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DIRECT ATOMIC IMAGING OF SOLID SURFACES

II1. Small particles and extended Au surfaces
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Atomic-resolution micrographs of small metal particles and extended gold surfaces are presented which demonstrate that
detailed surface morphology, including mono-atomic steps and facetiing, can be imaged directly in profile. Recent results are
briefly reviewed, and further observations are described which concentrate upon dynamic changes in the surface structure.
Following electron-beam-induced etching of the carbonaceous surface layer in the presence of water vapour, considerable
macroscopic and microscopic rearrangements of the extended films, including surface diffusion, occur. Images recorded in a
[011] projection indicate that the (111) surface expands outwards, developing a hill-and-valley morphology, and surface
dislocations are seen. The (110) and (100) surfaces were generally microscopically rough with surface partial dislocations again
visible on the latter. The presence of surface steps, particularly on (100), was found to have a marked effect on the overall

direction of surface diffusion.

1. Introduction

A varniety of bulk diffraction techniques are
available for the characterisation of surfaces, their
crystallography and chemical reactions, and the
invaluable information which these methods can
provide, for example, about surface phenomena
such as ordered overlayers, relaxations and surface
reconstructions, has recently been reviewed [1].
Most of these techniques involve averaging over
extended areas and cannot therefore provide de-
tails of local topography. Such real space informa-
tion, for example about local surface inhomogenei-
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ties, can, however, be directly provided by electron
microscopy, and applications have recently led to
further advances in knowledge and understanding
of surfaces and their morphology. Some of these
are mentioned below and reference should also be
made to the general reviews by Venables [2] and
Howie [3].

Despite typical lateral resolution of only 1 nm
or greater, surface steps in projection have been
observed in gold [4,5], magnesium oxide [6], silicon
[7] and silicon carbide [8] using conventional
transmission electron microscopes (CTEM) oper-
ated in either bright- or dark-field modes and in
magnesium oxide using the scanning TEM [9].
Images of vicinal surfaces of gold and platinum at
~ 0.9 nm resolution have been obtained [10] using
reflection (or glancing angle) electron microscopy
(REM). Atomic steps on the Si(111) surface and
the influence of the steps on nucleation of the
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(7 X 7) surface reconstruction have also been ob-
served [11] using REM. More recently, extensive
studies have been made [12,13] of reconstructed
Ag surfaces prepared in situ and observed under
Ultra-High-Vacuum conditions which thereby
avoids, as pointed out elsewhere [14], possibly
misleading results which could have been caused
by poorly prepared and characterised surfaces.

In the conventional TEM mode of operation,
atomic-level resolutions have recently become ob-
tainable [15] and it has been demonstrated [16,17],
using 500 kV high-resolution electron microscopy
(HREM), that considerable direct information on
this scale about surfaces of small metal particles in
a projection configuration was available. For ex-
ample, direct atomic imaging of a reconstructed
metal surface has been achieved for the first time
in a TEM [16] and the so-called missing-row model
[18] for the 2X 1 gold (110) surface has been
confirmed. Direct measurement of a 20+ 5%
surface relaxation has also proved possible [19].
Subsequently, elastic distortions and plastic defor-
mations have been observed at extended Au(111)
surfaces which result, after surface cleaning, in the
development of a pronounced hill-and-valley
structure [20,21]. In this paper, we first review our
observations of the surfaces of small metal par-
ticles. Novel observations are then presented of
extended Au(110), (111) and (100) surfaces which,
in particular, highlight the markedly different
atomic rearrangements which are found to take
place once the carbonaceous surface contaminant
layer is removed by in situ etching. Finally, we
briefly mention the validity and likely applicability
of direct atomic imaging of surfaces, both for
catalysis studies and for surface science generally.

2. Experimental

The small metal particles (of gold and silver)
were prepared in a small vacuum chamber by
epitaxial growth on substrates of NaCl and KCl
which had been cleaved in situ. This was followed
by evaporation of a carbon film (of ~ 5-10 nm
thickness) with subsequent transfer onto micro-
scope grids using flotation in an ethanol/water
mix. However, these particles were not generally

appropriate for detailed surface observations since
the in situ etching inside the electron microscope
(see later) removed the carbon support film. As a
better system for examining clean surfaces, semi-
continuous poly-crystalline films of gold were pre-
pared (by evaporating more metal) and then an-
nealed for at least 24 h to promote grain growth
and remove residual strains, before transferral onto
holey carbon support films ready for electron mi-
Croscopy.

The samples were observed with the Cambridge
University High Resolution Electron Microscope
[23] operated at either 500 kV or 575 kV. This
microscope has an interpretable resolution of bet-
ter than 0.18 nm [24] with the primary {111}
(0.235 nm) and {200} (0.204 nm) diffracted beams
transferred by the imaging system with relatively
small damping factors. Imaging conditions in-
cluded a beam convergence semi-angle of ~ 0.3 —
0.5 mrad, a focal spread of ~16 nm, and an
electron-optical magnification of ~ 8 X 10°. This
magnification reduced the deleterious effect of
statistical noise in the micrographs, although this
remained the major limitation on quantitative
image measurements. At best, it was possible to
measure surface relaxations with an uncertainty
estimated to be ~ 5% {25]. An image pick-up and
viewing system attached to the microscope [26]
was used for choosing the appropriate defocus
(black or white contrast at the atom positions),
and for correction of beam tilt and objective lens
astigmatism. A small air-leak valve was introduced
into the vacuum system to facilitate etching by
water vapour of carbonaceous material initially
present on the semi-continuous films. Removal of
carbonaceous films i1s well-known in electron mi-
croscopy (see, for example, ref. [27]) *. Image
simulations and digital image analysis were used
extensively throughout this study, both to establish
the appropriate imaging conditions and also to
determine how to interpret the images in terms of
atomic scale surface features [25]. All the high
resolution images presented here were recorded
with the samples aligned on the [110] zone axis.

* Observations of carbon film etching in a VG501 STEM, with
a mass spectrometer to measure residual gas partial pressures,
confirmed thal water vapour was the active agent, rather
than oxygen.
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3. Small metal particles

Our initial high resolution observations of small
metal particles involved the use of lattice imaging
methods, and these studies enabled the
characterisation of typical particle morphologies
[28,29] to be made and the presence of dislocations
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Fig. 1. High-resolution electron micrograph of a decahedral
MTP of gold supported on amorphous carbon, prepared by
evaporation at room temperature onto KCl in UHV. The
pronounced facetting should be noted.

in icosahedral multiply-twinned particles (MTPs)
to be unequivocably established [30]. However, it
was only during a later detailed study of the
defects occurring in these MTPs [31], when the
interpretable resolution of the microscope was im-
proved from about 0.22 nm to around 0.18 nm,
that the possibilities for direct atomic imaging of
the surface structure of these particles first became
evident.

The edge appearance of these small particles is
illustrated by those shown in figs. 1 and 2. The
mmage of fig. 1 was recorded at the “reverse con-
trast” position at 500 kV, where the atomic col-
umn positions appear white, and shows a de-
cahedral MTP of gold which, to first order, con-
sists of five twinned tetrahedra. This particle ex-
hibits pronounced micro-facetting in each tetra-
hedral unit with {111}- and {100}-type facets
clearly predominating. This morphology correlates
well with the somewhat rounded equilibrium shape
of these particles [22]. Fig. 2 shows images of two
icosahedral particles of silver, recorded at 575 kV
at the optimum defocus condition, and the atomic
columns appear black. The surface morphology of
these particles is clearly apparent with relatively
flat (111) faces and a little additional {110} facet-
ting. Note the microtwin (T) visible in fig. 2a, and

Fig. 2. Micrographs of Lwo icosahedral particles of silver prepared by evaporation in a diffusion-pumped system onl.o NaCl at 300°C.
In both cases the atomic columns are black. Areas of minor (110} facetting are marked. Note twin (T) and stacking fault arrowed.
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the small stacking fault arrowed in fig. 2(b).

Although multiply-twinned particles are of in-
trinsic interest in view of their high internal strain
(~2-6% — see, for example, ref. [32]), as well as
the existence of dislocations primanly within the
icosahedral particles, these same features make
them far from ideal for interpreting image features
in the vicinity of their surfaces. Therefore, it was
decided to investigate small (100) epitaxial
square-pyramid nucler prepared on KCI in the
presence of 107¢ Torr residual impurities, prim-
anily water vapour (i.e. an unbaked UHV system).
As shown by the weak-beam image of fig. 3, these
particles possessed extensive, flat (111) facets two
of which are parallel with the incident electron
beam direction when the specimen is tilted by 45°
to a (110) pole. An example of a particle in this
surface profile imaging mode is shown in fig. 4.
Detailed image simulations, using the fact that the
particle morphology permitted unambiguous
thickness measurements, confirmed that the micro-
graphs recorded were valid images of the atomic
surface structure [25].

Under normal circumstances the particles were
covered by the carbonaceous support film, and
there was no evidence for any surface expansions
or reconstructions, i.e. the edge termination ap-

Fig. 3. Weak beak dark field image of a square pyramidal
particle of gold which, atypically, has one additional (110)
facet.

Fig. 4. Image of a square pyramidal particle of gold, tilted by
45° to a (110) pole. The different surface facels are marked.

peared to maintain the bulk lattice structure and
composition, although there were some indications
of small surface contractions of perhaps 1-2%, too
small with respect to the error bars of the measure-
ment of +5% to be significant. However, under
etching conditions due to water vapour from pho-
tographic negatives or from a deliberate air leak,
the carbon coating was gradually removed and
some re-ordering of the metal surface took place.
For example, as shown in fig. 5, the {110} gold
surface of a square pyramidal particle was ob-
served to reconstruct partially to a 2 X 1 surface
(i.e. having a double period along a (100) direc-
tion). The appearance of this image agreed with
that expected of the proposed missing-row model
for this surface [18] and this agreement was subse-
quently confirmed by detailed image simulations
[16,19]. Further experimental evidence for this
model has recently been independently obtained
by X-ray diffraction [33] and scanning tunneling
microscopy [34]. Careful measurement of this
image indicates that the outermost column of gold
atoms are relaxed outwards by about 20 + 5% [19]
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Fig. 5. Area of gold (110) surface which has parually recon-
structed to a 2 X1 surface mesh.

which is consistent with the 40 + 30% expansion
measured by X-ray diffraction [33]. Note that more
recent X-ray and ion scattering expenments [35,36]
have unambiguously confirmed the presence of a
large expansion and this 1s probably the only
current example of an independent confirmation
of a localised HREM result.

4. Extended Au surfaces

In our observations of the extended Au surfaces,
it was first necessary to remove the overlying

carbonaceous layer in order to produce clean
surfaces ~ the change to the surface morphology
was otherwise imperceptible. The removal was ef-
fected using residual water vapour [27] under the
catalytic influence of the incident electron beam
(probably similar to the water—gas reaction). This
removal process normally took about 30 min al-
though it was found that persistent, partially
ordered, monolayers often remained for some
period thereafter (perhaps a further 30 min).
Moreover, removal meant that the image granular-
ity resulting from surface overlayers no longer
interfered with the image originating from Au,
thereby resulting in a substantial improvement in
the image contrast.

4.1. (110) Surface

Since this particular surface of the small and
clean gold particles displayed the 2 X1 recon-
structed superstructure once the carbon layer had
been etched away, our initial purpose was to dis-
cover whether the same superstructure would de-
velop on the extended surfaces. Unfortunately,
substantial surface diffusion continued throughout
observation, perhaps because the surfaces were not
truly crystallographically flat, and the (110)

Fig. 6. Two successive exposures showing an area of extended Au(110) surface from the polycrystalline specimen, after most of the
initial carbon coverage has been removed. Note movement of gold atomic columns (arrowed).
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surfaces tended to re-facet or roughen.

The surface re-ordering is clearly visible, for
example, in fig. 6 which shows two consecutive
images of the same surface area, both recorded at
the same “black atom” focus. The fiducial marks
provided enable the appearances of particular lo-
cal areas to be compared. Note the general irregu-
larity of the surface, in particular the features
arrowed which are columns of gold atoms which
have completely moved between the two exposures
(of ~ 44 s duration and ~ 15 s apart). It should
be noted that the sideways shift of atomic columns
was only to sites in-register with the bulk lattice.
In the area marked C there also appears to be
some residual carbonaceous material. There are
significant differences in the intensities of the out-
ermost columns of atoms which could be due both
to a different number of Au atoms in the columns,
as well as to the movement of atoms during the
period of exposure. Such rapid changes of inten-
sity of appearance were often observed in real time
using the image pick-up and viewing system at-
tached to the microscope. However, it has not yet
been clearly established whether this site “hop-
ping” was always entirely random. There was some

circumstantial evidence, by comparing successive
exposures, that surface diffusion was resulting in
the development of microfacets. Similarly, the
migration of an ordered column of atoms is not
unreasonable; migration of part of a column would
introduce a high energy surface kink which, being
highly mobile, would rapidly diffuse out to leave a
perfect column.

A further pair of images of the same surface
region, recorded some ten minutes later, are shown
in figs. 7a and 7b. Companson with figs. 6a and
6b indicates that there is no marked change in the
overall surface contours (although, as will be shown
later, this was not found to be true of the (111)
surfaces). However, careful comparison establishes
that considerable changes in the local surface fea-
tures has again occurred, even between these latter
two exposures. Indeed, at the point arrowed, it
appears that one whole column of atoms has moved
sideways to the adjacent site(s). It was also ob-
served, as in fig. 8a, that particular regions some-
times developed 331 microfacets, and fig. 8b shows
restricted areas which had either the normal 1 X 1
surface structure or the 2 X 1 superstructure. Note
also that the outermost atomic columns in many

Fig. 7. Two successive exposures of the area shown in fig. 6, recorded some ten minutes later. Note the sideways shift of the atomic

column arrowed.
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Fig. 8. (a) Area of Au(110) surface showing development of microfacetting. (b) Area of Au(110) surface showing small regions of 1 X1

and 2 X1 surface structure.

places are considerably displaced (i.e. relaxed)
away from the bulk metal.

4.2. (111) Surface
In similar fashion to the (110) surface, the (111)

surface displayed evidence for considerable atomic
diffusion once the surface overlayers were fully

removed. However, as noted earlier, an ordered
monolayer was frequently found to remain long
after most of the overlayer disappeared. A useful
criterion for identifying the presence of this surface
overlayer proved to be the change of the local
image appearance which occurred as the objective
lens focus condition was altered [25], since this
was found to be different for gold and carbon. For

Fig. 9. A defocus pair of images of the (111) surface (a) optimum defocus (black Au atomic columns). (b) reverse contrast (white Au

atoms columns). Ordered carbonaceous surface layer marked.
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example, with the typical imaging parameters of
the present microscope (500 kV, C, = 2.7 nm), the
contrast of columns of gold atoms changed from
back to white on going from a defocus of —67.5
nm to —97.5 nm, whereas columns of carbon
atoms, in most cases, appeared black at —67.5
nm, but had very weak contrast at —97.5 nm. This
effect can be clearly seen in expenmental images
such as the focus pair in fig. 9 — the areas marked
here show the characteristics of the ordered super-
structure. Careful comparisons between such mi-
crographs and image simulation has enabled this
ordered monolayer to be tentatively identified as
consisting of benzene [21,25]. In order to avoid
any confusion over image interpretation and possi-
ble artefacts, it was common during the present
study to record images at both the “black dot”
and “white dot” focus positions. (Note, however,
that these pairs are not always shown here.)

The macroscopic structural changes observed in
images of the (111) surfaces have been described
elsewhere [20,21] and can be understood in terms
of a positive tangential surface pressure on the
clean gold surface. Removal of the carbon over-
layers led initially to the development of an irregu-

Fig. 10. (a) Low magnification image of (111) surface showing
development of hill-and-valley structure after removal of
carbon. (b) Figh magnification image showing comparatively
well-ordered (111) surface with some small expansions (indi-
cated).

lar hill-and-valley structure, typically with peak-
to-trough heights of 5-6 interatomic spacings (1.e.
~ 1.0-1.2 nm), as shown in fig. 10, accompanied
by spatially varying normal relaxations (~ 5-10%)
of the first atomic layer interplanar spacing. At a
later stage, the extent of surface normal relaxation
generally decreased but stress-relieving surface dis-
locations were then often observed to develop (see

Fig. 11. Series of images, recorded over a 20 min period,
showing several stages in “hill” development. In (a) some
carbon remained, but in (b) a new twinned surface layer has
grown, which extended in length in (c). In (d) this stacking fault
has gone whilst, in (e), this layer has been shortened and the
overall feature is now well-ordered. Marker indicates original
surface layer.
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below). Note that the concept of such lattice dis-
tortions and dislocations is entirely consistent with
models of pseudomorphic growth (see, for exam-
ple, [37,38)).

Some interesting effects were again observed
during the atomuc rearrangements which took place
on this surface. The series of images shown in figs.
11la-11e records the evolution, over a time period
of about 20 min, of a further surface layer which
gradually accumulates on top of one of the “hills”.
Fig. 11a shows this peak at the time when the last
remnants of carbon are being etched away. Note
the reference line which is used to depict the
position of the initial surface layer throughout the
series. In fig. 11b, an extra surface layer of atomic
columns, about 6 atom widths long, is now visible
in a twinning relationship with the layer beneath
it, and in fig. 11c this extra twinned layer is about
10-12 atom widths long, with some suggestion of
yet another layer being added above it. In fig. 114,
this layer is no longer twinned with the plane of
atoms beneath it, presumably as a result of the
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Fig. 12. (a) Surface stacking fault on (111) surface. (b) Same
area with a surface partial dislocation now present. (c) Surface
layer rearranged to give hexagonal ABAB column stacking.

passage of a dislocation. Finally, fig. 11e shows
this layer, now shortened in length, with the surface
relaxations (arrowed) readily apparent. The three
images in figs. 12a~12c show another region with a
surface stacking fault which, over the passage of
time, accumulates above it a further surface layer
which includes what can be identified from the
atomic column stacking as a surface dislocation.
Eventually, as in fig. 12c, this surface layer is
rearranged and the layer stacking (of the first four
layers) becomes the hexagonal ABAB configura-
tion.

4.3. (100) Surface

Unlike the (110) and (111) surfaces, the (100)
surface did not undergo any macroscopic changes
when it was reasonably flat and crystallographic,
even though considerable diffusion was apparent,
as evidenced both by direct viewing and by photo-
graphic recording. However, it was significant, as
demonstrated below, that mass transfer was ob-
served to be comparatively rapid in the presence
of surface steps or ledges. Under these cir-
cumstances, the nett atomic migration was con-
sistently found to be in the direction of the lower
side of the step. This is not remarkable considering
the geometry and energetics of the situation — a
surface step is an assymmetric potential barrier to
surface diffusion. Finally, it should be recorded
that the (100) surface generally appeared to be
locally inhomogeneous — both contractions and
expansions, typically < 10%, were visible.

A representative “black dot” /* white dot” pair
of images of the (100) surface is shown in figs. 13a
and 13b. In this case, a partial carbon overlayer
still remains and it appears, as already shown for
the (111) surface [21,25], that the surface carbon
can be distinguished from the bulk Au by different
changes in contrast as the focus is altered. With
the passage of time, the carbon continued to be
etched away and re-arrangement of the surface
occurred. Figs. 14a-14c, for example, show the
gradual disappearance, over a period of about 30
min, of the surface shown in fig. 13a. The inclined
grain boundary located at the extreme right of
each of these images represents a convenient refer-
ence line for comparison purposes, and makes it
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Fig. 13. A defocus pair of images of the (100) surface (a) optimum defocus (black atomic columns); (b) reversed contrast (white).

clear that the “flat” region in fig. 14a, which is ca. surface contours effected by this continual atomic
20 nm long, is reduced in length to ca. 12 nm in diffusion indicates that this behaviour can be in-
fig. 14b, and is effectively non-existent in fig. 14c. terpreted in terms of the preferential migration
Consideration of the macroscopic change in the from upper surface ledges onto lower sides. A

Fig. 14. Series of images of (100) surface recorded over a 30 min period showing substantial alteration of surface contours.
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Fig. 15. Successive images of a relatively flat (100) surface showing surface defects, some of which (arrowed) change between

exposures.

detailed comparison of atomic rearrangements on
different surfaces and further analysis will be given
elsewhere [39].

A number of surface defects are visible in figs.
14b and 14c and simuilar faults are generally found
to be a common occurrence on other images of the
(100) surface. These defects can best be described
as an apparent displacement of an atomic column
normal to the surface by > 20% of an interplanar
spacing, together sometimes with a slight sideways
shift. The pair of images shown in figs. 15a and
15b, which are successive exposures with no change
to the imaging conditions, also indicate that these
features can, in fact, alter significantly in a com-
paratively short period of time. As discussed
elsewhere [40], these defects are believed to be
surface Shockley partial dislocations which pro-
vide a mechanism whereby the metastable 1 x 1
(100) surface could be transformed to the hexago-
nal 5 X 20 reconstructed surface.

5. Discussion

Surface profile imaging, as described above, is
unquestionably a highly-promising technique for
investigating surface structure at the atomic level.
However, given its novelty, it seems appropriate to
discuss some aspects of its applicability and valid-

1ty.

Profile imaging, unlike other normal incidence
imaging techniques, is somewhat insensitive to
small structural variations along the beam direc-
tion, since the final high-resolution image repre-
sents a two-dimensional projection of the struc-
ture. Details of important surface phenomena, such
as kinks at surface steps and inclined recon-
structed superstructures, could therefore be dif-
ficult to decipher. Conversely, under certain cir-
cumstances, the method is sensitive to the presence
and nature of any surface overlayer [21,25], so that
information about the influence of adsorbates and
impurities on surface morphology could be ob-
tainable. However, the realisation of this possibil-
ity assumes that the electron beam does not result
in any fundamental structural change. Microscopy
under the conditions used here (500 kV, electron
dose > 10°® s™! nm™?) is almost certain to desorb
any loosely-attached species, and even the use of
low-dose techniques at lower kilovoltages, possibly
involving a sensitive image pick-up system, will
not always prevent this from happening,.

It is clear that the environmental conditions
prevailing inside the present HREM do not pro-
vide “clean and well-defined surfaces” as can
nowadays be obtained with modified [11,14] and
custom-built [12,13] instruments. However, gold is
a highly inert material which will remain clean
even in relatively poor vacuum. Hence, we can be
confident that artefacts due to impurities are not
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observed, which would not be the case for more
reactive materials such as silver. It is worth repeat-
ing that, until the carbonaceous surface layer was
removed, there was no evidence for any surface
re-ordering nor any suggestion of any relaxations.
It is therefore possible to conclude that the macro-
scopic and microscopic rearrangements which have
been observed here were not induced by the elec-
tron beam but rather occurred as a consequence of
the removal of the residual carbon, thereby allow-
ing the various surfaces to reconstruct. Further-
more, the marked difference between the (111)
surface (which roughened) and the (100) (which
remained flat) is inconsistent with beam damage
being the cause of our results. The carbon removal
also has the added benefit of enabling better defi-
nition to be obtained in the surface profile images
since there is no confusing detail then originating
from overlapping carbonaceous material.

Finally, it needs to be appreciated that applica-
tion of the technique to characterisation of small
metal particle heterogeneous catalysts will not nec-
essarily be straightforward. Image interpretability
effectively relies on a close alignment of a crystal-
lographic zone axis of a particle with the incident
beam direction {25]. Location of suitable particles
in industrial catalysts could be quite tedious, par-
ticularly to satisfy the alignment requirement, and
it might prove more profitable to rely on statistical
chance and resort to photography of random fields
of view. Nevertheless, preliminary images from
commerical catalysts have been obtained and these
clearly show the atomic surface structure.

6. Conclusion

The results presented above demonstrate, un-
equivocably, that latest developments in HREMs
have enabled surface profile imaging on the atomic
scale of small metal particles and extended thin
films. Local information about surface re-ordering
becomes available which compares favourably in
surface sensitivity with that provided by bulk dif-
fraction techniques. Moreover, it can also be con-
cluded that unique details of surface morphology,
including macroscopic and microscopic rearrange-
ments and information on surface diffusion, can

be obtained. Applications of the technique to
surface science and catalysis studies, in particular
those involving small metal particle heterogeneous
catalysts, should result in new and fundamental
insights into the properties and behaviour of metal
surfaces.
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