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Reversible bending of carbon nanotubes using a transmission electron
microscope
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Multiwall carbon nanotubes can be bent by changing the current density of the electron beam in a
transmission electron microscope. The effect could be observed in a small fraction of nanotubes in
the investigated samples. The bending can be varied continuously, is reversible, and highly
reproducible. On removing the force which makes them bend, they relax to their originally straight
shape without any damage, thus exhibiting spring-like behavior. Possible mechanisms for this effect
are discussed. ©1998 American Institute of Physics.@S0003-6951~98!02440-1#
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The discovery of ‘‘helical microtubules of graphitic ca
bon’’ in the deposit of an arc discharge experiment
Iijima1 stimulated extensive theoretical and experimental
search in the properties of these new structures. Theore
reports predict that carbon nanotubes have an extraordi
strength-to-weight ratio and particularly, high stiffness a
axial strength.2,3 Lu2 has used empirical potential models
show that carbon nanotubes have a Young’s modulus in
region of 1 TPa. Herna´ndezet al.4 have obtained a value o
1.26 TPa using tight-binding methods. Investigations of th
mal vibrations5 of nanotubes have also shown that nanotu
have Young’s moduli in the TPa range. More recently, Wo
et al.6 used scanning force microscopy~SFM! to determine
the Young’s moduli of individual multiwall nanotubes th
were pinned at one end. They obtained a value of 1
60.59 TPa. It has also been shown that multiwall carb
nanotubes can be bent repeatedly through large angles u
the tip of a scanning force microscope.7 SFM investigations
using carbon nanotube probes8 showed that nanotubes ben
whenever they are ‘‘crashed’’ into a hard surface, and th
snap back to their original straight position when the prob
withdrawn. These properties of high strength together w
high flexibility make nanotubes potentially more attracti
for applications in ultrahard materials than conventional c
bon fibers.

To date, many transmission electron microscopy~TEM!
studies on multi- and single-wall nanotubes have b
performed.1,9,10 Bends in nanotubes have been studied
TEM, but the deformations in the investigated nanotub
were either defects already present or permanently in
duced during specimen handling.11,12

Here we report the manipulation of multiwall carbo
nanotubes with the electron beam of a TEM. The samp
were prepared by sonicating a tiny amount of the raw ma
rial produced by the conventional arc discharge method13 in
about 1 ml ethanol. A single drop of this suspension was
on top of a polyvinyl formate~formvar! coated copper TEM

a!Electronic mail: wblau@tcd.ie
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grid. Dry prepared samples were also used: a tiny amoun
the raw soot was placed on a velin tissue, a second tissue
placed on top of it, and the sample was ground betw
them. The TEM grid was then carefully pressed onto
sample. TEM investigations were performed using a JE
JEM-2000FX microscope with an acceleration voltage up
200 kV. No specific alterations were made to the TEM and
was operated under conditions identical to any other co
mon TEM experiment.

A small fraction of nanotubes can be found, which be
upon changing the current density of the electron beam.
every grid tested there were approximately a dozen tu
which exhibited some degree of bending. The human e
brain functions as an excellent detector for such moving
jects and these can be picked out easily from a large s
‘‘background.’’ Figure 1~a! shows such a ‘‘bending tube’’ of
approximately 2.2mm in length and 20 nm in diameter in it
original ~straight! position. Due to the unpurified source m
terial, other carbon structures can be seen as well. The tu
clamped at one end in a big carbon cluster~right lower cor-
ner!. The blurring of the other end is due to the fact that th
end is slightly out of focus and probably also due to therm
vibrations.5 This indicates that this end is not attached to t
supporting formvar film. The acceleration voltage was se
190 kV. Above a threshold value of current dens
(;180 pA/mm2) the tube is observed to bend. When redu
ing the current density below the threshold value the tu
reverts back to its straight positioninstantaneously, thus ex-
hibiting spring-like behavior. Therefore we assume that
defects have been induced. For a fixed value of current d
sity slightly above the threshold value, the direction and
amplitude of the bending can be repeatedly and continuo
varied only by moving the center of the electron beam re
tive to the substrate@Figs. 1~b! and 1~c!#. For this particular
tube it was found that the tube tries to move away from
center of the beam, i.e., the beam center in Fig. 1~b! was
placed slightly to the left, and in Fig. 1~c! slightly above the
center of the displayed image. There was no visible cha
in the illumination of the sample. This behavior, howeve
cannot be regarded as a general principle; other ‘‘bend
1 © 1998 American Institute of Physics
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tubes’’ were found to bend in other directions. When ben
ing to the left@Fig. 1~c!#, the tube seems to shorten in leng
which is due to the two-dimensional projection in a TEM
This indicates that the tube bends in a plane not paralle
the TEM grid.

For a certain current density and position of the elect
beam, the tube always shows a certain curvatureinstanta-
neously. However—as mentioned above—no rule could

FIG. 1. A bending nanotube~a! in its original straight position. The tube
could be bent in both directions~b! and ~c! by moving the center of the
electron beam relative to the substrate. The strongest bending takes
very close to the fixed end of the tube. The radius of curvature at
position is approximately 500 nm.
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found in order to predict which way a certain tube with ben
ing potential will bend. But all tubes have in common th
they do not change their behavior with time. Most of t
tubes can only be bent in one direction. The maximum be
ing angle was found to vary from tube to tube. The larg
observed angle was about 90°. The threshold value of
current density was found to be between 80 and 220 pA/mm2

for different tubes. The effect has been observed for differ
values of acceleration voltages between 100 and 200
The bending of a tube can always be varied continuou
However, if the beam intensity is increased much higher th
the threshold value some of the bending tubes jump aw
and it was subsequently not possible to locate them aga

We estimate the strength of the applied force on
bending tube in Fig. 1~b!, using calculations from solid stat
mechanics.14 The force which acts on a bending tube can
calculated by the change in geometry of the tube if
modulus of elasticity~Young’s modulus! is known. Due to
the fact that we can only see a two-dimensional projecti
the calculations can only serve as a rough approximat
Considering an applied force perpendicular to the origi
direction of the tube and a Young’s modulus of 1.3 TPa4,6

yields a force off 5231029 N.
No bending could be observed on free standing na

tubes which were directly attached to the edge of an
coated TEM copper grid, which excludes the possibility
transfer of momentum from the electrons in the beam be
responsible for the effect. We thus conclude that the bend
must be due to electrostatic or electromagnetic forces.

Charging effects on insulating substrates are a w
known phenomenon in TEM investigations. However,
charging effects were the driving force behind the obser
effect, one would expect the tubes to be subject to for
perpendicular to the substrate. However our observati
show that, in general, the tubes are not bending in a pl
perpendicular to the substrate. Small differences in
charging of different regions of the substrate could oc
because the beam intensity in a TEM follows a Gauss
distribution. However the differences are certainly not lar
enough to cause the observed effect. Furthermore, hyste
effects would be expected in this case, and none were
served. Excess charges would be expected to drain slow
an insulator material such as formvar, when the current d
sity is reduced. This is also in contradiction to the finding
Therefore, we do not think that our observations can
mainly attributed to charging effects.

Thus we favor another possible explanation which c
be ascribed to electromagnetic forces. It is well known t
different carbon allotropes present a variety of magne
behaviors.15 In particular, Ramirezet al.16 have reported
high orientationally averaged diamagnetic susceptibilities
carbon nanotube samples. Later, Chauvetet al.17 were able
to perform magnetic susceptibility measurements in align
nanotube samples, confirming that indeed carbon nanotu
are diamagnetic and have anisotropic magnetic suscep
ity. The magnetic susceptibility parallel to the tube axis (x i)
is larger in absolute value than that perpendicular to the t
axis. When subject to a magnetic field, such as that wh
could arise from the electron beam, the magnetic lenses~or
both! in a TEM experiment, a magnetic moment along t
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tube axis would arise, and the tubes would act asnanocoils.
As it is well known from elementary electromagnetism,
system having a magnetic moment and embedded in a m
netic field, experiences a torque which tends to orient
system in such a way that the magnetic moment is paralle
the direction of the field. For a sufficiently intense field, t
torque could become strong enough to bend the tubes
are anchored. A question that arises if we accept this ex
nation as the mechanism for bending the tubes is why o
tubes which are at an angle with the plane of focus are s
to bend. Tubes that are lying flat on the formvar substr
could be subject to strong linking forces which prevent th
from bending, or else the presence of the formvar subst
could distort the magnetic properties of the tubes which
lying flat on it.

Clearly, more work is needed to test experimentally t
possible explanation, but right now this seems to us the m
likely mechanism for the observed effects. If this turns out
be the correct explanation, it could give rise to interest
applications, such as the alignment of nanotubes or the m
surement of Young’s modulus.
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