
general — whether it be the formation of
gems over geological timescales, the appear-
ance of salt crystals on your skin after a dip in
the ocean, or the growth of alum crystals in a
school science experiment — the atomic
processes that occur always follow the same
rules. Writing in Applied Physics Letters, Liu
et al.1 have now put in place the final piece in
our understanding of the rules that govern
how atoms move from one layer to another
as films or crystals grow.

Consider a marble rolling off a table. It
rolls over the edge, never pausing to ‘think’
that it might fall and break. Yet if we walk up
to the edge of a cliff, we instinctively slow
down, perhaps peer carefully over the edge,
and draw back. There is a ‘barrier’ that keeps
us from going forward. What would an atom
do in the analogous situation? 

The terrace-step-kink (TSK) model2,
developed by Burton, Cabrera and Frank in
the early 1950s, elegantly describes the atom-
ic-scale morphology of the surface of a crystal
(Fig. 1). When an atom lands on the surface,
it diffuses along the ‘terrace’ formed by that
film layer, trying to find the best place (from
the point of view of its free energy) to settle
— frequently a lower terrace. But an atom
coming to the edge of a terrace behaves like a
human on a cliff: it feels a barrier that pre-
vents it going over the edge. 

In 1966, Gert Ehrlich performed elegant
experiments3 using field–ion microscopy in
which he put a single atom on an atomic 
terrace and observed its motion. He saw that
atoms were preferentially reflected back at the
edges of a terrace. He explained this behaviour
in the following way. The atom on a terrace
has a certain number of nearest neighbours
(its coordination number) and the bonding
to these neighbours provides stability for that
atom. As it reaches the edge of a terrace, it
suddenly has fewer neighbours, and the
resulting decrease in the binding energy is
manifested as a barrier for diffusion over the
edge. Richard Schwoebel independently pro-
posed4 a similar model at the same time.

But for more than 20 years this idea lan-
guished — until the advent of the scanning
tunnelling microscope made it possible to
observe the atomic-scale morphology of
surfaces over mesoscopic regions, and pro-
vided vivid visual confirmation of the TSK
model (Fig. 1). Because film-growth studies
at the atomic level were now possible, the
effects of barriers to atom transport between
terraces in a growing crystal or film could be
directly observed. 

A reflective wall at the edge of a terrace,
which became known as the Ehrlich–
Schwoebel (ES) barrier, hinders the descent
of atoms to lower levels. This increases the
chance of nucleation and growth of a new
film layer on top of the terrace when more
atoms arrive from the deposition source. In
1991, Villain showed5 that an ES barrier
(which is a two-dimensional phenomenon)

creates an effective ‘uphill’ gradient, leading
to unstable growth and the creation of
roughness in the film — an undesirable fea-
ture. Thus the two-dimensional ES barrier
dictates the three-dimensional morphologi-
cal evolution of growing films.

But the concept of the ES barrier also
extends to other dimensions. As the figure
shows, a step separates one terrace from
another; a kink is the one-dimensional ana-
logue: a ‘step on a step’. We have pointed out6,7

that there should also be a one-dimensional
analogue to the phenomenon Villain
described — that an atom moving along a
step edge should feel a barrier preventing it
crossing this kink because of its reduced coor-
dination number. The ultimate kinks occur
at the corners of a two-dimensional crystal
(an ‘island’), where two step edges meet. An
atom diffusing along one edge feels a barrier
to crossing to the adjacent edge: this ‘corner-
crossing barrier’ can cause two-dimensional
islands (one-atomic-layer high) to develop
rough, or even fractal, shapes. This corner-
crossing barrier — in fact, a one-dimensional
ES barrier — can also induce growth instabil-
ity in the morphology of a three-dimensional
film8,9. Indeed, films may actually grow more
smoothly if this barrier is large.

If a number of identical terraces were
stacked on top of each other, the simple cor-
ner becomes a line or a ridge between two
crystal facets. Following on from their earlier
work10, Liu et al.1 propose that there is also a
three-dimensional ES barrier that influences
atom transport from one facet across this
edge to the adjacent facet. The authors point
out that the magnitude of the three-dimen-
sional ES barrier may be quite different from
that of the two-dimensional ES barrier; the
latter may, in fact, be zero but the three-
dimensional barrier can be quite high. 

Liu et al. also show that, for transitions
over a step edge between adjacent terraces,
the two-dimensional barrier becomes a
three-dimensional barrier as the height dif-
ference between the two terraces increases
(Fig. 1). For the specific example of alumini-
um, the transition from two-dimensional to
three-dimensional ES barrier is complete if
that height is four atomic layers or more1,10. 

So the picture is complete: the growth
morphology and shape of every crystal —
whether it is two-dimensional (a single-
atomic-layer-high island), ‘two-and-a-half-
dimensional’ (a nearly flat film with some
roughness) or three-dimensional (a small
nanocrystal) — is controlled by the magni-
tude of barriers felt by atoms as they approach
a ‘cliff ’ and decide whether they really do want
to step off the edge. A proper accounting for
these barriers in film growth will determine
the ultimate quality, reliability and stability of
films grown for a great variety of purposes. n
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100 YEARS AGO
Mr. Marconi’s Results in Day and Night
Wireless Telegraphy. Reading a brief account
of these results in the Times of June 14,
I perceive that Signor Marconi advances in
explanation of the greater distance at which
night signals were received, that the day
signalling is affected by diselectrification of
the transmitting elevated conductor. If — 
as I gather — Signor Marconi is referring to
his observations made at positions in the
Atlantic, west of England, the waves
travelling westwards, may not æther drift 
in the earth’s orbital path be concerned in
producing the effects observed? The 
waves advancing against the orbital æther
stream in the daytime, with it at night, 
might be supposed to give rise to conditions
analogous to those which affect the trans-
missibility of sound against or with a high
wind. It will assist if we assume a retarded
æther drift near the earth’s surface and 
free motion above. But still, the difficulty 
in the explanation resides in the very great
magnitude of the effects observed. I 
write merely by way of suggestion, and 
in very considerable ignorance of almost
every particular involved in this 
explanation. J. Joly
From Nature 26 June 1902.

50 YEARS AGO
In the last section of a recent paper, Dirac
discusses his formulæ with the following
words: “An important feature of the new
theory is that it involves only the ratio 
e/m, not e and m separately. This is what
one should expect in a purely classical
theory. The existence of e should be 
looked upon as a quantum effect, and it
should appear in a theory only after
quantization, and not be a property of
classical electrons”. If this point of view 
be accepted, some properties of electrons
which have always been regarded as
classical should be regarded as quantum
effects; for example, the scattering of long
electromagnetic radiation by free electrons.
… I am further convinced that it is futile 
to deal with the electron and its electro-
magnetic field separately, but that the fields
of all mesons together with the electro-
magnetic field should be simultaneously
considered. I have indicated a way of doing
this elsewhere, and though I am far from
thinking that this suggestion is right, I am
still convinced that the solution must be
sought in this direction. Max Born
From Nature 28 June 1952.
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