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Kinematics of electromigration-driven sliding of Co
nanorod fillers inside multi-walled carbon
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The movement of Co nanorods driven by electromigration inside multi-walled carbon nanotubes was

observed using in situ transmission electron microscopy. This study provides a unique method of

experimental determination of both the electromigration force strength and sliding friction. When the tip

of a biased electrode was located within the portion of a Co nanorod filler and an electric current was

applied to push a part of the Co filler along the flow of electrons, the Co filler showed a trigonometric

motion. Both the electromigration force strength and sliding friction were determined by analysis of the
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trigonometric movements. When a reversed electric current was applied to pull a part of the Co nanorod

filler, its motion was hyperbolic-cosine like, and the motion was not suitable to determine the strengths
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1 Introduction

Electromigration is a well-known phenomenon in which the
transport of atoms occurs in metals under high current
density."® Electrons traveling along the opposite direction of
the applied electric current exchange their momentum with
metal atoms that compose the conductive wires. As a result, the
metal atoms are forced to move in the direction of the flow of
electrons. This phenomenon has been studied intensively
because electromigration is a cause of integrated circuit
failure.”**

The development of methods for mass transport at the
nanoscale is important;'” in addition to the utilization of
thermal gradients,"' electromigration is also useful for this
purpose because the direction of transport can be easily
controlled, i.e., the direction of mass transport is along the flow
of electrons, the electron wind force. It should be noted that an
entire nano-object can be moved through the use of electro-
migration, while only atoms/ions move with macroscopic elec-
tromigration. The electromigration of nanomaterials inside
carbon nanotubes (CNTs) has been studied using in situ trans-
mission electron microscopy (TEM) and scanning electron
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of the two forces. Our method and the results would be useful for the development of the methods to
precisely control mass transfer at the nanoscale.

microscopy (SEM). Various materials such as Ni'* and Te'® can
be encapsulated inside CNTs, and these materials can move
inside the CNTs by the force of electromigration. CNTs as hosts
are also suitable for in situ observations due to their thin walls.
Electromigration has been used to develop nanopipettes,’” and
the nanoscale printing of metal on graphite using the electro-
migration of metal in CNTs has also been reported.*®

To control the movement of nano-objects driven by electro-
migration, it is essential to estimate the magnitude of the
electron wind force acting on the moving nano-objects. Electron
wind force has been investigated theoretically by several
groups.”?® To estimate the magnitude of the force of electro-
migration, theoretically calculated or assumed values have been
used for effective valences.'® In addition to the magnitude of the
force of electromigration, it is also necessary to determine the
magnitude of kinetic friction to understand and control the
movement of nano-objects. This study provides a method for
experimental determination of the magnitudes of sliding fric-
tion and the force of electromigration for moving metal nano-
objects inside multi-walled carbon nanotubes (MWCNTs). The
motion of Co nanorods inside MWCNTSs was observed using
TEM and analyzed in terms of classical kinematics.

2 Experimental

MWCNTs with Co nanorods were fabricated as follows. An
alumina substrate with a 30 nm-thick Co deposition was sealed
in an evacuated silica tube with 3 mg of a mixture of graphite
powder, palmitic acid, and saccharin at a weight ratio of 664 :
86:1. The sample was then heated to 1100 °C for 20 min to
induce nanotube growth. Au nanoparticles were deposited on

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the surfaces of the grown MWCNTSs to examine Joule heating.
The grown MWCNTs were mounted on Cu or Au wires for TEM
(JEOL ARM200F, operated at 200 kV) observations. TEM images
and movies were obtained using TVIPS XF416 or Gatan Rio16
CCD cameras with a resolution of 1024 x 1024 at 10 or 25 fps. A
source measure unit (Yokogawa GS610) was used to apply
voltage and current. W or Ni needles were used as biased
probes. For electromigration experiments, we selected
MWCNTs with a straight and homogeneous inner diameter
without inclusions other than aimed Co fillers.

3 Results and discussion

Fig. 1 shows the results of TEM characterization of the Co
nanorod fillers. The electron diffraction pattern was consistent
with that of twinned face-centered cubic (fcc) Co crystals with
the twin boundary along the axis of the nanorod. Two other Co
nanorods were also examined and confirmed to be twinned.
Energy-dispersive X-ray spectroscopy (EDX) analysis also
confirmed that the nanorod fillers were Co. Co was used as
a catalyst for the growth of MWCNTSs, and it is likely that Co was
taken into the inner spaces of the grown MWCNTSs. The fcc
phase of Co is stable above 417 °C, and the Co crystals of the fcc
phase would have been quenched during the cooling process of
nanotube growth.

In the first experiment, the micro-probe was located at an
intermediate position of a nanorod filler in a MWCNT, as
indicated by the blue arrow in Fig. 2(a). The right end of the
MWCNT was connected to a grounded Cu supporting wire. The
nanorod filler was approximately 470 nm long and 16 nm in
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Fig.1 (a) TEMimage of a MWCNT with a Co nanorod filler. (b) Electron
diffraction pattern obtained from the region marked with the circle in
(a). The diffraction pattern was from a twinned crystal, and is marked
with red and green. (c) TEM image of another MWCNT with a Co filler.
(d) EDX spectrum measured from the point marked with a star in (c).
The Cu peaks were from the TEM microgrid.
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Fig. 2 In situ TEM observation of the movement of a Co nanorod
inside a MWCNT (snapshots from ESI Movie SM1}). The right-hand part
shows the MWCNT containing a filler Co nanorod and connected to
the grounded electrode. The probe was located within the portion
with the Co filler (blue arrow in (a)). When the probe was positively
biased, the Co filler moved to the left (a—d), then stopped whenits right
end came close to the probe (e). The yellow arrowheads indicate the
position of the right end of the Co filler. The red line and red arrows
indicate the position of a white line due to the diffraction contrast of
the Co filler, while the green arrow indicates the position of the
diffraction contrast from the MWCNT. The time was measured from
the start of the ESI Movie SM1.§

diameter. The host MWCNT was approximately 56 nm in
diameter and its wall was approximately 20 nm thick. The
length between the probe contact position and the right end of
the nanorod filler was initially ca. 420 nm. The nanorod filler
was stationary before application of the electric current. When
a positive bias potential of 3 V was applied to the micro-probe,
electrons flew through the MWCNT and the nanorod filler from
the right to the left toward the probe contact, and the nanorod
filler then began to move left along the direction of the accel-
erating electron wind force (Fig. 2(b)-(d)). When the right end of
the nanorod filler came close to the probe contact, the nanorod
filler decelerated and then stopped (Fig. 2(e); see ESI Movie
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SM1+). It was noted that the electric current did not flow in the
portion that was located to the left of the probe contact. The
intensity of the electric current was not recorded for this
experiment.

Two Au nanoparticles [indicated by the black arrows
Fig. 2(a)] were located on the surface of the MWCNT near the
probe contact to examine the effect of Joule heating. These Au
nanoparticles did not shrink during the experiment, which
indicates that the temperature of the MWCNT and the nanorod
filler was below the boiling point of Au (2700 °C). It has been
well-known that the melting point of nanoparticles depends on
their size, and it is lower than that of the bulk crystal.”” It is
expected that a boiling point of a material would behave simi-
larly. Accordingly, the boiling point of the Au nanoparticles
would have been lower than that of the bulk crystal. A white line
was observed outside the MWCNT/nanorod, as shown by the
red arrows in Fig. 2(c) and (d), which was due to the diffraction
contrast from the nanorod filler. The position of the white line
was different from the diffraction contrast from the MWCNT
(indicated by the green arrow in Fig. 2(c)), and the white line
moved with the nanorod filler. This is evidence that the filler
nanorod was solid and the sample temperature was below the
melting point of Co (1495 °C). Furthermore, in our previous
study, it was found that Au nanoparticles on the surface of
a MWCNT shrank and disappeared at 1000 °C within a couple of
seconds if without the Leidenfrost effect; therefore, it was most
likely that the sample temperature was below 1000 °C.

Fig. 3 shows a plot of the movement distance as a function of
time. The plot shows that the nanorod filler initially accelerated
and then decelerated. This behavior appears to be trigono-
metric. Here we discuss the kinematics of the observed
behavior. The equation of motion of the nanorod filler inside
the MWCNT is given by:

m d’x B
dr

oL =x)—f, 1)

Movement distance (nm)

0 02 04 06 08 1.0 1.2

Time (s)

Fig. 3 Plot of the movement distance as a function of time. The solid
line is the fitted function.
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where m is the mass of the moving nanorod filler, « is the
strength of the force of electromigration per unit length, x is the
position of the right end of the nanorod filler measured from its
initial position along the path of the movement, L is the initial
length between the electrical contact and the right end of the
nanorod filler, and fis the sliding friction. This equation applies
only for 0 =< x < L. Only the portion of the nanorod filler between
its right end and the electrical contact with the probe receives the
force of electromigration, whereas the entire nanorod filler is
subject to sliding friction. The sum of these two forces deter-
mines the magnitude of acceleration of the nanorod filler. Given
that the sliding friction is constant and the initial velocity is zero,
the following trigonometric solution is obtained:

(Lf Ji)(l — cos wt),

o

o
w = —.
m

The fitting curve for the experimental data with this function
is plotted as a solid line in Fig. 3. The result of the fitting
supports our simple model. Given that the nanorod filler was
composed of Co, its mass was estimated to be approximately 8.4
x 10~ " [kg]. Therefore, we obtain « = 7.4 x 10~>” [N nm™ "] and
f= 1.9 x 107" [N]. The strength of the sliding friction per
nanometer is determined to be 4.0 x 107>’ [N nm™'].

If we deal with the motion of a nanorod filler that moves
simply between two electrodes, then its equation of motion is:

x(1) =

(2)

(3)

2
d"x
m-— = aLwhole 7f7

dr? (4)

where Lyhole i the entire length of the nanorod filler. In this
case, we can determine only the total strength of the two forces,
whereas we could determine each strength of the forces if the
probe was located between the two ends of the filler and
a fraction of the filler was pushed against the other fraction, as
shown in Fig. 2.

After the operation shown in Fig. 2, the motion of the nanorod
filler was observed with the application of a reversed electrical
potential of —3 V to the micro-probe, as shown in Fig. 4(a)-(d)
and ESI Movie SM2.1 In this case, a fraction of the nanorod filler
between its right end and the electrical contact was pulled to the
right along the electron wind force. When the electric voltage was
applied, the filler began to move toward the grounded electrode.
The filler then fragmented into two pieces at the electric contact,
and the right fragment kept moving right, while the left fragment
stopped; the right fragment was torn from the rest because the
fragment of the nanorod filler between its left end and the elec-
tric contact did not receive electromigration, and was only pulled
to the left by the sliding friction.

The motion of the nanorod filler before fragmentation is
plotted in Fig. 4(e). The plot appeared to be quadratic. In this
case, the equation of motion is:

d’x

m—=ax—f,

drr ()
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Fig. 4 (a—d) In situ TEM observation of the movement of the Co
nanorod filler in the MWCNT (snapshots from ESI Movie SM27) after
the movement shown in Fig. 2. The probe was negatively biased, and
the Co nanorod filler moved to the right (a and b). The position of the
right end of the Co nanorod filler is indicated with yellow arrowheads.
The Co filler nanorod was split into two at the position indicated by the
blue arrowhead (c). Finally, the right part moved out of sight, while the
left part of the Co filler did not move (d). (e) Plot of the position of the
right end of the Co filler before splitting into two parts, as measured
from the contact between the probe and the MWCNT.

where x is the position of the right end of the filler measured
from the position of the electrical contact at the right. Under the
conditions of x(0) = x, and x(0) = 0, we obtain

x(1) = <x0 - g) cosh(wi) +£ (6)
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x(t) = A(wt)®> + B. (7)

The second-order Taylor expansion shows that the behavior
is almost quadratic, which indicates that it is difficult to esti-
mate parameters by fitting with a hyperbolic cosine function
because the scaling in ¢ is almost equivalent with that in x. We
were not able to estimate the strengths of the forces for this case
due to poor convergence in the optimization of the parameters.
We note that the experimental data were well fitted with the
quadratic function.

We performed another experiment that was the same as that
shown in Fig. 2 in which the constant-current mode was used
and an electric current of 70 uA was applied and the results are
shown in Fig. 5 and ESI Movie SM3.7 Initially, the Co nanorod
filler was not moving because an electric current was not
applied. When an electric current was applied, the MWCNT
showed a twitch, and the Co nanorod filler started moving. The
Co nanorod kept moving during the electric current applica-
tion. When the electric current was stopped, the MWCNT

o
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Fig. 5 (a—c) In situ TEM observation of the movement of a Co filler
inside a MWCNT (second example, snapshots from the ESI Movie
SM3+). The probe was positively biased, and the Co nanorod moved to
the left. The left and right ends of the Co nanorod are indicated by the
white and black arrowheads, respectively. (d) Plot of the movement
distance of the Co nanorod as a function of time. The solid line is the
fitted function.
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showed a twitch again, and the Co nanorod filler stopped
moving. This clearly indicates that the applied electric current
was the driving force of the motion of the Co nanorod. The
nanorod filler was 18 nm in diameter and 1700 nm long with an
estimated mass of 3.8 x 10 '® [kg]. The host MWCNT was
approximately 56 nm in diameter. The current density in the Co
nanorod filler was estimated to be ca. 0.26 A nm ™2 using the
reported values of resistivity, 9.8 x 107® and 6.24 x 10~° [Ohm
m] for graphite (perpendicular to the c-axis)*® and Co,”
respectively, and the dimensions of the nanorod filler and the
MWCNT. The function 2 was fitted with the experimental data
to obtain & = 1.4 x 10°* [N nm '] and f= 1.1 x 10~ ** [N]. The
amplitude of the sliding friction per nanometer was estimated
to be 6.3 x 107>* [N nm™'].

Co nanorods have never moved inside NWCNTs without
applying an electric current in our observations. In addition,
cantilevered tubes with Co fillers did not show bending during
TEM observation. Accordingly, the magnetic force working on
the Co fillers in the TEM must have been negligible. We spec-
ulate that the magnetic force would have had only a very small
contribution to the normal force at the filler/nanotube
interface.

Electromigration of a Co nanorod filler without the TEM
electron beam was also examined as shown in Fig. 6. An electric
current of 0.19 mA was applied for 2.55 s under the electron-
beam blanking condition. The direction of the flow of elec-
trons was from right to left. After the application of the electric
current, the position of the Co nanorod filler was moved to the
left along the direction of direction of the flow of electrons. The
result shows that the electromigration motion of the Co nano-
rod filler occurred without the irradiation of TEM electrons.

The strength of the electromigration force should be
proportional to the current density. At this moment, we cannot
compare the two values of the electromigration forces between
the two experiments obtained in this study, because the current
density is unknown for the first experiment. The strength of
sliding friction would be the product of dynamic friction coef-
ficient, contact area, and pressure at the interface between

Fig. 6 Electromigration of a Co nanorod filler without the TEM elec-
tron beam: (a) before and (b) after electromigration (0.19 mA, 2.55 s).
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afiller and a MWCNT. The amplitude of the sliding friction and
the diameter of the filler was 4.0 x 107>’ [N nm '] and 16 nm
for the first example, respectively, while they were 6.3 x 10 >% [N
nm '] and 18 nm for the second example, respectively. The
values of the strength of the sliding friction were different by
one order of magnitude, while the diameters were similar. This
suggests that the amplitude of sliding friction depends on other
factors, such as temperature. Further studies are necessary to
compare our results with other experimental works on nano-
scale sliding friction.*

4 Conclusions

In conclusion, we have developed a method to estimate the
strengths of the force of electromigration and the sliding fric-
tion on nanorod fillers moving inside MWCNTs. If one elec-
trode was located between the two edges of a nanorod filler and
the electron wind force was applied to one portion to push the
other portion, then the strengths of the two forces could be
easily estimated. Conversely, it is difficult to estimate these
strengths when the nanorod filler is pulled. We expect these
results will be useful to inspect theories for estimation of the
strengths of the forces of nanoscale electromigration and
sliding friction, and for the development of methods to
precisely  control mass transfer nanoscale
electromigration.
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