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Stable and rigid carbon atomic chains were experimentally realized by removing carbon atoms row by

row from graphene through the controlled energetic electron irradiation inside a transmission electron

microscope. The observed structural dynamics of carbon atomic chains such as formation, migration, and

breakage were well explained by density-functional theory calculations. The method we reported here is

promising to investigate all-carbon-based devices with the carbon atomic chains as the conducting

channel, which can be regarded as the ultimate basic component of molecular devices.
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The motivation for the miniaturation of electronics has
continuously pushed the research via the top-to-down ap-
proach into low-dimensional systems, and even atomic
scale. As one of the most promising candidates, carbon-
based nanostructures, either two-dimensional graphene [1]
or quasi-one-dimensional carbon nanotubes [2] have
opened entirely new perspectives towards the carbon-based
electronics. As an ideal covalent one-dimensional (1D)
system, a rigid monatomic linear chain of carbon atoms,
such as polyyne ( � � �C � C� C � C � � � ) or cumulene
( � � �C ¼ C ¼ C ¼ C � � � ), has been long expected to
function as the component of molecular devices due to
its exceptional physical and chemical properties predicted
by theoretical studies [3–7]. However, the 1D carbon chain
has been little studied experimentally mainly due to the
lacking of a reliable and effective way to produce it [8–13].

Here we introduce a new approach to realize freestand-
ing carbon atomic chains by employing energetic electron
irradiation inside a transmission electron microscope
(TEM). A graphene nanoribbon (GNR) was continuously
thinned from its two open ends by removing carbon atomic
rows. This thinning process stops when the number of
carbon atomic rows becomes two or one. Therefore, single
and double freestanding carbon atoms chains were repro-
ducibly fabricated. These chains show a remarkably good
stability with a length up to a few nanometers even under
the irradiation of energetic 120 keV electron beams.

We have chosen the graphite nanoflakes (typically with
4–20 layers) as the starting materials, which are readily
found as the byproducts in the commercially available
multiwall carbon nanotube specimens made from the arc
discharge process. The pristine sample containing graphite
nanoflakes were dispersed in ethanol by ultrasonication,
and the suspension was dropped onto a carbon microgrid,
before inserted into a TEM-JEOL 2010F for further
manipulations and observations. The microscope is
equipped with a postspecimen image corrector (CEOS)
to achieve a better spatial resolution, and a CCD camera

(Gatan 894) is used for image recording with an exposure
time of 0.5 s.
In the first step of our in situ experiment, an electron

beam irradiation induced thinning process was conducted
to produce a single layer graphene locally on a selected
graphite nanoflake. In order to facilitate the thinning pro-
cess, the acceleration voltage was set at either 80 or 120 kV,
which was known to be close to the knock-on damage
threshold of carbon nanostructures [14]. A high beam
intensity of about 100 A=cm2 was then obtained by focus-
ing the incident electron beam and used for thinning the
sample. After a prolonged irradiation, holes (or vacancy
aggregates [15]) were induced on the graphite, and a GNR
was formed between two large holes. The length of the as-
prepared GNR is determined by the size of the area be-
tween the two adjacent holes, which can be roughly con-
trolled by the focused electron beam irradiation through
the in situ sputtering process.
After a GNRwith a reduced width was formed, the beam

intensity was immediately reduced to about 4 A=cm2 in
order to slow down the thinning process and to avoid
overirradiation damage. Then the HR-TEM characteriza-
tion was carried out in situ. Reproducible experiments to
fabricate one or two carbon atomic chains were summa-
rized in Fig. 1. The whole process was similar to that used
for the fabrication of metallic quantum wires [16,17].
A detailed analysis of the carbon atomic chain behavior

has been carried out in the case shown in Fig. 2. At the
beginning of the thinning process [Fig. 2(a)], a GNR
formed between two adjacent holes of the graphene had a
neck width of about 1.7 nm, corresponding to about 6 to 7
rows of carbon chains. The GNR edges at both sides
became partly disordered due to prolonged intense irradia-
tion. Through further thinning process, 1D freestanding
carbon atomic chains were finally prepared [Figs. 2(a)
and 2(b), and see also movie S1 [18] ]. Interestingly, the
formation of a double chain was frequently observed
[Fig. 2(c)] in our numerous attempts. The as-formed car-
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bon atomic chains were rigid but quite flexible, and they
were occasionally twisting with each other and vibrating
with a variable separation [Figs. 2(c) and 2(d), see also
movie S1 in Ref. [18] ]. No obvious link was found be-
tween these two chains. Interestingly, there is a knot found
on the left chain of Fig. 2(d) (marked by the black arrow),
which should correspond to a residual carbon hexagon
or other polygons (see inset). Soon after, this hexagon
disappeared and became a linear chain, either through
the further carbon loss or a local conformation change
[Fig. 2(e)]. It was also found that the chain at the right-
hand side broke and detached from the graphene edge at its
chain end (marked by the white arrow). This broken chain
migrated along the left-hand side neighbor before a local
connection was made with the upper edge [Fig. 2(f)] and
finally a linear monatomic carbon chain was sustained.

The single carbon atomic chain shown in Fig. 2(f) has a
length of about 2.1 nm (corresponds to about 16 carbon
atoms) and behaved like an elastic string with a quasi-
linear arrangement, which is consistent with the theoretical
studies [7]. No abrupt junction corresponding to the
zigzag- or armchairlike configuration was ever found.
Contact between the chain end and the graphene edge
was not stable, and occasionally the chain end migrated
discretely along the edge with atomic steps as if swap-
ping the bonding atoms at the edge of the graphene [see
Figs. 2(g) and 2(h)]. Under the typical experimental con-
dition (an acceleration voltage of 120 kV and a beam
intensity of 4 A=cm2), this carbon chain survived for
more than 100 s before the breakage happened in its lower
end [Fig. 2(i)]. It should be noted that the carbon atomic
chains never break in the middle. Again here, this
broken end jointed to the graphene edge and kept migrating
along the graphene edge (see movie S1 [18])

A surface atom sputtering mechanism should dominate
the thinning process. The carbon atoms and/or clusters
were selectively removed from the edges of the GNR,
not from the central region. This is quite reasonable be-
cause the edge carbon atoms are typically doubly coordi-
nated and have dangling bonds that surely induce

instability of these edge atoms. The thinning process
should therefore be initiated by removing the doubly co-
ordinated carbon atoms at the two edges of the GNR,
which was followed by the further sputtering of the adja-
cent carbon atoms. In this way the carbon atoms and
clusters were removed row by row. The number of hexagon
arrays was continuously reduced from 6 to 2 in this ex-
periment [Figs. 2(a)–2(c), and movie S1 [18] ]. The bond
breakage and carbon loss from the GNR edges are asso-
ciated with the momentum/energy transfer from the inci-
dent high energy electron through the so-called knock-on
mechanism [14].
It is well known that the linear carbon chains can possess

either cumulene (characterized by double C-C bonds) or

FIG. 2 (color online). Consecutive HR-TEM images showing
the dynamics for the formation, breakage of freestanding carbon
atomic chains through continuous electron beam irradiation.
(a) A GNR with a width of about 1.7 nm was formed between
two holes on the graphene. (b) The GNR was thinned row-by-
row under the continuous irradiation. (c) A carbon chain con-
sisting of double strands was formed, and there was a knot
remained on the left chain (marked as the black arrow). Inset
is a representative scheme. The right chain broke from its bottom
end (marked as white arrow) and detached with the graphene
edge. (d)–(f) The broken chain (on the right) migrated along the
left chain, and finally made a connection with the edge belonging
to the upper graphene. (g) The carbon was found to be linear and
flexible. (h) The carbon chain made a jump along the graphene
edge with a changing of edge bonding. The inset is a represen-
tative scheme. (i) The carbon chain broken from its upper head.
Again it was able to migrate along the graphene edge.
Scale bar ¼ 1 nm.

FIG. 1. Formation of free-standing carbon atomic chains. An
image gallery shows two examples for the dynamics for for-
mation of free-standing carbon atomic chains from GNR through
the controlled electron beam irradiation induced sputtering.
Scale bar ¼ 1 nm.
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polyyne (with alternative singlet and triplet bonds) struc-
tures with sp hybridization, and the sp2 bonded graphene
can be regarded as a network of zigzag or armchair chains.
Therefore a transformation from either zigzag or armchair
arrangement to linear chain either cumulene or polyyne
type should be possible. Unfortunately, due to the limita-
tion of the spatial resolution of our TEM and the mechani-
cal instability of the specimen, we were unable to resolve
individual carbon atoms and to measure precisely the C-C
bond length. Therefore the type of carbon atomic chain,
cumulene or polyyne, could not be experimentally deter-
mined here.

In order to understand the formation mechanism and the
dynamic behaviors of linear carbon atomic chains, a series
of density-functional theory (DFT) calculations were per-
formed. We employed the generalized gradient approxi-
mation for exchange correlation functional [19] and pro-
jector augmented waves for the Cð2s2pÞ electrons [20], as
implemented in VASP package [21] using the plane waves
with 400.0 eV cutoff. More than ten k points were used to
sample the periodic direction, and the spaces for aperiodic

directions were set �10:0 �A. The climbing nudged elastic
band method (CNEB) [22] was used to determine the
activation energy barrier for the migration process.

Since the carbon atomic chains were derived from the
GNRs in our experiments, we first compared their stabil-
ities with the corresponding GNRs by the formation ener-
gies. After optimizing the GNR geometries with zigzag,
reconstructed 5–7 and armchair edges [Fig. 3(a)] [23], the
formation energies of the carbon chains ("form) were cal-
culated (in referring to the graphene) and compared with
the edge formation energies of GNRs with the various edge
geometries [24,25]:

"form ¼ ½Echain=ribbon � N"graphene�=L; (1)

where Echain=ribbon and "graphene are, respectively, the total

energy of carbon chain or GNR and the energy per carbon
atom for the graphene, N is the number of carbon atoms in
the carbon chain or the GNR, and L is the length of the
carbon chain or the GNR edge. The calculated formation
energies of carbon chains and GNRs are plotted versus the
width of the GNR in Fig. 3(b). The dependence of the
formation energies on the GNR width agrees well with the

previous reports on GNRs [24,25]. The results suggest that
the edge atoms of a GNR should bear in relative high
energy states in comparison with other atoms of the
GNR. Therefore, the edge atoms especially the doubly
coordinated atoms should be knocked off from the GNR
under electron irradiation first, and the GNR is thinned
narrower by sputtering edge atoms row by row. When the
GNR becomes 2–3 atoms wide, edge atoms become domi-
nating and result in large structural transformations. We
found that the narrowest zigzag and 5–7 edge GNRs give
relative small formation energies of carbon chains by dis-
sociating into two isolated atom chains. For example, the
formation energy of a carbon atomic chain from a narrow

zigzag edge GNR is about 1:09 eV= �A, which is 0:13 eV= �A

lower than that of a thicker GNR (about 1:23 eV= �A). And

this process is assisted by additional 0:33 eV= �A in releas-
ing the strain of the carbon atomic chain [see Fig. 3(b)].
The frequently observed formation of double-chain

structures can now be understood as follows. Taking the
GNR with mainly zigzag edges as an example. This GNR
could be continuously thinned down to a serial of hexagons
which can be regarded as two interlinked zigzag carbon
chains. This structure has a formation energy of about

1:22 eV= �A which is higher than that of the carbon atomic

chain (0:76 eV= �A). Therefore, it would be reasonable for
this narrow GNR to become a double-chain structure by
separating its two zigzag edges. The same mechanism also
applies to other cases, such as armchair and reconstructed
GNRs. Such a transformation should be initiated by the
breakage of cross-linking bonds under the electron beam
irradiation, and assisted by the release of strain energy in
transforming from a carbon nanoribbon into 1D chain.
The stability of the various observed carbon chains can

also be understood from their optimized structures (see
Fig. S1 [18]). The average bond length of the carbon chains
(sp hybridization) is smaller than that of the GNR edge
(mainly sp2 hybridization), and the shorter bond length
leads more valence electrons distributed around bonds and
corroborate the bond strength. While the edge carbon
atoms of the GNR were easier to be sputtered through
the local bond breakages, the relatively higher stability of
the carbon chain may help it to sustain under the electron
beam irradiation. This might be a reason that the thinning

FIG. 3 (color online). (a) The opti-
mized geometries of GNRs (with differ-
ent types of edges) and carbon atomic
chains. (b) The formation energies of
different carbon atomic chains (strained
or relaxed) and their corresponding
GNRs were plotted versus their widths.
The unit for bond length is Å.

PRL 102, 205501 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending
22 MAY 2009

205501-3



process stops when the number of carbon atomic rows
becomes two or one. Also there should be a slight expan-
sion in the total length associated with the transformation
from the GNR edge to the carbon atomic chain, accom-
panied with an expansive strain on the chain

The DFT calculation results also explain the interesting
observation that a carbon chain tends to break at its ends
(contact with the graphene), instead in its middle. This is
mainly due to the difference in C-C bond length with sp
and sp2 hybridizations, which is clearly clarified by the
optimized geometrical configuration as shown in Fig. 4
(and Fig. S1 [18]). The C-C bonds at the ends connecting
the carbon chain and the graphene are slightly longer than
the others within the chain. Our further calculations found
that the bond breakage in the middle of the chain costs a
higher energy than that at its ends by �1:0 eV for all the
configurations examined, suggesting that the bonds at two
ends are less stable and relative easier to break.

The structural transformation from the GNR to the
carbon atomic chain would result in strain accumulating
along the chain. When a carbon chain breaks at its end, the
strain release can make the chain become longer which
possibly helps it to hop to a nearby edge site. This process
could account for the frequently observed ‘‘jump’’ phe-
nomena (Fig. 2). We then performed the CNEB calcula-
tions to examine the migration of carbon atomic chain
along the edge which may also occur in the experiment.
One of the possible migration pathways was shown in
Fig. S2 [18]. For a slightly strained chain (�3%) bridged
by two graphene monolayers, the energy barrier for the
migration to occur is about 0.58 eV. But the migration
would help releasing the strain and reducing the total
energy of the system.

To summarize, we have introduced a novel method to
prepare free-standing carbon atomic chains derived from
graphene through a well-controlled energetic electron ir-
radiation induced sputtering process. The formation ener-
gies, migration, and breakage behaviors of these chains
were also investigated by the DFT calculations. The
method reported here gives us a route towards the all-
carbon devices, and it would be very intriguing to explore
the electrical transport properties on such a system:
sp-hybridized carbon atomic chains as the conducing

channel, bridged by the sp2-hybridized graphene as the
leads.
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FIG. 4 (color online). Optimized geometries of a carbon chain
constrained by two GNRs with zigzag edges. The unit for bond
length is Å.
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