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Fig. 4 a, Schematic illustration of the contrast mechanism in
SPM. Half the silver film is covered by a thin coating which shifts
the resonance condition for plasmon coupling. At 8, only in the
bare silver areas PSP (wavy arrow) are excited. A small fraction
of this light is coupled out to the air side, while almost nothing is
reradiated to the prism side. The coated regions are off resonance
so that all laser light is totally reflected. b, Reflectivity, R versus
angle of incidence, §,, for bare silver (full line) and for coated
regions (dashed line).

tivity curve and measured values for the resonance-shift by LB
layer coatings.

We suggest that this high sensitivity is because we are dealing
with a resonance contrast whereas all other microscope tech-
niques capable of resolving thickness variations in the 10-nm
range are, in one way or another, based on interference contrast.
Interference curves are, however, much smoother functions than
resonance curves.

As for any microscopy, contrast problems in SPM can not be
discussed without addressing the question of lateral resolution.
Because the detection scheme contains plane-wave optical com-
ponents, SPM is also limited by diffraction—lateral resolution
is in the 1-pm range. If PSP waves are used for the illumination
of the object under investigation, additional effects that could
reduce the lateral resolution must be considered.

PSPs are propagating modes®!! which are strongly damped
in their propagation direction due to intrinsic dissipation'>'*
and radiative damping®'®. A quantitative measure of how far a
PSP mode travels is the propagation length L., which is defined
by the 1/e attenuation of the PSP field in the propagation
direction, and is directly related to the imaginary part of the
complex PSP wave vector, k;., by L, =(2k,,)"". If radiative
damping can be neglected, L, is predominantly determined by
the complex dielectric function of the metal. As a consequence,
L, is sensitively wavelength-dependent: between A =450 and
1,150 nm, L, varies for silver by a factor of 50, from 4.4 to
200 pm. L., however, determines to what extent PSP modes
average over lateral heterogeneities'®. This means that high
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spatial resolution in SPM is achieved only for lossy PSP modes,
for example with silver only in the ultraviolet spectral range.
With gold, however, even for A =520 nm, where the onset of
the interband transition increases the intrinsic damping con-
siderably, L, <1 um can be achieved'’.

The countercurrent effects of L, on spatial resolution and
contrast are quite obvious, because decreasing L, means, from
the above, an increase of k;,, and thus an increase of the width
of the PSP resonance. As demonstrated in Fig. 4, however, this
reduces the contrast between different areas.

Finally, the examples presented above were all based on the
contrast between silver areas with LB film coatings of different
thicknesses. However, any difference in the optical properties
of two materials that manifest themselves in different dispersion
curves for PSP can be used to construct an image. In particular
one might envisage (1) different metals that carry the PSP field,
(2) different indices of refraction (both real and imaginary part)
of equally thick coatings; or (3) roughness contrast.

We have restricted the examples to PSP excitation by a prism
in the Kretschmann configuration although the Otto set-up, as
well as a hybrid configuration (B.R. & W.K,, in preparation) or
even a grating coupling are feasible. Experiments along these
lines are currently under way.
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Direct imaging of an adsorbed layer by
high-resolution electron microscopy

D. A. Jefferson & P. J. F. Harris*

Department of Physical Chemistry, University of Cambridge,
Lensfield Road, Cambridge CB2 1EP, UK

The catalytic activity of metal surfaces can be strongly modified,
either detrimentally or beneficially, by the presence of pre-
adsorbed material. In understanding these changes in activity it
is important to elucidate the structure of the adsorbed layer and
its relation to the metal surface. Traditionally this has been
achieved by low-energy electron diffraction (LEED), but this
requires large single-crystal specimens, which bear no resemblance
to real catalysts, and the results are often difficult to interpret.
We show here that high-resolution electron microscopy (HREM)
can be used to obtain direct images of ordered layers of adsorbed
sulphur on the surfaces of very small platinum particles in speci-
mens that closely resemble commercial catalysts. Images of this
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Fig. 1 HREM images of an approximately cubic particle of sul-
phided platinum, viewed down [100]. a, Objective lens defocus
of approximately —550 A; b, =250 A; ¢, —150 A. Defocus values
were determined from the computer-simulated model images dis-
cussed in the text, which are shown inset for each. The surface
periodicity in b and ¢ (in dngstréms) is indicated.

kind could lead to a more detailed understanding of the interaction
of adsorbates with real metal catalysts than has hitherto been
possible.

The work described here represents an extension of previous
studies which have shown, by conventional bright-field trans-
mission electron microscopy, that heating platinum/alumina
specimens in sulphur-containing atmospheres induces (100)
faceting of the platinum particles'*. Consequently, single-crystal
particles in sulphur-treated specimens often exhibit approxi-
mately cubic shapes. This study involved imaging these faceted
particles at much higher resolution with a modified JEM-200CX
electron microscope developed for the study of ultrafine catalyst
particles®*, operated at 200 kV. The specimens examined com-
prised metallic platinum particles of mean size ~113 A dispersed
on a self-supporting alumina film>®. Sulphur deposition was
done by heating to 500°C in a flowing mixture containing
100 p.p.m. of hydrogen sulphide in hydrogen'~.

Fig. 2 HREM image of a similar particle to that in Fig. 1, but
with one cube edge partly eroded, viewed down [110]. The relevant
periodicities (A) are indicated.

The objective lens characteristics of the microscope used (C,,
0.52 mm; C,_, 1.05 mm) were such that at a focus slightly beyond
the optimum or ‘Scherzer’ position’, the interpretable point
resolution extended out to 1.95 A with an absolute information
limit of 1.7 A. As in previous studies of surface restructuring of
metals and oxides®'°, surface detail was observed in profile at
the vertical edges of the crystallites, but in this case evidence
of an apparent surface superlattice on the upper and lower faces
was also noted. Micrographs were recorded at electron-optical
magnifications of ~475,000 and 700,000, astigmatism being cor-
rected by observing the granularity of amorphous regions of the
specimen support, and particular care was taken to avoid inclina-
tion of the incident beam with its attendant difficulties in image
interpretation''. Observation of the images at greatly enhanced
magnification by a television pick-up system was used to ensure
that there were no changes in image detail arising from electron
irradiation, and no observable carbon contamination was
noted.

Typical micrographs of an approximately cubic crystallite of
platinum (dimensions perpendicular to the incident beam of
104 Ax92 A) are shown in Fig. 1. Figure 1a shows an image
of the crystal at approximately the optimum focus, with the bulk
region showing only the crossed (200) fringes of 1.96 A spacing,
as expected for the [100] orientation of platinum metal, but the
bright fringe at the edges of the crystal is clearly of complicated
structure, with some indications of a doubling of the repeat
distance in the direction parallel to the edge. At a position closer
to the gaussian focus (Fig. 1b) this doubled repeat (3.92 A) is
clearly evident: furthermore, an apparent doubling of the lattice
repeat within the crystal can now be observed. Both features
are also evident in the enlarged image of Fig. 1c: in this case
the focus position is slightly beyond the optimum one and the
image contrast is reversed, with the platinum atoms appearing
as white dots.

In addition to the [100] projection, images could also be
recorded from particles in other directions, a [110] image being
shown in Fig. 2. In this case the principal contrast within the
crystal comes from two sets of 1.96 A (200) fringes: the latter
are parallel to the straight edges of the crystal. The crystal
thickness clearly increases towards a line running down the
centre: given the general near-cubic morphology it seems highly
probable that Fig. 2 shows a micrograph of a roughly cubic
crystal with the electron beam perpendicular to one of the cube
edges. In the image of Fig. 2, the bright fringe on the upper and
lower (100) faces appears to be perfectly normal, with no
increased periodicity, but an apparent doubling of the (200)
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Fig. 3 Diagrammatic arrangements of the two possible sulphur

overlays on a small cubic crystal of platninum, viewed down {100].

a, p(2x2) overlay; b, ¢(2x2). In both cases the unit cell used for

computer image-simulation and the relevant periodicities are indi-
cated.

oo
o
1o
69
$réx
o

I
o
@
@
:
()

@
a

(T3
oy
”®
oo
oo
e

EWIVEVEWE

fringes is observed within the crystal bulk, particularly in the
thicker regions.

The surface features observed in these images can arise in
three ways; by formation of a surface sulphide, by restructuring
of the platinum (100) surface or by the formation of an adsorbed
layer of sulphur atoms. As regards the first, the conditions of
preparation used were not favourable for the formation of bulk
sulphide!>™*: furthermore, the changes in lattice periodicity
expected for an epitaxial sulphide growth were not observed,
even though recent work on the growth of Cu,O on copper'*
has indicated that even a single complete layer of oxide can be
observed. For the second alternative, there is no LEED evidence
to suggest that any restructuring of the platinum (100) face
occurs on exposure to sulphur. In addition, restructuring of
these faces to produce a doubling of the repeat length at the
surface would imply a ‘corrugated’ (100) surface composed of
tiny (110) facets, and although trial image simulations suggest
that this could give contrast effects similar to those observed
(indeed a surface arrangement of any atom could, at suitable
thicknesses, give this contrast), it would seem very unlikely, as
the proven effect of sulphur exposure is to eliminate all faces
other than (100). Finally, energy-dispersive X-ray emission
analysis upon groups of particles definitely indicates the pres-
ence of sulphur: consequently we must therefore consider the
third alternative, namely that we are observing directly a layer
of sulphur adatoms.
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Fig. 4 As for Fig. 3, but with the crystals viewed down the [110]
direction.

To construct a model of adsorbed sulphur which accounts
for the observed image contrast, two main factors must be taken
into account. Firstly, any arrangement must be compatible with
existing LEED studies on macroscopic crystais'>'®, which indi-
cate two possible types of overlays, either primitive or centred
2% 2 arrays, corresponding to coverages of 25 and 50%, respec-
tively. The arrangements of sulphur atoms are shown diagram-
matically in Figs 3 and 4. When viewed in [100] projection
(Fig. 3) it can be seen that both models will produce a doubling
of the local repeat on the side faces of the cube, although the
p(2x2) case might be expected to give a superlattice of 5.54 A
fringes at 45° to the cube edges on the upper and lower faces
of the crystal: this was not observed in practice. In [110] orienta-
tion (Fig.4) the p(2x2) model would give rise to a doubled
repeat on the vertical faces, not seen in the real images, whereas
the centred overlay would be quite compatible with the
experimental observations. Argument on purely geometric
grounds, therefore, would favour the c(2 x2) adsorbate struc-
ture.

Although the geometrical considerations discussed above
imply that the image contrast arises from the ¢(2 x 2) adsorbate
layer, the question of whether or not adsorbed sulphurs can
produce sufficient contrast to be observed, especially when
viewed against a background of supporting Al,Os;, remains to
be answered. To investigate this, a full set of multislice image
simulations'”"'® were done with the quasi-periodic cell indicated
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in Fig. 3, with dimensions of 7.82 A x31.32 A, and a sampling
interval of 0.06 A, corresponding to an array size of 512 128
potential points. Owing to the extremely strong scattering of the
platinum atoms, the slice thickness was 0.654 A such that each
platinum atom was essentially regarded as three scattering
centres in a direction parallel to the incident electron beam, and
there were three different types of slice, one of which contained
only sulphur atoms.

The computations were performed to a crystal thickness of
100 A, against a 40 A thick background of amorphous ALO,.
Simulation of the contrast from the latter was accomplished by
the method of Gai et al'®, taking random coordinates for
aluminium and oxygen atoms within each slice computed. For
this background, the slice thickness used was 2.5 A. At one
particular defect of focus, all the relevant factors affecting image
contrast, namely spherical aberration (C;=0.52mm) focus
spread (83 A) and beam divergence (107 mrad) were included.
Owing to the excessive demands on computational resources
required by the programs used® for this full calculation,
however, subsequent simulations were performed without
including the last two factors, where it was confirmed that their
effect was merely to diminish the overall magnitude of the
contrast observed. In such cases the resolution was artificially
limited to 1.8 A.

The results of these simulations are shown as insets on Fig.
1. They confirm that an adsorbed sulphur overlay can indeed
produce enough contrast to be visible in the experimental image,
and tests with varying thicknesses of amorphous background
suggest that this would be valid for the ¢(2x2) overlay until
the background medium was at least 120 A thick. For the p(2 x 2)
overlay, where the density of sulphur atoms in projection was
only 50% of that for c(2x2), the overlay was almost invisible
when the background thickness reached 50 A: consequently we
must conclude that the observed images correspond to the latter
structure.

Although the results described here refer to an ordered over-
lay, the use of the HREM technique would allow true imaging
of a non-periodic arrangement, if this were present. Exactly how
much structural information is obtainable remains to be seen,
but in principle, by using multislice procedures, it may be
possible to determine the exact location of adsorbate atoms and
their spatial relation to those of the support, as the computation
involved, although considerable, is less than that required for
complete elucidation of a LEED pattern. In such cases we would
then have an exceptionally powerful technique for determining
the structure of adsorbates on real catalysts.

We thank the SERC for providing electron-microscopic
facilities, and the Harwell Laboratory for the provision of
materials. D.A.J. is indebted to Dr J. C. Barry, Arizona State
University for assistance in the multislice computations. Part of
this work was done under a NSF program.
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Electron microscopy on the 7. =110 K
(midpoint) phase in the
system Bi,O,—SrO—CaO—CuO
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The system is known to have at least two phases exhibiting high
superconducting transition temperatures (T) of 85 and 110 K. It
is well established that Bi,Sr,CaCu,0y3, s has a T of ~85K. To
date it is not known which phase in the system exhibits T =110 K.
We performed high-resolution electron microscopy and analytical
electron microscopy on material having a nominal composition
BiSrCaCu,0,, and containing a relatively high fraction of the
phase with T =110 K. Two structures related to the structure of
Bi,Sr,CaCu,Q0yg, 5 are found. These structures and their possible
compositions are discussed.

Since the discovery of ceramic materials exhibiting high super-
conducting transition temperatures, much research on these
materials has been carried out. One of the goals of the research
was to discover materials with a T higher than that of the
widely studied compound YBa,Cu;0,. Because the high T is
believed to be associated with the two-dimensional nature of
YBa,Cu;0,, one of the aims of the research was to try to
substitute copper in known layered compounds.

One of the layered compounds resembling the perovskite-like
structure of YBa,Cu;0, is Bi,Ti;O,,'. The structure of this
compound is composed of a perovskite block of three units
stacked with a Bi,0, layer. A large variety of phases exists, all
having that Bi,0, layer, but with a different number of units in
the perovskite block. Michel et al? studied the superconducting
behaviour of a compound, which they reported to be
BiszzCU207+5 with a TC of 20 K.

Maeda et al® investigated the system CaO-SrO-Bi,0;-CuO
and found a new superconductor with T-= 110 K, and claimed
the composition to be BiSrCaCu,0,.

Research at many laboratories was immediately focused on
this new phase. Many researchers were readily able to synthesize
a compound with T~ 85 K, but were unable to reproduce the
result of Maeda et al. The elucidation of the composition and
the structure of the 85-K phase took several weeks, suggesting
that this material is much more complex than YBa,Cu,;0,. The
structure is found to be very complicated with a long period
modulation. The basic structure, however, has been determined
by several groups®, with an approximate composition of
BizsrzcaCUZOg_Hs .

One of the problems in determining the composition of the
compound with T, of 85K is the composition range of the
material. This is due partly to the existence of a region of solid
solution (H. W. Z. et al, manuscript in preparation) with a
varying Ca:Sr ratio, but also because defects are introduced® in
the structure, changing the composition.

Apart from the modulation, a consensus has been obtained
on the substructure and its superconducting behaviour. The
110-K material is still unresolved.Here 1l reports, this phase was
only a minority phase, making it particularly difficult to elucidate
its structure and composition.

Here we report an electron microscopy study on a nominal
mixture of BiSrCaCu,0 x exhibiting almost zero resistance and
a considerable drop in the magnetization at 107 K. We show



