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ABSTRACT: Vibration of nanotubes/wires is significant for fundamental and applied
researches. However, it remains challenging to control the vibration with point-level precision.
Herein, individual suspended carbon nanotubes are plucked point by point to vibrate in
scanning electron microscope with the electron beam as a nanoscale pointer. The vibration is
directly imaged, and its images fit well with simulations from the plucking mechanism. This
demonstrates a new way to manipulate the nanotube vibration with unprecedented precision.
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Vibration of a macroscopic beam or string is ubiquitous in
nature and has been employed in research, arts, industry,

and domesticity.1−4 Advances in nanoscience and nano-
technology have enabled forces to be applied collectively on
the entirety of a suspended carbon nanotube (CNT), driving its
vibrations at the mesoscopic scale.5−12 The CNT vibrations
have been widely put into scientific studies and technological
applications, including adsorption analysis at the single-atom
level,5 coupling between single-electron tunneling and
mechanical motion,6−8 and ultrasensitive force, mass, and
magnetism detections.9−12 However, it is still highly challenging
and difficult to focus a force on a local segment or point of a
CNT and control accurately its motion and position. Plucking
CNTs to vibrate by discrete point loading is one way of
achieving the control with point-level precision but has not
been realized so far in nanomaterials, although its macroscopic
counterpart has been extensively studied and utilized in bridge
construction2,3 and in musical string instruments.4

In this Letter, we demonstrate that individual suspended
CNTs can be plucked point by point to vibrate in situ in a
scanning electron microscope (SEM), where the electron beam
(e-beam) worked as a virtual nanoscale pointer and a force was
focused and applied on discrete points of the CNTs under the
guide of the e-beam. The vibration was directly imaged, and its
images fit well with simulations from the plucking mechanism.
The CNT Young’s modulus was extracted to be 1.23 TPa,
which is in good agreement with data previously reported.13,14

This presents a new way to accurately manipulate the
vibrational characteristics of nanotubes/wires and opens the

pathway toward developing novel acoustic, mechanical, and
electromechanical nanodevices with high precision.
Our CNTs were produced by chemical vapor deposition,15

lay horizontally on a Si substrate with oxide surface, and were
characterized to be single-walled by Raman spectra and
transmission electron microscope (TEM).15,16 Trenches of
3.4 μm width and 580 nm depth existed in the oxide surface,
and some CNTs crossed over them, such as the one (CNT #1)
shown in Figure 1a. SEM images cannot be used to measure the
real diameter of ultrathin CNTs,15,16 and so we applied atomic
force microscopy on the nonsuspended segments of CNT #1
lying on the SiO2 beside the trench and found that its diameter
was 2.4 ± 0.2 nm. The trench bottom below its suspended
segment was also covered by an oxide layer of 46 nm thickness.
Figure 1b indicates that the suspended length was longer than
the distance between the two clamping points and its curvature
was vertically downward to the trench bottom. Figure 1c gives
the three-dimensional (3D) schematic image for the CNT with
the e-beam in SEM.
The e-beam scanned the surfaces of the CNT and the oxide

layer point by point with the sequence running from left to
right along the y direction and from back to front along the x
direction during any SEM imaging process. The oxide layer was
insulating and could be charged by the e-beam, which was
verified by the experimental observation that the leakage
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current flowing through the oxide layer and the substrate to
ground was nonzero and negative when a region on the oxide
layer was scanned by the e-beam.17 The charge in the oxide
layer of the substrate must produce an electric field around the
CNT. But, the CNT was conductive, grounded,16 (also see
more details in Supporting Information) and so unaffected by
the electric field, unless it was charged by the e-beam. The
diameter of the e-beam had been indicated to range between
5.0 and 24.6 nm,16 far smaller than the suspended length of
CNT #1. Hence, it was rational to consider an area covered by
the e-beam at any given moment as a point. When the e-beam
met CNT #1, a point on CNT #1 was irradiated by the e-beam.
Some internal electrons in the CNT point were kicked out by
the high-energy external electrons in the e-beam and emitted as
secondary electrons. Almost at the same time, the external
electrons penetrated fast through the CNT point and did not
stay within it. Therefore, the CNT point lost some electrons in
total and a net positive charge was left on it.16 This point charge
interacted with the electric field produced by the charged oxide
layer, generating an electrostatic force on the CNT point. Then
the force could cause the CNT to be plucked. The above
process implies two points: the e-beam worked as a nanoscale
pointer and exposed the CNT point, which was originally
″invisible″ to the electric field; both the point charge and the
charged substrate were necessary for the plucking mechanism.
Initially the electrostatic force and the curved CNT were

both in the z plane. If the exposed CNT point was not either of
the clamping ones, an in-plane vibration mode would occur.
But, the forcing condition easily suffered from small
perturbation (such as the small fluctuation of the charge in
the substrate), driving the curved CNT to deviate slightly from
the z plane. This could induce a moment, causing the CNT to
vibrate out of the z plane,18 as depicted by Figure 2a. As soon as
the e-beam left the point, it became uncharged and so
″invisible″ again to the electric field. Later, when the e-beam
met another point on the CNT, the CNT would be plucked
again. Accordingly, we could realize plucking the CNT point by
point to vibrate, like plucking a string on a guitar with a finger
or a beam on a bridge with strong wind. This was confirmed by
our experiments and simulations.
First, we used the e-beam with the accelerating voltage of 1

kV to scan an oxide region of 79 μm × 59 μm with CNT #1 at
its center for a period. The period is defined as the time taken
for the e-beam to complete scanning an intact SEM image

consisting of N (y-directional) × M (x-directional) pixels. It
equals N × M × td, where td (= 100 × 2p−1 ns) is the dwell time
of the e-beam on each pixel. p is the ranking integer number of
the nominal scanning speed. This initial scanning had the
parameters of N = 1024, M = 768, and p = 7 and caused the
oxide region to be charged. Then, we changed p to 1, fixed it
and started to increase the magnification, namely to decrease
the pixel size that was inversely proportional to the
magnification and denoted by d0. With the successive decrease
of d0, CNT #1 was observed by SEM to deviate from its
original position and to vibrate, as shown in Figure 2b,c (see
also Supporting Information Movie 1). d0 = 12.1 and 8.3 nm in
Figure 2b,c, respectively, indicating that the images of the
vibrating CNT corresponding to different values of d0 were
different.
Figure 2b,c shows another three unexpected characteristics:

(i) the CNT image in Figure 2c is not continuous and contains
gaps, of which one is indicated by the white arrow; (ii) the
segments of the suspended CNT close to its ends seemed
immobile during the vibration, and Figure 3 gives the
percentages of the immobile segments in the total distance
between the clamping points during different scanning periods;
and (iii) the CNT ends seemed not to be arcs. All of the above

Figure 1. SEM and schematic images of CNT #1 when it was
immobile. (a,b) Top-view SEM images of CNT #1 when it was
untilted and tilted by 30°, respectively. (c) The 3D schematic image
(not to scale) for CNT #1 in SEM, where the red, cyan, magenta, and
dark blue icons denote the e-beam, CNT, SiO2 and Si, respectively.

Figure 2. Schematic and SEM images of CNT #1 when it was
vibrating. (a) The 3D schematic image for the vibrating CNT, where
the yellow icons denote its two shapes at two different moments. (b,c)
Top-view SEM images of the CNT in two scanning periods with d0 =
12.1 and 8.3 nm, respectively. The CNT was kept untilted in its
vibration. (b,c) These were cut from two intact SEM images.

Figure 3. Percentages of the immobile segments of CNT #1 in the
total distance between the clamping points during the scanning
periods with different values of d0. The data shown by square and
round points are from the experimental and simulated vibration
images, respectively. Each error bar is made by standard deviation from
six measurements.
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characteristics were also observed on the vibrations of another
two CNTs (see Supporting Information Movies 2a, 2b and 3
for CNTs #2 and #3, respectively).
To explore the origin of the above characteristics and the

driving mechanism, we analyzed the forcing condition on the
CNT. The initially charged oxide region was 79 μm × 59 μm,
far larger than the length of the suspended CNT, and so the
distribution of the electric field around the CNT suspended
length could be considered to be approximately uniform. We
observed that the suspended length of CNT #1 was driven to
vibrate for 20 s (see Supporting Information Movie 1; after the
20 s vibration, the suspended length partially went out of the
SEM view area). This time was far shorter than general time
taken for charge in silicon oxides to discharge completely,
which had been indicated to be several minutes or longer.19,20

We used the vibration of CNT #2 with each SEM parameter
fixed to check the discharging time of our oxide. This vibration
had images similar to those of CNT #1, lasted for more than
1.5 min, and then stopped. Because its SEM parameters were all
fixed, the reason to cause its stopping should be only that the
charge in the oxide discharged excessively. This implies that the
discharging time was longer than 1.5 min, far longer than the
observed vibration time of CNT #1. Hence, we considered that
during the 20 s vibration of CNT #1 the charging state in the
oxide was constant and so the strength of the electric field
around CNT #1 was constant. On the basis of the above
considerations and the interaction mechanism between e-beam
and CNT,16 we derived that the impulse applied on a point on
CNT #1 was proportional to td and inversely proportional to
d0, when the e-beam scanned pixels around the CNT point and
had overlap with it. The derived expression is as follows (see its
derivation detail in Supporting Information)

τ δ
=i

St I d
dt

d b CNT CNT

0 (1)

where it is the total impulse applied on the CNT point, S is the
strength of the electric field caused by the charge in the oxide, τ
is the average lifetime of the elementary charges on the CNT
point, Ib is the current of the e-beam, δCNT is the secondary
electron yield of the CNT, and dCNT is the CNT diameter. The
reason why we used impulse instead of force is that the
interacting time between a CNT point and the e-beam was too
short. Equation 1 implies that if d0 is changed, the impulse and
so the vibration image of the CNT will change. This is
consistent with the experimental observation that difference
exists between Figure 2b,c. Likewise, if td, namely p, is changed,
the vibration image of the CNT will also change.
Experimentally, we changed p from 1 to 2 and found that
CNT #1 became totally immobile in SEM and had the same
image as that in Figure 1a (see more SEM images in Supporting
Information).
We model the CNT as a curved beam suspended over a

trench and plucked point by point with the impulse. This is
because single-walled CNTs are stiff in both the axial direction
and the basal plane21 and so should be treated as beams.1,12

According to the out-of-plane vibration equations of a curved
beam suspended over a trench,22,23 we can get the displacement
v(k)(x,t) of the CNT along the y direction at the position of x
and the time of t after the kth plucking as follows
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where ξ = x/l, l is the distance between the clamping points,
Yn(x) is the nth principle mode, An

(k) and Bn
(k) are coefficients

relevant to it, Ωd and Ωn are the actual and the nth natural
frequencies of the curved CNT, tk−1 is the time of the (k − 1)th
plucking, and ζ is the damping ratio. The expressions of Ωn and
Ωd are given as follows (see those of Yn(x), An

(k), Bn
(k) and ζ in

Supporting Information)
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where Ω0n is the nth natural frequency of the straight
counterpart of the curved CNT, w0,max is the maximum initial
displacement of the CNT in the z direction (in our case 0 < ε
≪ 1), λn is the nth eigenvalue of the equation cos λ·cosh λ = 1,
rn is a coefficient (see its expression in Supporting
Information), E is the Young’s modulus of the CNT, G is the
shear modulus of the CNT, and EIξ and GIθ are the bending
and torsion stiffnesses of the CNT cross section, respectively.
Further, when the vibrating CNT meets the e-beam, the
following equation is satisfied

η = −
⎛
⎝⎜

⎞
⎠⎟v t

t
t

kN d( , )k
k k

k

d

( )
0

(6)

where ηk = kd0. The right term in eq 6 represents the y-
directional position of the e-beam. (See the derivation details of
eqs 2−6 in Supporting Information.)
By eqs 1−6 we can get the position of any CNT point and

the time when it meets the e-beam and is irradiated by the e-
beam. Thus, by drawing points at the meeting positions we can
obtain the simulated vibration image of the CNT, because any
SEM image of a CNT is composed of the signals from these
meeting points in a given period. Figure 4a,b shows the
simulated results corresponding to Figure 2b,c, respectively.
They fit well with the experimental SEM images. Particularly,
the simulated image in Figure 4b contains a gap at the position
of the experimental gap in Figure 2c. This matching implies
that the experimental gap was caused by the reason that the e-
beam did not meet the CNT in the gap zone and so no signals
from the CNT were detected by SEM. The reason why the
CNT end segments had the image of an immobile line in the
vibrations is also relevant to the meeting timing between the e-
beam and the CNT. We take the end segment in the yellow box
in Figure 4b as an example. Its simulated image is redrawn by
red in Figure 4c, whose x- and y-directional scales are the same
as those in Figure 4b. Because of the pointwise scanning mode
of the e-beam, the end image should be composed of some
discrete points, which will be shown later in Figure 4e. Each of
the points corresponds to a time when the e-beam met the
CNT. The entire shape of the CNT at each meeting time has
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been simulated and is shown by a blue line in Figure 4c. Their
y-directional spacings are so small that they cannot be
distinguished. After the y-directional scale is zoomed in, the
simulated entire CNT shapes can be seen clearly, as depicted in
Figure 4d. Figure 4e shows the further enlargement of the end
image and shapes. We can see that each blue line represents the
entire shape of the CNT at a meeting time, but only one point
on each blue line can be met and captured by the e-beam.
These captured points compose a seemingly immobile line that
is the image of the end. (Likewise, if all of the points captured
in the entire SEM imaging process are drawn, we can obtain the
entire image in Figure 4b.) The percentages of the immobile
segments in the simulated vibration images were measured and
found to be close to their experimental counterparts within the
error bars, as shown in Figure 3. In addition, Figure 4e indicates
that the simulated end image and shapes are all arcs, but their y-
directional widths are all smaller than the pixel size (d0).
Therefore, the arc characteristic of the CNT end cannot be
exhibited in experiments. The SEM images of CNT #1 with p =
2 have been also simulated, and the results are all an immobile
line and consistent with the SEM images (see the SEM and
simulated images in Supporting Information). The Young’s
modulus E of the CNT is a crucial parameter in all of the above
simulations, and the excellent fitting between the simulated and
experimental results gives its value as 1.23 TPa (see more
details in Supporting Information). This is in good agreement
with the values previously reported.13,14 It should be noted that
eq 2 indicates that multiple principle modes should be
considered in the calculations. Actually we considered the
first 30 modes, because we found that it was impractical to
calculate infinite modes and no detectable difference existed
between the results given by the calculations with the first 30
and the first 50 modes.
The consistencies between the simulated and experimental

results conclude that we have successfully realized plucking the
CNTs point by point to vibrate. This introduces a paradigm to
manipulate accurately the vibrations of nanotubes/wires. The
manipulation is based on focusing and applying a force not on

the entirety but on discrete points of a nanotube. This opens
the path to precise control on the motion of nanomaterials and
to new device performance for wide applications. Particularly,
nanoscale source and focusing technique of e-beam based on
individual CNTs have been successfully developed.24,25 If the
pointwise plucking mechanism is integrated with them, it would
be promising to develop acoustic, mechanical, or electro-
mechanical nanosystems, such as nanotuner and nanoguitar,
with unprecedented precision.
If a suspended CNT is plucked for only one time at any

point (except the two clamping points) on it, it can also vibrate.
For example, we have calculated the dependence of the y-
directional vibration amplitude of the central point of CNT #1
on time after the CNT is plucked for one time at the central
point. This dependence is shown in Figure 5 and indicates that

the nonzero amplitude can persist for more than 600td. The
relationship between the vibration and the chirality of a CNT is
another interesting issue to explore. We have performed Raman
with the lasers of 532 and 633 nm on our CNTs for their
chiralities. Some showed Raman signals,16 but those in this
work did not. This should be due to the mismatch between the
CNT band structures and the laser excitations.26 TEM-
compatible devices would be an alternative approach for this
issue.

■ ASSOCIATED CONTENT
*S Supporting Information
The movies recording the vibrations of CNTs #1−3 (movies 1
(si_002.avi) and 3 (si_005.avi) are for CNTs #1 and 3,
respectively, and movies 2a (si_003.avi) and 2b (si_004.avi) are
in succession and for CNT #2), the analysis of the impulse on
the CNTs, the mechanical modeling and simulations of the
CNTs and their vibration images, and the electrical measure-
ment on the CNTs. This material is available free of charge via
the Internet at http://pubs.acs.org.
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Figure 4. Simulated images and shapes of the vibrating CNT by the
plucking mechanism. (a,b) Simulated images corresponding to Figure
2b,c, respectively. They are shown by semitransparent red and
superimposed on Figure 2b,c. (c) Simulated end image in the yellow
box in (b) and its corresponding simulated entire CNT shapes, where
the former and the latter are shown by red and blue, respectively. The
x- and y-directional scales are the same as those in (b). (d)
Enlargement of (c) with the y-directional scale zoomed in. (e) Further
enlargement of the simulated end image and shapes in (d).

Figure 5. Calculated dependence of the y-directional vibration
amplitude of the central point of CNT #1 on time after the CNT is
plucked for only one time at the central point by the same impulse as
that of the multiple plucking.
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