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Evidence is presented that vacancy-hole or vacancy-tube �similar to vacancy loops in crystalline materials�
migration constitutes an important self-diffusion mechanism in multiwall carbon nanotubes �MWCNTs� when
they were irradiated by an electron beam at about 2000 °C. Isolated vacancies agglomerated to form vacancy
holes/tubes with lengths from 3 to 16 nm and widths from 1 to 4 basal planes in the intermediate layers of the
MWCNTs. The formation of vacancy holes/tubes is attributed to the high mobility of vacancies at high
temperatures and the confinement of the intermediate layers posed by the top and bottom layers. The vacancy
holes/tubes were mobile and could migrate along the axial, radial, or circumferential directions of the nano-
tubes. Driven by the temperature gradient and the thermal fluctuation, the migration velocity of the holes varies
from a few to 80 nm/s. The results demonstrate that a carbon nanotube is a perfect system for studying vacancy
properties in a quasi-one-dimensional system.
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I. INTRODUCTION

Point defects such as vacancies affect the physical and
chemical properties of carbon nanotubes �CNTs�
significantly.1–17 For example, a single vacancy in a single
wall carbon nanotube �SWCNT� can reduce its mechanical
strength1–3 and its electrical conductivity dramatically.4–6 Va-
cancies also control the operation of nanotube-based chemi-
cal sensors and affect the functionalization of CNTs.7 There-
fore understanding the formation and migration of vacancies
in CNTs is indispensable for tailoring their electrical, me-
chanical, and chemical properties and controlling irradiation-
induced transformations in these systems.

The discovery of vacancy-mediated diffusion in metals
and alloys, the Kirkendall effect,18–21 revolutionized the
physical metallurgy field. As a consequence of the Kirken-
dall effect in bulk crystals—and here in multiwall CNTs
�MWCNTs�—the irradiation of carbon �for example in a
nuclear reactor or under electron beam� creates vacancies
and interstitials,22–26 which are mobile, and can mutually an-
nihilate or migrate to the surface or another sink such as a
void or a dislocation. In particular, if an excess of one defect
occurs, it leads to its condensation dislocation loops, or
voids, or vacancy disks. Further, these mesoscopic and easily
observable aggregates can migrate as a result of atom or
vacancy diffusion. Recently, high-resolution transmission
electron microscopy �HRTEM� evidence of diffusion and mi-
gration of large vacancy clusters and nanometer-sized dislo-
cation loops attracted keen interest.15–17,27,28 Here we present
the formation and migration of large vacancy aggregates in
CNTs, which are heated to very high temperatures in high
vacuum. Different from that in bulk materials, the intersti-
tials created by electron irradiation or thermal activation are
easily sublimated to vacuum and, as a consequence, the in-
creasing vacancy concentration must result in large fold va-
cancy formations, e.g., vacancy holes and even vacancy
tubes.

II. EXPERIMENTS

Our experiments were conducted inside a HRTEM
attached with a Nanofactory transmission electron

microscopy-scanning tunneling microscopy �TEM-STM�
platform. The MWCNTs were synthesized by an arc dis-
charge method. Individual carbon fibers from the arc-
discharged soot were glued to a Au rod with a diameter of
250 �m. Individual MWCNTs were connected to the STM
probe and heated to high temperatures by applying a high
bias voltage.

III. RESULTS AND DISCUSSION

Figure 1 shows the vacancy-hole dynamics in a MWCNT.
Initially a small hole was opened on the left walls �denoted
by a set of dotted lines near the hollow of the MWCNT�,
which then expanded its size along the edge of the same
walls �Figs. 1�b� and 1�c�� until a vacancy tube was formed
�Figs. 1�d�–1�f��. Concurrently, a second hole was formed
�marked by a set of dotted lines near the surface of the
MWCNT�, and it grew in a similar fashion as the first one
�Figs. 1�c�–1�f��. The two holes are just four walls apart �Fig.
1�b��, yet they did not merge with each other, implying a
high vacancy migration barrier along the radial directions. In
contrast, vacancies were easily migrated in the same basal
planes. The hole near the nanotube hollow moved downward
at a velocity of 1.5 nm/min and grew toward the two ends of
the MWCNT to a length of 7 nm �Figs. 1�d� and 1�e��. The
hole near the nanotube surface grew toward the two ends of
the MWCNT to form a long vacancy tube with a length of
about 10 nm �Figs. 1�d� and 1�e��. Figures 1�g�–1�l� are
structural models showing how the removal of carbon atoms
can generate vacancy holes/tubes in a MWCNT.

Figure 2 shows the formation and migration of two va-
cancy holes in a MWCNT. Both holes were nucleated from
the right walls, and then extended toward the left walls along
the same basal planes. The termination edges of the holes are
seen clearly �see the dotted lines�. The upper loop appeared
to have extended through the entire circumference along the
same walls �Fig. 2�c��, thus forming a vacancy tube having
the same axis as the nanotube. The lower hole did not extend
through the whole circumference, but it migrated from the
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right wall to the left wall. In the mean time it also crossed
one wall inward along the radial direction. A schematic
drawing showing how the lower vacancy hole �Figs.
2�a�–2�c�� migrated along the circumference is shown in
Figs. 2�d�–2�f�. Figures 2�g�–2�j� show the migration of a
hole �or glide of a dislocation loop� from an outer layer to an
inner layer. Figure 2�i� shows the side and bottom views of
the intermediate dislocation loop. Two edge dislocations in
the outer layer �shown by a light gray line on top of Fig. 2�i��
and the inner layer �shown by a gray line on the bottom of
Fig. 2�i�� are connected together by two screw dislocations
and form a complete dislocation loop. The two screw dislo-
cations glide together along the two bent arrows and cancel
each other. Thus the dislocation loop �or the vacancy hole�
migrates to the inner wall completely �Fig. 2�j��.

Figure 3 shows the formation of a giant hole on the sur-
face wall of a MWCNT �movie M1� due to the sublimation
of carbon atoms. Initially a hole was opened on the surface
wall �Fig. 3�b��, and it then expanded continuously toward
the two ends of the MWCNT until the surface wall was
entirely disconnected �Figs. 3�c�–3�e��. During the expansion
process, the edges of the holes changed from a plane inclined
to the tube axis �Figs. 3�b�–3�d�� to one being perpendicular
to the tube axis �Fig. 3�e��. Note that once the surface wall
was broken, the two broken segments receded continuously

toward the two ends of the MWCNT in a similar speed,
meaning that the atom removal process was not notably af-
fected by the polarity of the electrode, and electromigration
was not playing a dominant role in the hole migration pro-
cess.

Figure 4 �movie M2� shows vacancy dynamics in another
MWCNT. The vacancy �outlined by dotted lines� remained at
the same basal planes while it migrated at a velocity of 5
nm/min downward. During the migration process, the hole
grew from the right wall toward the left wall following the
same basal planes. The hole on the right wall remained al-
most the same size during the migration process. Apparently
mass transport has occurred during the vacancy migration
process, since atoms were added to the upper edge and re-
moved from the lower edge of the vacancy hole.

The migration velocity of small vacancy holes was gen-
erally faster than that of the large holes. For small holes, a
velocity of up to 80 nm/min was observed �movie M3�. For
large holes, the velocity was usually less than 10 nm/min.
Very frequently, the holes moved up and down repeatedly in
a manner similar to a one-dimensional Brownian motion, but
overall the holes migrated downward the tube axis �Figs. 1
and 4�. Note that there was no current flowing in the nano-
tubes shown in Figs. 1 and 4, since it was attached to a
bigger nanotube �where the current flowed� on one end and

FIG. 1. �Color online� �a�–�f� Formation and migration of two vacancy holes/tubes �outlined by two sets of dotted lines near the hollow
and surface of the MWCNT, respectively� in a MWCNT irradiated by electron beam at about 2000 °C. Note both the shape and position
changes of the holes. In �c� the upper hole extended through the entire circumference, forming a vacancy tube. The length and width of the
upper hole are 6 nm and three-wall thickness, respectively, and those of the lower hole are 4 nm and three-wall thickness, respectively. �g�–�l�
Schematic drawing showing how a vacancy hole/tube is formed due to removal of C atoms.
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suspended on the other end �Fig. S1 �Ref. 30��. So the va-
cancy migration was not driven by electromigration. The
driving force for the hole migration might be the temperature
gradient and/or thermal fluctuation in the nanotubes. As
shown in Fig. S1 �Ref. 30�, one end of the MWCNT �the
down side� is attached to a bigger tube which was joule
heated by current flow. So the temperature of the upper side
should be lower than that of the down side or the temperature
gradient is downward. Our observation indicates that overall
a vacancy flows toward the direction of the temperature gra-
dient �or from cold regions toward hot regions� as theoreti-
cally predicted.31 The observation is consistent with a recent
report on a cargo motion along a MWCNT driven by a tem-
perature gradient.32

Based on the above observations, we propose the follow-
ing vacancy formation and migration mechanism. At first,
isolated vacancies were generated in the nanotubes due to
evaporation �by heat� or knock out �by electron beam� of
carbon atoms from the tube wall.2 These vacancies aggre-
gated to form vacancy holes to lower the energy of the sys-
tem, as shown in a molecular-dynamics �MD� simulation
�Figs. 5�a�–5�f��. The hole then moved upward or downward
and in the mean time expanded its size. For the hole to move
upward or downward, a mass transfer is required, or in other
words, the vacancy-hole migration is driven by atom trans-
port; e.g., atoms at the upper edge of the hole moving down-
ward lead the vacancy hole to move upward �e.g., Figs. 5�g�
and 5�h��. There are two possible atom transport mechanisms
in the hole, i.e., C atoms are evaporated from one side of the
hole and then deposited on the opposite side �Figs. 5�g� and
5�h�� or C atoms diffuse along the hole edges and migrate
from one side to the other side �Figs. 5�d�–5�f��. The latter
mechanism has a much lower diffusion barrier �only
�1.62–2.14 eV, as shown in Figs. 5�i� and 5�j�� than the
former. Therefore C atoms migrating along the open edges of
the vacancy hole dominate the hole migration process �Figs.
5�d�–5�f�, arrowheads, movie M4�.

Vacancy holes/tubes in a SWCNT were not observed un-
der similar experimental conditions as that in MWCNTs. In
fact, atomistic analysis indicates that large holes in a
SWCNT are energetically unfavorable.10 Indeed, a SWCNT
can heal the hole by shrinking its diameter when it is
irradiated.35,36 Once vacancies are formed in a SWCNT, it
immediately self-repairs by the formation of 5 �7 defects,
which then serve as scavengers for further defects, thus pre-

FIG. 2. �Color online� �a�–�c� Formation and migration of two
vacancy loops �outlined by two sets of dotted lines on top and
bottom of the figure, respectively� in a MWCNT irradiated by an
electron beam at about 2000 °C. Note both the shape and position
changes of the loops. In �c� the upper loop extended through the
entire circumference, forming a vacancy tube with the same axis as
the nanotube. The nanotube was joule heated at 2.26 V and
111 �A. �d�–�e� and �g�–�j� are schematic drawings showing how
the lower vacancy hole in Figs. 2�a�–2�c� migrated along the cir-
cumferential and the radial directions of the tube, respectively.

FIG. 3. �Color online� Growth
and migration of a vacancy hole
on the surface wall of a MWCNT.
The dotted lines outline the shape
and size of the holes.
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venting the formation of large holes as observed in a
MWCNT.

For those walls that are sandwiched between the top and
bottom layers in a MWCNT, the shrinking mechanism oper-
ating in a SWCNT does not work because of the confinement
of the top and bottom layers. As a result, the vacancies in a
sandwiched layer can neither escape nor relax, but agglom-
erate to form vacancy holes. However, for the innermost and
the outermost layers in a MWCNT, the lack of confinement
led to very different scenarios, namely, vacancies are able to
relax in the innermost layer in a way similar to that in a
SWCNT. As a result, the innermost layer was able to shrink
its diameter, which was indeed observed in our experiments
�e.g., Fig. 4, in this case, the innermost two layers were
shrinking�. In fact, because of the shrinkage of the innermost
one or two layers, they were detached from the other outer
layers. For the outmost layer, C atoms were sublimated to the
vacuum quickly, leading to the rapid expansion of the holes
in the surface layer, which was frequently observed in our
experiments �e.g., Fig. 3�.

IV. CONCLUSIONS

Vacancy holes and vacancy tubes were formed in
MWCNTs when they were irradiated by an electron beam at
about 2000 °C. The vacancy holes/tubes were mobile and
could migrate along the axial, radial, or circumferential di-
rections of the nanotubes. The formation of vacancy holes/
tubes is attributed to the high mobility of vacancies at high
temperatures, and the confinement of the intermediate layers
posed by the top and bottom layers. Driven by the tempera-
ture gradient and the thermal fluctuation, the migration ve-
locity of the holes varies from a few to 80 nm/s. The forma-
tion of vacancy holes/tubes in MWCNTs may offer new
opportunities to engineer the structure and properties of
MWCNTs for specific device applications, and the function-
alization of MWCNTs. Our findings also demonstrate that a
CNT is a perfect system for studying vacancy behavior in a
quasi-one-dimensional system.

FIG. 4. �Color online� Migration of a vacancy
hole �outlined by dotted lines and arrowheads�
with a velocity of 5 nm/min downward the tube
axis when the nanotube was irradiated at
2000 °C �Ref. 29� �movie M1�. While the hole
moved downward, it also expanded along the cir-
cumferential direction. The bias voltage applied
to the nanotube was 2.55 V. The length and width
of the vacancy hole are 10 nm and two-wall
thickness, respectively. Note that the innermost
two walls were detached from the rest of the
walls, which was caused by the diameter shrink-
age of the nanotube induced by vacancy genera-
tion and reconstruction.

b. 1.46 ps c. 3.32 ps

d. 5.08 ps e. 5.73 ps f. 6.98 ps

a. 0 ps

g h
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FIG. 5. �Color online� MD simulation of vacancy aggregation
��a�→ �c�� and interstitial diffusion along the edge of a vacancy
hole ��d�→ �f��. The migration barriers were calculated by the semi-
empirical PM3 method and the MD simulation was done with a
density-functional-based tight-binding �DFTB� method �Refs. 33
and 34�. In the MD simulation, a graphene described by a periodic
boundary condition was used to model a wall in the middle of a
MWCNT, which cannot shrink as a SWCNT due to the confinement
of the inner walls. The simulation starts with six single vacancies.
At 3500 K, the six vacancies evolve into a vacancy hole
��a�→ �b�→ �c��� by vacancy aggregation. The arrows mark an
atom migrating along an atom edge of a hole ��d�→ �e�→ �f��. The
MD time step is 0.5 fs. �g�,�h� C atoms are evaporated from the
upper edge of the hole and deposited at the lower edge, causing the
hole to move upward. �i�,�j� Potential barrier for a C atom to mi-
grate along the armchair and zigzag edges of a graphene.
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