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the contact width, and L is the nanotube length. These quantities are
dif®cult to measure independently and calculations are modeldependent. As a guide, we apply a JKR model for the contact of
cylinders25 and ®nd a contact width of 3 nm for a tube radius of
13.5 nm. Our measurements of 0.006 N m-1 for the friction force per
unit length is then consistent with a shear stress of 2 3 106 Pa. This
can be compared with a value of 5 3 106 Pa, as inferred from AFM
tip/graphite measurements16. To compare rolling and sliding in a
single tube, we can calculate the force (4 nN for L  590 nm) and
that would be needed to slide tube B, which in fact rolls. Finally, we
note that the area under the lateral force trace is a direct measure of
energy loss in rolling. For tube B, we measure an energy loss of
8 6 3 3 10 2 16 J per revolution. The sliding energy loss expected
for this distance (85 nm) can be calculated using the frictional force
of 4 nN, yielding 3 3 10 2 16 J.
When we compare our lateral force measurements for sliding and
rolling cases, we ®nd that the stick peaks in rolling are higher than
the lateral force needed to sustain sliding, and that the energy cost
for rolling is larger than that of the sliding cases. Why should the
nanotubes roll? We speculate that, owing to the size and surface
features of the rolling nanotubes, a stick peak for sliding in side-on
pushing might exist that is larger than the threshold for rolling.
Atomic-scale substrate interactions may also play a roll as we
have observed this characteristic rolling only on graphite. Rolling
behaviour has been accompanied by a preferential, threefold, inplane orientation that indicates intimate nanotube/graphite contact, and perhaps lattice registry. Rolling may occur only when both
the nanotube and the underlying graphite have long-range order. In
these cases that there may be a barrier for sliding which is larger than
that for rolling and may preclude the direct measurement of sliding
friction7.
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The spontaneous formation of organized surface structures at
nanometre scales1,2 has the potential to augment or surpass
standard materials patterning technologies. Many observations
of self-organization of nanoscale clusters at surfaces have been
reported1±10, but the fundamental mechanisms underlying such
behaviourÐand in particular, the nature of the forces leading to
and stabilizing self-organizationÐare not well understood. The
forces between the many-atom units in these structures, with
characteristic dimensions of one to tens of nanometres, must
extend far beyond the range of typical interatomic interactions.
One commonly accepted source of such mesoscale forces is the
stress ®eld in the substrate around each unit1,11±13. This, however,
has not been con®rmed, nor have such interactions been measured
directly. Here we identify and measure the ordering forces in a
nearly perfect triangular lattice of nanometre-sized vacancy
islands that forms when a single monolayer of silver on the
ruthenium (0001) surface is exposed to sulphur at room temperature. By using time-resolved scanning tunnelling microscopy to
monitor the thermal ¯uctuations of the centres of mass of the
vacancy islands around their ®nal positions in the self-organized
lattice, we obtain the elastic constants of the lattice and show that
the weak forces responsible for its stability can be quanti®ed. Our
results are consistent with general theories of strain-mediated
interactions between surface defects in strained ®lms.
We began by depositing slightly less than one monolayer (ML) of
Ag at room temperature on a clean Ru(0001) surface prepared in
ultrahigh vacuum. A Ag ®lm forms that is highly strained as a result
of the ,7% lattice mismatch between Ag and Ru. A ¯ash anneal to
750 K, to obtain an equilibrium Ag ®lm, one single layer high,
invariably produces an ordered pattern in the ®lm (unit cell
Ê consisting of a near-square array of threading
,40 3 60 A)
dislocations14,15. Subsequent exposure of this strained layer to
sulphur, at room temperature, triggers strikingly complex behaviour
in the Ag ®lm, as sulphur displaces Ag atoms. Here we describe two
main regimes distinguished by the sulphur coverage, vS.
For low vS , 0:05 ML, scanning tunnelling microscopy (STM)
images show far-separated two-dimensional vacancy islands of
highly regular size, about 34 6 11 AÊ diameter (Fig. 1a, b). Sulphur
is found coating exposed Ru regions, including the inside of the
islands where it forms ordered two-dimensional clusters (Fig. 1b
inset). This is not surprising because the interaction of sulphur with
Ru is considerably stronger than that with Ag, and it certainly
reduces the energy cost of exposing the Ru(0001) surface by
decreasing its surface energy.
The isolated vacancy islands are extremely mobile (Fig. 1a, b),
signi®cantly more so than has been reported for vacancy islands of
similar size on clean metal (111) surfaces16,17. Islands diffuse perhaps
by atoms diffusing along the edges of islands, although other
mechanisms involving a ¯ow of atoms across an island, or exchange
of edge atoms with the sulphur and Ag adatom gas, could also be
signi®cant. We measured island hop rates of several hundreds of
² Permanent address: Brookhaven National Laboratory, Upton, New York 11973, USA
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aÊngstroÈms per minute, at room temperature, each hop averaging
50 AÊ between positions seemingly related to the network of dislocations in the original Ag ®lm. This high island mobility suggests that
these structures are equilibrated.
As we monitor this dilute `gas' of islands with the STM, we often
observe random formation and dissociation of small collections of
islands, with island±island separations of ,50 AÊ (Fig. 1a, b). Strong
short-range repulsions between islands seem to prevent them from
coming closer to one another and coalescing. The effect of these

repulsions becomes increasingly dramatic as we add more sulphur,
and the density of vacancy islands, as well as the density and size of
self-assembled clusters of islands, increase. Near 0.1 ML of sulphur,
a stable, nearly-perfect, triangular lattice of vacancy islands forms,
with island±island separations of ,53 AÊ, extending over each of the
micrometre-wide Ru terraces (Fig. 1c). The distribution of island
diameters in the lattice is also impressively narrow (64 AÊ), peaked
at 24 AÊ. Annealing to temperatures below the desorption temperature of the Ag produces no apparent changes in the lattice.
A large series of consecutive STM images reveals that the islands
¯uctuate about their ®nal positions in the lattice, probably by the
same mechanisms of island diffusion that were apparent in the lowisland-density regime. This island motion is illustrated by the image
overlay of Fig. 2a. Quantitative analysis of these ¯uctuations allows
direct assessment of the strength of the interactions between islands,
as we show next. We note that the individual island areas also
¯uctuate in time, perhaps via exchange of Ag edge atoms between
neighbouring islands or with the adatom gas. However, we did not
observe any consistent correlation between ¯uctuations in the island
areas and those in the island positions, not even for nearest-neighbour
islands. The relative amplitude of the ¯uctuations in the island
positions is also signi®cantly larger than that of the areas.
For analysis of the lattice ¯uctuations, we then followed the
displacement, u, of the centre of mass (CM) of each island in a
450 3 450 AÊ array (,80 islands) with time-resolved STM, recording images of the same area at intervals of 10±20 s for nearly 4 hours.
We de®ne u r0 ; t  r t 2 r0 , where r(t) is the position of the CM at
time t of the vacancy island at the equilibrium CM position r0. The
typical range of values for the components of u, obtained by
marking the CM trajectories over the complete data set, is shown
for one island in Fig. 2b. The motion of individual islands is
correlated, re¯ecting interactions between neighbouring islands.
Figure 2c shows clearly that u-values are positively correlated for
neighbouring islands (`in phase' displacements being more likely, as
expected for repulsive island±island interactions). This correlation
decays rapidly with island±island separation.
As the measured amplitude of the island ¯uctuations is small, we
expect them to be well described as vibrations in a harmonic crystal.
(Strictly speaking, here there is no analogue of the inertia in a
crystalline solid, as the motion of the islands is purely diffusive.) In
this case, each component of the Fourier-transformed CM displacements is expected to ¯uctuate independently, while satisfying
equipartion of energy. This allows a rigorous connection between
the amplitude of the ¯uctuations and the elastic constants of the 2D
island crystal18,19. We focus on the long-wavelength behaviour of
the expectation value of the steady-state pair correlation
function, de®ned as Gij q  1=AÃui qÃuj 2 q, between components i and j of the Fourier-transformed displacements,
uÃ q  ed2 r0 u r0  exp iq×r0 . Here, A is the analysed area. The
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STM image acquisition.) Inside the island is a cluster of sulphur atoms. Diffusing
single vacancies are often observed in such clusters, disappearing at the island
edge within minutes. We note how the motion of the island edges is so rapid
(compared to the rate of STM image acquisition) that they have a `blurred'
Ê STM image of the vacancy island crystal (here,
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components i and j of uÃ q can equivalently be distinguished as
components which are longitudinal (l) or transverse (t) to q. For
small, non-zero q  jqj, equipartition of energy amongst the
independent modes then gives18,19 Gtt q  kB T= q2 m and
Gll q  kB T= q2 m 3 1 2 l  m= l  2m, where T is the temperature, kB is the Boltzmann constant, and l and m are the elastic
LameÂ coef®cients of the 2D lattice which govern changes in the
elastic energy density. (The bulk modulus is l  m; the shear
modulus is m.) Thus, estimates of l and m can be obtained by
analysing either the slopes of Gtt and Gll versus l/q2, or the actual
values of Gtt and Gll at some (small) q.
For a `perfectly' ordered 6 3 6 vacancy island cell, Fig. 3 shows
that the amplitude of Gll decreases rapidly with q, qualitatively as
predicted. From these and similar data for Gtt, we measured average
values of Gll < 3 6 1 nm4 and Gll < 4 6 2 nm4 , for the smallest
non-zero q  4p= 10Î3b < 0:14 nm 2 1 . Thus, from the relations
above, we estimate l < m < 0:02±0:04 N m 2 1 . The uncertainty
re¯ects observed variation in the values obtained at different q.
These results are consistent with values obtained from the width of
the gaussian distribution of mean square displacements, or from
analysis of the shape and skewness of the distribution of displacement correlations for nearest-neighbour islands in Fig. 2c (K.P. et
al., manuscript in preparation).
In order to use the above analysis to elucidate the origin of the
forces that stabilize the island vacancy lattice, one must consider two
competing contributions. One is from the line tension, gb, which
re¯ects the cost of creating island edges, where atoms have reduced
coordination. This contribution favours the formation of a few
large islands. For Ag(111), gb < 0:1 eV AÊ 2 1 (ref. 20). To counter this
tendency, there are elastic forces between the edges of neighbouring
islands. These forces come from the elastic deformations of atomic
positions around the edges of islands, which arise in response to the
strain in the ®lm. (Ag has a larger lattice constant than Ru, so a slight
outward expansion at the island edges is expected.) The interference
between these deformations leads to an interaction that is inversely
proportional to the distance between pairs of island edges12. The
proportionality constant is an energy per unit length, gd, which
characterizes the interaction strength. The sign of this interaction
depends on the cosine of the angle between pairs of edges so that
neighbouring edges of adjacent islands (that are of opposite
orientation) lead to a repulsive force, while edges of the same
orientation from adjacent islands are attractive (weaker entropic
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Figure 3 Analysis of correlations in the thermal displacements of neighbouring
islands. The time dependence of the longitudinal pair correlation function Gll(q) is
shown for q < 0:14 nm 2 1 and 0.41 nm-1, over 200 STM frames (,1 h). No apparent
correlations in Gll(q), or Gtt(q), for different q values were observed. The average
values of Gll are 3 nm4 and 0.7 nm4 (with larger uncertainty in the latter), for
q < 0:14 nm 2 1 and 0.41 nm-1, respectively.
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and elastic dipole repulsions being neglected)13. The net contribution
to the elastic energy, relative to that of a uniform ®lm, is negative,
favouring spontaneous island formation1,11,12. It is gd that we want to
measure here. We note that the form of the elastic hamiltonian11,12
assumes that the Ru substrate deforms in reaction to the elastic
relaxations near the island edges: such deformation of the Ru substrate
by strain in the Ag ®lm is consistent with the results in ref. 15.
The complete phase diagram for this model has been analysed12,
providing some context in which to interpret our results. In
particular, the model predicts the existence of a critical fraction,
f c < 0:29, of the surface covered with islands, such that, for f ( f c,
the lowest-energy structure is a triangular lattice of near-circular
vacancy islands of narrowly distributed radius, R, and repeat
distance, b (but other lattice symmetries can be imposed by the
substrate10). These predictions are in qualitative agreement with our
observations in Fig. 1. There is some disagreement on the predicted
versus observed values of R and b, and their dependence on f, but
this is not surprising for a model which overlooks details of the
reaction with sulphur, the subsequent displacement of Ag atoms, or
the potential role of the dislocation network in the Ag ®lm. For
higher f, other ordered structures are predicted to form11,12, but to
test the formation of such structures, and related details of the phase
diagram, tailored experimental studies are required (K.P. et al.,
manuscript in preparation).
To estimate the value of gd, we used a connection to the elastic
constants, l and m. If the energy increase due to an isotropic
expansion of the lattice unit cell (at constant f) is stored as elastic
energy, then one ®nds gd  31=2 l  mb2 = pR (K.P. et al., manuscript in preparation). For our estimates of l and m, this relation
gives gd < 0:15±0:3 eV AÊ 2 1 , using the measured b < 53 AÊ and
Ê To assess the feasibility of the elastic forces as the root
R < 12 A.
of stable self-organized behaviour, it is also useful to relate gd
directly to the stress ®eld around the islands. Continuum elasticity
considerations13 obtain gd < 1 2 nj2 = 2pe, where n and e are
the Poisson ratio and bulk modulus of the substrate, respectively,
and j is the difference in the surface stress between Ag and Ru
regions. Assuming nRu < 0:5 and eRu < 1010 N m 2 2 , the estimate of
gd above implies j < 0:3±0:5 eV AÊ 2 2 . This is within the range of j
values reported for unreconstructed metal(111) surfaces13, providing con®dence in our central estimate of gd.
The S/Ag/Ru(0001) lattice of vacancy islands is unlikely to be
unique: small changes in the type of adsorbate or host ®lm will
probably produce new lattices with different parameters (R, b, l, m
and so on). A possible application of vacancy island lattices is their use
as templates for pre-patterning new nanostructures10, thus allowing
properties which are unique to these length scales to be controlled.
This relies on the detailed characterization, as reported here, of the
forces responsible for the existence of such templates.
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The transfer of protons involved in hydrogen bonding is fundamental to many chemical and biological processes. Quantum
tunnelling can play an important role in this process1,2. It manifests itself in strong isotope effects3,4 and has been observed
directly in the solid state5. The tunnelling behaviour seen in
such studies usually displays the characteristics of a particle
con®ned in a double-well potential. But proton tunnelling can
also occur in a coordinated fashion that involves many hydrogen
bonds simultaneously. Such a process may signi®cantly affect the

properties of linear and circular networks of hydrogen bonds,
which occur in ice and in macromolecules containing hydroxyl
groups6,7. Here we report the direct observation by NMR relaxometry of coordinated proton tunnelling in a cyclic array of four
hydrogen bonds in solid p-tert-butyl calix[4]arene at low temperature. We are able to quantify the parameters that describe this
phenomenon and ®nd good agreement with theoretical predictions for phonon-assisted tunnelling8.
Calix[n]arenes are bowl-shaped synthetic macrocycles with
ordered arrays of hydrogen-bonded phenol-methylene oligomers9.
The number of the phenolic units can vary from n  3 to n  14,
and different substituents can be attached to the aromatic ring in
the para position and at the phenolic oxygen. The p-tert-butyl
calix[4]arene molecule possesses four-fold symmetry and assumes a
shape (shown in Fig. 1a) that is maintained by a cyclic array of four
hydrogen bonds10.
NMR relaxometry is a well-established experimental technique
for the study of molecular dynamics. The molecular motion
modulates the nuclear magnetic interactions in which the nucleus
participates, and hence drives the transitions that mediate the
establishment of equilibrium amongst the nuclear spin energy
levels. Therefore, information on the rates and frequencies that
characterize the molecular motion is encoded within the nuclear
spin relaxation properties.
In the system studied here, the modulation of the nuclear dipole±
dipole interactions dominates the proton spin relaxation. In the
case where the dynamics are stochastic, the time correlation function for the proton position is an exponential decay, and its Fourier
transform, which determines the spin±lattice relaxation rate T 12 1 q,
has lorentzian form in the frequency domain. As single-spin and
double-spin ¯ip transitions are possible, T 12 1 samples the motional
spectrum at one and two times the proton Larmor frequency, qL.
Measurements of T 12 1 as a function of an external magnetic ®eld,
B, will therefore give a direct measurement of the spectral density
function because q  gB (where the magnetogyric ratio g 
2:675 3 108 s 2 1 T 2 1 ). In the case where the molecular system
interchanges between two tautomeric con®gurations, labelled a
and b, then for a powdered material11
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symmetry axis, is shown in a. The oxygen atoms participating in the cyclic hydrogen

the proton dipolar interactions are de®ned in c, where the hydrogen atoms are

bond array are shaded. The interconversion between the two tautomers

indicated by open circles for tautomer a, and ®lled circles for tautomer b.
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