LETTERS TO NATURE

Plato proposed that, although real objects cannot have all the
properties of ideal geometrical objects, certain reflections of
ideality should still be present in real objects. Knotted polymeric
chains provide an interesting example of a relation between ideal
geometrical representations and real physical objects. O
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MELTING of three-dimensional solids usually starts at the free
surface, which typically melts at a lower temperature than the
bulk material’. In two dimensions the starting point of many
studies is the Kosterlitz—Thouless theory**, in which melting is
initiated through dislocation unbinding. Langmuir mono-
layers—single layers of amphiphilic molecules formed at the
air—water interface—should provide an ideal model for studying
melting in two dimensions. Here we show that for monolayer
crystals of fatty acids coexisting with their liquid phase, the
interior melts before the edges. The melting of crystals under
mechanical stress is initiated along the line at which the internal
stress vanishes. We suggest that this apparently counterintuitive
result arises from defect migration to the region of zero stress,
where they accumulate and nucleate melting. These results
support the idea that defects play a crucial role in melting of
two-dimensional systems.

We prepared two-dimensional crystals by compression of a
Langmuir film of pure NBD-stearic acid*™® (12-(N-methyl)-N-
((7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)octadecanoic acid). Rec-
tangular crystals (typically 40 x 1,000 um) nucleate and grow in
the two-dimensional liquid phase with which they are in equi-
librium. The crystallization transition is strongly first-order: the
area per molecule in the liquid phase is three times larger than in
the solid phase**. Moreover, the Young’s modulus E of these
crystals is 6 £2 times the value calculated at the dislocation
unbinding transition®. Melting of the crystals can be achieved by
two different thermodynamic processes (heating and decom-
pression) and by a photochemical process. In the latter process,
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illumination with blue light (which is strongly absorbed by the
crystals) shifts the solid/liquid phase boundary, leading to the
melting of the crystal. This occurs through a reversible photo-
chemical reaction with oxygen in the air leading to freezing-point
depression. The three processes lead to strictly analogous
behaviour, indicating a common mechanism for the initiation of
the melting. The melting starts either from the short sides of the
crystal or from the inside. The dynamics of melting are very slow
and the long sides of the crystal are very difficult to melt, leaving
two strips of crystal each 2um wide after the bulk has melted
completely (Fig. 1). For melting by a heating, a period of ~120 min
is necessary to melt the bulk for a temperature increase of 1°C
(30min for 4°C) above the equilibrium temperature. On this
timescale, the remaining strips melt only after an increase in
temperature of ~10 °C. Melting obtained by decreasing the sur-
face pressure (Fig. 1la, b) or by illumination (Fig. 1d) shows
identical behaviour. The 2 pm length scale is reproducible from
experiment to experiment and is independent of the width of the
crystal.

Two new boundaries can be created by breaking the two-
dimensional crystal into two pieces along a line roughly parallel
to the long sides (Fig. 2a). If these pieces of crystal are illuminated
just after their creation, the two newly created boundaries and the
bulk melt simultaneously. When illuminated more than 20 min-
utes after the breaking, the two new boundaries do not melt (Fig.
2b). During this waiting time, the width of the pieces of crystal is

FIG. 1 Fluorescence microscopy images of the NBD-stearic acid system at
solid-liquid phase coexistence. In the two-dimensional liquid phase the
fluorescence is quenched, whereas the solid domains fluoresce and
appear light against a dark background. a, Melting obtained by
decompression of the rectangular crystals; it starts from the two short
sides. In b, two strips (one along each long side) resist melting. ¢, Melting
obtained by heating; the image was taken 120 min after a temperature
increase of 1°C. d, Melting obtained by illumination. The melting occurs
everywhere inside the crystal while the strip along each long side does not
melt.
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FIG. 2 Breaking and subsequent melting of a two-dimensional crystal. a, A
small area within the crystal is illuminated until it melts. The increase of
surface area upon melting (due to the large difference in area per molecule
between the solid and the liquid phase) induces a crack approximately
parallel to the long sides of the crystal (because the mechanical properties
are anisotropic), creating two new boundaries. b, Melting by illumination of
the broken crystal 20 min after the breaking. The boundaries along the two
long sides of the crystal and the two newly created boundaries do not melt.
The bright spot is one of the glass fibres used to immobilize the crystal.

constant: the new strips that resist melting result from a change
with time of the crystal border. These observations suggest that
either the two strips are a different phase, due to a boundary
effect, or that the melting nucleates around defects that are
expelled from these strips. Order induced by surface effects has
been observed in three-dimensional liquid crystals’, but on length
scales much smaller than 2 um. The long-range dipolar forces that
exist in two-dimensional films could explain such long-range
effects in our case. However, looking at the polarization of the
fluorescence, no difference between the border and the volume
can be detected. Also, electron-diffraction experiments® repeat-
edly show only one diffraction pattern. Although the strips along
the borders were not specifically looked at in this last experiment,
the solid appears to be a single crystal.

The important role of the defects in the initiation of the melting
process is revealed by two observations. First, grain boundaries
melt much more quickly than the inside of a single crystal (after
respectively 5s and 1 min of illumination under the microscope;
Fig. 3a). As a grain boundary is an array of dislocations’, this result
indicates that the melting nucleates around defects. A second and
very striking observation is that melting by illumination of a two-
dimensional crystal under a bending stress (applied with three
glass fibres®) starts along the neutral line (Fig. 3b) where the stress
vanishes. From thermodynamics, one expects the contrary to
happen: as the stress is released by melting the crystal, the
nucleation of the liquid phase should be easier at the points of
maximum stress'. Surprisingly, melting along the neutral line is
also observed when the crystal is illuminated a short time after the
stress is relaxed: the crystal has a memory of the stress. However, if
we wait for a time 7, ~ 180s after the stress release, the crystal
melts as if the stress had never been applied. This suggest that
melting nucleates around defects that migrate very quickly
through the crystal with a diffusion coefficient D ~ d*/4z,,
where d is the width of the crystal. This yields D ~ 10~ cm?s ",
which may be compared with an estimate for dislocation glide
(D ~ 10~ cm?s™") or dislocation climb (D ~ 107" cm?s™") for
two-dimensional crystals’. In the stress field, the Peach—Koehler
force"  (f,(y) = ob) causes the dislocations to move
(b =15x10""m is the Burger vector and ¢ = Ey/R is the
stress at a distance y from the neutral line in a bent crystal with
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FIG. 3 Local melting by illumination of a crystal. a, Rapid melting of a grain
boundary between two crystals which were together before illumination. b,
Melting of a crystal under a bending stress. The melting appears along the
neutral line. The bright spot is the image of one of the glass fibres used to
bend the crystal. (Two glass fibres immobilize the long ends of the crystal,
while a third, mobile, fibre that is apparent on the image is used to apply a
force perpendicular to the long axis of the crystal, in its middle. See ref. 6
for details). This fibre has partially penetrated the crystal, inducing a local
crack in its vicinity.

radius of curvature R). Depending on their Burgers vector and on
the stress field under consideration, the dislocations are advected
either to the neutral line or to the crystal border. Under our
experimental conditions, the energy of the dislocations advected
to the neutral line [§ f,(u)du is large compared to the thermal
energy, kg7, fory 2 1 um; thus they are rapidly accumulated very
close to this line.

Our results imply that, in the absence of external stress, defects
must be removed from the crystal edges. This is consistent with
fracture experiments on this system'?, in which a delay before
breaking was attributed to the spontaneous nucleation of cracks,
suggesting that there are no defects at the boundaries. Near the
boundary, dislocations interact attractively with their image dis-
locations (which express mathematically the interaction with the
boundary) and so can be removed from the boundary region.
However, the large value of E opposes this interaction. Conse-
quently, the large length scale of 2 um remains a puzzle.

Experiments on melting in three dimensions reveal that super-
heating of a solid is possible, provided that the liquid phase does
not completely wet the solid—gas interface: there is an energy cost
for creating the liquid phase bounded by two new interfaces. The
main difference from our experiment is that the two-dimensional
solid already coexists with its liquid phase. Consequently, line
tension effects should not be important for the ‘surface melting’ of
the two-dimensional crystal, as no new line interfaces are created.
Together with the observed slowness of the melting of two-
dimensional crystals of NBD-stearic acid (but also found for
other compounds giving very rigid two-dimensional crystals),
this implies a large energetic barrier for the formation of the
liquid phase. O
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SINCE the invention of the scanning tunnelling microscope’, the
value of establishing a physical connection between the macro-
scopic world and individual nanometre-scale objects has become
increasingly evident, both for probing these objects’™ and for
direct manipulation®” and fabrication®® at the nanometre scale.
While good progress has been made in controlling the position of
the macroscopic probe of such devices to sub-angstrom accuracy,
and in designing sensitive detection schemes, less has been done
to improve the probe tip itself’. Ideally the tip should be as
precisely defined as the object under investigation, and should
maintain its integrity after repeated use not only in high vacuum
but also in air and water. The best tips currently used for
scanning probe microscopy do sometimes achieve sub-nanometre
resolution, but they seldom survive a ‘tip crash’ with the surface,
and it is rarely clear what the atomic configuration of the tip is
during imaging. Here we show that carbon nanotubes'"'? might
constitute well defined tips for scanning probe microscopy. We
have attached individual nanotubes several micrometres in
length to the silicon cantilevers of conventional atomic force
microscopes. Because of their flexibility, the tips are resistant
to damage from tip crashes, while their slenderness permits
imaging of sharp recesses in surface topography. We have also
been able to exploit the electrical conductivity of nanotubes by
using them for scanning tunnelling microscopy.

Multiwalled nanotubes (MWNTSs) were prepared in the opti-
mized direct-current carbon arc apparatus reported previously”.
To use a nanotube as a robust probe we bonded it to the side of the
tip of a conventional silicon cantilever using a soft acrylic adhesive
1-10nm thick (Fig. 1). This permits the nanotube to bend away
from its connection whenever the tip is inadvertently ‘crashed’
into a hard surface, and then to snap back to its original straight
position when the tip is withdrawn. Effectively the nanotube is
then ‘spring loaded’ much like the side-view mirror of a car.

When used in tapping-mode scanning force microscopy, SFM
(where the change in amplitude of an oscillating cantilever driven
near its resonant frequency is monitored as the tip taps the
surface; the sharp frequency response of high-quality cantilevers
make this technique exquisitely sensitive), a carbon nanotube tip
such as that shown in Fig. 1 has the unusual advantage that it is
both stiff and gentle. It is stiff because there is no bending of the
nanotube at all when it encounters a surface at near-normal
incidence until the Euler buckling force, Fry; gy is exceeded:

Fpyier = TEZYI/LZ (1)

where Y is the Young’s modulus, / is the stress moment over the
cross-section of the nanotube of radius r (I ~ m*/4) and L is the
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FIG. 1 Single nanotube attached to the pyramidal tip of a silicon cantilever
for scanning force microscopy (SFM). The nanotube was attached by first
coating the bottom 1-2 pm section of the silicon tip with an acrylic adhesive
(by sticking it slightly into an adhesive-coated carbon tape (Electron
Microscopy Services, Fort Washington, PA)), and then bringing this tip
into contact with the side of a bundle of 5-10 multiwalled carbon
nanotubes (MWNTs) while under direct view of an optical microscope
using dark-field illumination. Once attached, the nanotube bundle was
pulled free from its connections with other nanotubes, leaving a single 5-
nm-diameter MWNT extending alone for the final 250nm. (The most
common MWNT diameter obtained at the tip is 5-20 nm, and lengths of
single MWNT up to 1 um are capable of good imaging.) Higher-resolution
transmission electron microscopy (TEM) images of this tube showed it to be
closed at the tip, as is typical for most MWNTSs produced by this arc method
(without oxidative etching). a, b, Scanning electron microscope (SEM)
images showing the MWNT bundle attached to the steeper slope of the
back side of the silicon pyramid. This attachment ensured that the individual
MWNT extending out the end of the bundle, as seen in the TEM image c,
would approach the surface to be imaged within a few degrees of vertical.
Although the adhesive bonding is restricted to within 1-2 um of the apex,
the MWNT bundle continues 5-10 um further along the side of the pyramid
in van der Waals contact. If the pyramid itself is pre-coated with a layer of
conductive metal, this method produces a good electrical contact to the
MWNT bundle and thereby to the single MWNT probe tip at the end?®. This
attachment method is simple and reliable once the requisite microscope
and micro-manipulators are set up. With good-quality MWNT material,
mounted probes similar to that shown can be obtained after a few tries. Itis
useful to have ready access to an electron microscope with a specially-
adapted specimen holder to view the cantilever after the MWNT bundle has
been attached to see whether the final MWNT at the tip is of the length and
diameter desired; after some experience, however, one can simply try
imaging with the tips and electro-shortening if necessary. Scale bar in c,
20nm.
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