of the dangling-bond states at the edges of the
later ribbons. Moreover, we have shown that the deforma-
tions of ring carbon clusters can be explained qualitatively in
terms of a simple two-dimensional Thomas-Fermi model in-
cluding an external electric field. Finite carbon nanotubes
experience substantial elongations induced by relatively
weak �0.1 V/Å� electric fields applied in the axial direction
of the nanotubes. The extent of axial elongation agrees with
previous calculations �10�. However, the deformation mecha-
nism that we have found involves the increase in the C-C
bond lengths and also the change in shape of the honeycomb
structure of the nanotube. This is in contrast with the mecha-
nism proposed in a previous study �10�, which only ac-
counted for the increase of the C-C bond lengths. The field-
induced deformations of finite nanotubes with hydrogen-
saturated edges are smaller than those of the finite nanotubes
without hydrogen atoms: The same qualitative result that we
have obtained for hydrocarbon molecules and pure carbon
clusters.

Relatively intense electric fields do not deform small satu-
rated hydrocarbon molecules whereas they induce moderate
deformations in pure carbon clusters. The effect of the elec-
tric field on finite carbon nanotubes is more important, even
for relatively weak fields. This indicates that the C-C bonds
and the honeycomb lattice in the nanotubes are easier to
deform, an effect arising from the curvature strain. Due to
the absence of experimental data on the axial electrostriction
of carbon nanotubes, we hope that our calculations may
stimulate such experiments.
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