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way of generating atomically well-defined edges
that make graphene-based electronics possible.
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Graphene at the Edge:
Stability and Dynamics
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Although the physics of materials at surfaces and edges has been extensively studied, the
movement of individual atoms at an isolated edge has not been directly observed in real time. With
a transmission electron aberration—corrected microscope capable of simultaneous atomic spatial
resolution and 1-second temporal resolution, we produced movies of the dynamics of carbon atoms
at the edge of a hole in a suspended, single atomic layer of graphene. The rearrangement of bonds
and beam-induced ejection of carbon atoms are recorded as the hole grows. We investigated the
mechanism of edge reconstruction and demonstrated the stability of the “zigzag” edge
configuration. This study of an ideal low-dimensional interface, a hole in graphene, exhibits the

complex behavior of atoms at a boundary.

raphene, a single atomic layer of carbon

atoms bonded in a hexagonal lattice, is

one of few materials that are stable in
two dimensions (/) and free-standing when sus-
pended (2). This unexpected stability (3), combined
with its exotic band structure and other unusual
physical properties (4), has led to a considerable
amount of experimental research (5—17). Of the
many theoretical studies of graphene, a substan-
tial portion are devoted to the physics of graphene
edges, whose structure in narrow graphene ribbons
is predicted to have a major impact on their elec-
tronic properties (12, 13). Experimental studies of
the graphene edge have lagged behind, mainly due
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to the difficulty of atomically resolving and char-
acterizing the boundaries of graphene sheets, but
would give insight into the one-dimensional (1D)
interface of a purely 2D structure.

The traditional method of obtaining atomic
resolution on surfaces and edges is scanning tun-
neling microscopy (STM) or atomic force micros-
copy (AFM). Although there are several atomically
resolved AFM/STM studies of graphene (/4-16),
as well as studies of step edges in graphite (17),
there are several problems in observing dynamics
of the edge atoms with scanning probe techniques.
First, typical scan speeds are on the order of mi-
nutes to hours, which may be too slow to capture
the movement of atoms. Second, the highest res-
olution and stability is obtained at cryogenic tem-
perature, where the dynamics may be frozen out.
Finally, the sample is usually on a substrate, which
can strongly influence the behavior of atoms both
in the bulk and at the edge. To observe dynamics
on a time scale of seconds, the only alternative to

scanning probe microscopes with comparable
spatial resolution is the transmission electron mi-
croscope (TEM). Indeed, the dynamics of atom
columns composed of heavy atoms were observed
in this manner (/8).

Traditional TEMs lack the necessary resolu-
tion at the low operating voltages required to
avoid immediate sample damage. Previous 100
to 200 kV TEM studies of few-layer graphitic
materials showed that some microscopes have
difficulty resolving the lattice and are not capable
of atomically resolving edges (/9-27), making
image interpretation ambiguous. By using the
Transmission Electron Aberration-corrected Mi-
croscope monochromated (TEAM 0.5) (22), ca-
pable of sub-Angstrom resolution even at 80 kV,
we imaged every carbon atom in the lattice of
suspended single-layer graphene (23). We em-
ployed the same microscope to record the dy-
namics of carbon atoms on the edge of a hole in
a graphene sheet. The sample was prepared as
described previously (24), and details of the mi-
croscope configuration can be found in (23). The
entire experiment was conducted in the high-
vacuum environment (<10~ mbar) of the micro-
scope chamber.

Movie S1 shows the evolution of the hole within
a suspended graphene sheet. Each frame averages
1 s of exposure, and the frames themselves are 4 s
apart. The carbon atoms are shown as white because
the spherical aberration was chosen to be negative
(25). The spatial sampling is 26 = 4 pm/pixel,
determined by fitting for the measured atomic po-
sitions and using the known atomic spacing of
1.42 A. Figure 1A shows the first frame of the
sequence. The hole, initially formed through pro-
longed irradiation by the electron beam, is clearly
visible near the center of the frame and is sur-
rounded by the hexagonal carbon lattice. The struc-
tures lining the boundary of the frame are adsorbates
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