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Dynamic events on the surfaces and in the bulk of small metal particles have been
recorded with a low light level TV camera mounted on a high-resolution transmission
electron microscope (HRTEM) with the structural resolution of 0.16 nm. The
dynamic structure of small metal crystals, in this case Au and Ag, can be classified
under three headings: rearrangements of the total crystal structure; “clouds” of atoms
existing outside surfaces, involved in growth and rearrangements of the surface
structure; and localized atom hopping during crystal growth. Experimental images of
five-fold particles are compared to simulated ones of two different models with

five-fold symmetry.

Dedicated to Professor Sten Andersson on the occasion of his 60th birthday.

The atomic structure of clusters, including those with a few
tens up to many thousands of atoms, is of great importance,
since their physical and chemical properties are strongly
dependent on the atomic arrangements. The stability with
respect to time and to reactions in different environments is
also of great interest. Even if the basic studies of cluster
structures are still in their initial stages, their practical use is
already important in the areas of catalysis, metal deposition
and metal powder techniques. Future developments in, for
example, laser techniques and magnetic discs may benefit
from their special electrical, magnetic and optical
properties.

As a consequence of technical improvements, high-reso-
lution transmission electron microscopes (HRTEMs) are
nowadays capable of atomic imaging. The use of low-light
TV cameras, together with modern videorecording tech-
niques, has made it possible to study dynamic events in
small metal particles with diameters of one to several tens
of nanometres. Under circumstances where the particles
are thin enough (for most particles this is the case at the
edges), and provided the surface is devoid of impurities,
the HRTEM image shows the crystal surface profile struc-
ture. If the microscope is capable of atomic resolution, this
profile reveals the projected arrangement of atomic co-
lumns along the surface, so-called surface profile images.

Evaporated small gold clusters, down to 50 A in size,
have previously been studied by TEM, and images reveal-
ing planar defects and twinning were published by Ino.!
The atomic structure of clusters viewed along [110] was not
resolved until Cosslet ef al.? imaged gold particles showing
atomic columns using a 600 kV HREM. The same in-
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strument was used for recording the first surface profile
images of gold atomic columns.® The total structural re-
arrangement of small gold clusters was discovered by
Bovin,* and with use of a low-light TV system, including
TV rate image processing, it was possible to record crystal
growth and atomic structure changes in real time.’ The
dynamic behaviour of small metal clusters was verified later
by lijima and Ichihashi® and high-vacuum studies by
HREM have shown that the structural rearrangements are
dependent on temperature.”

A serious problem when studying small clusters is their
instability when transferred in air to the microscope co-
lumn. The last decade of developments by Schmid et al.*'
in preparing air-stable clusters in solution have solved that
problem in some cases. These so-called Schmid clusters of
transition and noble metals with stabilising organic ligands
are useful for HRTEM, since the electron beam will desorb
the ligands into the microscope vacuum and a “clean”
metal surface can be profile imaged.

Experimental

The metal clusters used in this investigation originate from
the cluster molecule’ Auss(PPh,),,Cls and from a stabilised
silver particle sample. The organic ligands and the chlorine
atoms are evaporated from the metal core of the cluster
when irradiated by an electron beam flux of (10-25)x10°
electron A=2s™'. The metal clusters left are randomly ori-
ented on the amorphous carbon support and are best
imaged sitting on the edge of the holes of the support.
The HRTEM work was performed with a JEM-4000EX
instrument equipped with a high-resolution pole piece
(C,=1 mm) operated at 400 kV. The vacuum in the speci-
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men chamber is at best 5x107° Pa. The structural resolu-
tion was determined by optical diffraction of a micrograph
of amorphous carbon to be 0.16 nm from the first zero of
the contrast transfer function at Scherzer focus. A TV-
system, Gatan 622, is connected by optical fibres to the
bottom of the microscope viewing chamber. Video-rate
image processing for noise reduction, contrast enhance-
ments and frame grabbing was performed with a digital
video processor, Quantex DS-30. Image simulations, using
the microscope optical parameters, were computed with an
updated local version of the SHRLI programs.'!

Results and discussion

Dynamics of small crystals, such as Au, Ru, Pt, Pd, Rh, Ag
and Pb, can be classified under three headings: rearrange-
ments of the total crystal structure; “clouds” of atoms exist-
ing outside surfaces, involved in growth and rearrange-
ments of the surface structure; and localized atom hopping
during crystal growth. Differences in behaviour depend on
the element involved, particle size, method of preparation,
substrate, degree of contact with the support and the beam
current density.

Rearrangements of the total crystal structure. The occur-
rence of rapid structural rearrangements is one of the most
captivating properties of small metal clusters. It has been
found in, for example, Au,>® Pt,"” Rh,"” Ru," and Ag."
The general tendencies are that the smaller the clusters are,
the faster the structural transformations will occur. The
smaller the contact area with the support is, the faster the
structure will change. Most observations’* so far indicate a
temperature dependence of all structural transformations.

It has been shown'* that during an observation at high
constant beam flux (25x 10* electron A% s7') a metal clus-
ter can change the total structure from hexagonal close
packing (h.c.p.) to face-centred cubic close packing
(c.c.p.), next to body-centred cubic packing (b.c.c.), and
finally to the fourth well known packing of small metal
clusters, so-called icosahedral packing of atoms. In this
case there is no doubt that the cluster is changing its total
structure. During the observation of dynamic events in
metal clusters, the clusters sometimes show no structural
periodicity. This can be explained in three ways. Either the
crystal is transformed so fast that one TV frame (1/25 s)
will average diffuse information from several structures, or
the cluster is rotating fast on the support. The third possi-
bility is the occurrence of a molten phase of the cluster. At
a moderate beam intensity the temperature is raised® less
than 100°C, meaning that the molten stage would only
occur at very high beam intensities or if the whole stage
were heated from the outside. The presence of different
structure types in the same particles during observations
with constant beam flux indicates a very narrow range of
energy levels of stability for the different structure types.
This has been postulated from theoretical calculations by
Ajayan and Marks." It is well known that small impurities
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on a surface will strongly effect the surface diffusion, and
because small clusters are greatly dominated by surface
atoms, the residual gas molecules in the microscope may
effect the rate of transformation. Further experiments
with controlled leakage of a known gas into the specimen
chamber are necessary.

Rotation of the cluster on the support is commonly ob-
served, and this is illustrated in the video images recorded
of the three different projections of the same icosahedral
gold cluster in Fig. 1. The first image captured, Fig. 1(a),
shows the cluster close to the five-fold direction, and the
second image, Fig. 1(b), recorded a few seconds later,
reveals the three-fold symmetry; later the two-fold
symmetry can be seen [Fig. 1(c)].

To establish exactly the atomic structure of the
icosahedral small clusters from HREM is a difficult task.

Fig. 1. Single-frame video tape HRTEM images of a small gold
cluster rotating on an amorphous carbon support. The cluster is
ca. 2 nm in diameter with around 400 atoms. The icosahedral
structure is imaged with near five-fold symmetry in (a) and with
three-fold symmetry in (b). The typical two-fold symmetry can
be seen in (c).




Fig. 2. Experimental image of a gold particle showing five-fold
symmetry (a) compared to two simulated models (b and c).
Model (b) is an icosahedron (309 atoms) viewed along the
five-fold direction, and model (c) is a building block taken from a
structural model of a quasi-crystal (slightly smaller than the
icosahedron). The simulations are made under optimum
conditions with the electro-optical parameters of the JEM
4000EX used and with an underfocus of —76 nm. Both

models were placed in a super-cell with the dimensions

4 nmx4 nmx2.3 nm and were viewed along the short axis. The
simulations were made with a sampling array of 128x128
points. The comparison shows that even under optimum
conditions it would be difficult to link the experimental image to
either of the two models.

Preliminary image simulations computed with the SHRLI
programs using the icosahedral model of packing atoms
and, in comparison, a model with five-fold conformal
symmetry taken from a structural model of a quasicrystal,”
show that it will be complicated to distinguish between
these two models even under optimum conditions (Fig. 2).

STRUCTURE IMAGES OF METAL PARTICLES

Fig. 3. An example of a (111) twin plane (arrowed) found in a
metal particle. This image is from a silver particle viewed along
the [110] direction.

It should also be taken into account that the images of
five-fold particles are very sensitive to the orientation of
the particle.

The concept of chemical twinning'" has played an im-
portant role in the understanding of structural relations and
defects. The geometrical relationships in (111);.. twinning,
for example, have been known for a long time.* These
features are common in small metal particles (Fig. 3).
Local transformations often occur in small clusters; (111)
twin planes are common in c.c.p. clusters and they can
disappear on going from one TV frame to another (cf.
Fig. 4). The presence of (111) twin planes does not alter
the packing efficiency of the crystal, but merely introduces
one unit cell of h.c.p. If the twin planes are introduced with
an alternating regular repeat the crystal will change from
c.c.p. to h.c.p., and clusters of half c.c.p. and half h.c.p.
are not uncommon. A stepwise disappearance of a twin
plane in a gold cluster is illustrated in Fig. 4. The (111) twin
plane marked with an arrow in Fig. 4(a) is dividing the
cluster into two c.c.p. parts. By changing the atomic posi-
tions of the two upper layers [marked with arrowheads in
(b)] in the first step and finally changing the positions of the
three top layers [marked with arrowheads in (c)] along the
same vector the whole cluster is transformed into c.c.p.

“Clouds” of atoms. Off-lattice dynamical events outside
surfaces of clusters have been reported from HRTEM work
by several research groups. The existence of diffuse,
varying contrast extending up to 1 nm from the surfaces
was first found outside the {100}, {110} and {331} surfaces
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Fig. 4. Stepwise disappearance of (111) twinning in a gold
cluster. The initial stage with its twin plane is marked with an
arrow in (a) and one TV frame (1/25 s} later the two top layers
[arrowheads in (b)] of the cluster have changed orientation in
period with the base of the crystal. Finally all three top layers
[arrowheads in (c)] have changed positions so the total cluster
is c.c.p.

of gold by Bovin er al.*' and lijima.*? Lately it has also been
found,” using ultra-high-vacuum HRTEM, to exist be-
tween two small gold clusters supported on carbon. The
nature of the “clouds” of atoms outside the surfaces of
metals has not so far been fully understood, because nor-
mal chemical bonds to the surface can not explain the
existence of atoms at such a long distance from the surface.
It has been suggested that the cloud may be due to surface
contaminations, but lately UHV studies® make that appear
unlikely. The observation of atomic clouds with fluctuating
contrast is always combined with extensive changes in the
occupancy of the surface atom positions. A probable ex-
planation of this can be found in partial surface melting,
suggested from theoretical molecular-dynamic simulations
for c.c.p. aluminium.* From such calculations it is found
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Fig. 5. Growth of a {100} surface layer on a c.c.p. gold cluster.
The images in (a) and (b) show the appearance of a somewhat
ordered “cloud” of atoms (marked with arrowheads) prior to the
ordering of the new surface [marked with a long arrow in (c)]. A
new “cloud” [marked with an arrowhead in (c)] can be seen
before the next layer starts to order. The video sequence is
recorded within a few seconds.

that the surface region of {110} starts to melt about 200 K
below the bulk melting point, and it may be that this is what
we see in the HRTEM video recordings.

During studies of the surface growth of small Ru
clusters' it has been found that, prior to the first atomic
column being added to a {111} surface, diffuse, fluctuating
contrast was often seen. This has also been found for a
{100} surface of a gold cluster (cf. Fig. 5). As reported in
the first paper on atomic clouds,” it appears to be some-
what ordered, as seen in Figs. 5(a) and (b). The contrast
(marked with arrowheads) is more diffuse and weak in (a)
compared to (b). When the atoms of the new surface layer
[marked with a long arrow in (b)] are almost settled in their
positions a weak new “cloud” [marked with an arrowhead
in (c)] of atoms for the next layer appears.

There is no doubt that the information from the HRTEM
images suggests an initial state of growth (pre-growth) of a




new surface, while the first atoms approaching the surface
will jump around searching for a sufficient number of stable
bonds. First, with some critical number of atoms the order-
ing of columns of atoms will start, with an increasing num-
ber of bonds available not only down to the basic surface
but also within the new columns. The pre-growth “cloud”
of atoms can reach several levels of height before the
formation of well ordered columns of one layer starts.
After the “cloudy” pre-growth state, different ordering
phenomena of the atoms in the columns start, with almost
correct distances from the surface. This stage of growth
usually includes apparent column-hopping® in the video-
sequences. Several mechanisms have been found“* for
different surfaces and elements. Here a new mechanism for
a {100} surface of a gold cluster is presented (cf. Fig. 6). In
this case the pre-growth stage has passed, and in the first
image three new atom columns [marked with arrowheads
in (a)] are situated in the middle of a (presumably) 6Xx6
square surface. The maximum amount of atoms in the top
layer in (a) is 3X5, and when more atoms are incorporated
into the surface columns they rearrange the occupancy so
that all five columns [marked with arrowheads in (b)] show
occupancy, with probably less than a total of 25 atoms. The
column on the far right has a very low occupancy (=1
atom?) and there is a bridging contrast to the neighbouring
column, indicating transport between the two positions
during the recording. There is also a contrast concentrated

Fig. 6. Single-frame images taken from a few seconds of a
video sequence, illustrating one mechanism of adding atoms to
a growing {100} surface of a gold cluster. In (a) the three first
fully occupied columns (marked with arrowheads) containing not
more than 3x5 gold atoms can be seen, and in (b) the atoms
are distributed in a moderately filled stage in five columns
(marked with five arrowheads) with varying occupancy. Four
columns of atoms are marked with arrowheads in (c), and the
fifth column (marked with arrowhead) is finally partly filled in (d).

STRUCTURE IMAGES OF METAL PARTICLES

half way between. The next image shows how the surface
has been rearranged to an occupancy of four columns with
strong contrast [marked with four arrowheads in (c)], pos-
sibly including 4x5 atoms. when more than 20 atoms ap-
proach the surface the last (fifth) column [marked with an
arrowhead in (d)] starts to be filled. The time taken for the
sequence presented here is only a few seconds.

Atom hopping during crystal growth. One column of atoms
is often seen in HRTEM images of different surfaces of
metal clusters. In order to verify the possibility of imaging
just one atom added to a surface, image simulations have
been made for a model with atom columns of different
occupancies.”® This simulation indicates that, under
Scherzer focus conditions, it should also be possible to find
the atom positions in the bulk lattice sites for the outer
layer of atoms. It is difficult to estimate the difference in

Fig. 7. Single frames from a videosequence of surface profile
images showing a {100} gold surface projected along [110]. To
the clean {100} surface in (a) a single column of four atoms or
less is added [marked with an arrowhead in (b)]. The surface
coordination distances for the single column are slightly too
long, and even after the surface has been totally covered with a
new layer [marked with a long arrow in (c)] of atoms, the same
column [marked with an arrowhead in (c)] keeps its off position.
Note the change in contrast in (b) and (c) of the solitary column.
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contrast between, for example, columns with five and three
atoms, but there is a difference between five and one atom.
The simulation shows a considerable contrast from one
atom of gold which it should be possible to see in an
experimental image.

An example of a HRTEM image sequence showing a
single surface atomic column of varying contrast being
added to a {100} surface of gold is illustrated in Fig. 7. The
first image shows a clean {100} surface, and a few frames
later a solitary, with somewhat diffuse contrast, atomic
column [marked with an arrowhead in (b)] is added to the
surface. It seems to be slightly out of its normal lattice site,
but later the same column [marked with an arrowhead in
(c)] has the same site and weaker contrast. In Fig. 7(c) the
entire {100} surface has been covered by a new layer of
atoms (marked with a long arrow). The new surface layer
has diffuse contrast, which is often seen, indicating some
disorder during the 1/25 s taken to record the frame. It is
possible that the solitary dark contrast, marked with arrow-
heads in Figs. 7(b) and (c), represent four atoms in projec-
tion or less. The {100} surface of the cluster in Fig. 7(a) is
most likely a 5X5 square atomic layer (the cluster shape of
a cuboctahedron). and the next layer being added will be a
4x4 layer.

Conclusions

This paper summarizes the different dynamic features
observed on small metal particles using HRTEM. The
features include total structural rearrangements, the
occurrence of “clouds” of atoms outside the surfaces and
localised surface rearrangements, including imaging of
single atomic columns.

Twinning in small particles has been shown to appear and
disappear during observation, and it is not possible defi-
nitely to anneal away twin planes by beam heating. Parti-
cles with five-fold symmetry are shown, but to determine
their atomic structure exclusively has proved difficult even
using image simulations. Atomic level HREM shows that
the mechanism of the growth of a new surface layer often
includes a diffuse cloud of atoms outside the surface prior
to ordering in the expected lattice sites. The sequence of
completing the occupancy of atomic columns on a new
surface can be followed directly in TV recordings even
though it is hard to determine the number of atoms in the
observed column. It should also be pointed out that a
complication in interpreting the number of atoms is that the
time for recording the frame is very long in the world of
atoms on the run. The number of atoms in the column can
thus vary, and the contrast thus gives merely an idea of the
average number of atoms.
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