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Fig. § Computer-processed image of the raw data presented in
Fig. 2b. The Wiener filtering decreased the noise without affecting
the periodic data.

These are the first images of amino acids to come from the
emerging STM/AFM technology, and they reflect early progress
in our effort to explore the fine structure of biological materials.
Despite some promising results'*-'® it is still too soon to say
how useful the scanning tunnelling microscope will be to the
understanding of biological structure, mainly because the STM
relies on electrical conductivity of the specimen to provide
information. Biomolecules, for the most part, are not good
conductors. The AFM, however, operates independently of
specimen conductivity and may be better suited in the long run
as a tool for studying atomic and molecular architecture of
biological interest.

Although it has been useful for this initial research to obtain
images from a periodic structure, it should be emphasized that
periodic structures are not necessary for the atomic force micro-
scope. In this respect the atomic force microscope is similar to
a scanning tunnelling microscope. Many examples of isolated
atomic scale features and point defects in periodic structures
have been reported for the scanning tunnelling microscope'®. It
thus appears possible, at least in principle, to image molecules
of biological importance that cannot be crystallized.

We thank W. Stoeckenius for emphasizing the opportunities
for imaging proteins with the atomic force microscope, and .
Giaever for suggesting that amino acid crystals would be a good
place to begin. We thank G. Binnig, Ch. Gerber, C. Quate, T.
Albrecht, K. Wickramasinghe, R. Erlandsson, G. McClelland,
C. Mate and S. Chiang for sharing advice on how to build
atomic force microscopes and sending us preprints of their work;
L. Dubois and M. Van Hove for information about surface
reconstructions; S. Bartnicki-Garcia for providing the pL-
leucine crystals; E. Martzen for secretarial help and M. Wilson
and R. Stuber for help in the design and construction of our
microscopes. This work was supported in part by the Belgian
National Fund for Scientific Research (L.H.), the Agricultural
Experiment Station, Purdue University Journal Paper No. 11,
597 (C.E.B.), Office of Naval Research (O.M., B.D.), and the
Nationai Science Foundation (S.G., P.K.H.).
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High-temperature superconductivity with onset temperatures up
to ~120 K has been observed recently in the Bi-Ca-Sr-Cu-O
system'. The primary hlgh-tempenture superconducting phase
has been ldentlﬁed by Hazen ef al.? s a layer structure, probably
related to the 22-K superconducting phase recently described by
Michel et al® and to the family of layered bismuth compounds
described by Aurivillius'. Hazen er al. described the unit cell,
approximate composition, and electrical properties of the Bi-Ca—
Sr—Cu-O superconducting phase. Diffraction experiments indicate
that the new Bi-Ca-Sr—Cu-O layer-structure superconductor
possesses a primitive orthorhombic unit cell with probable space
group Pnnn. The material exhibits severe structural disorder,
which is primarily related to stacking within the layers. The
apparent orthorhombic strucure is an average resulting from
orthorhombic material mixed with monoclinic domains in two
twinned orientations. We also describe two distinct types of struc-
tural disorder that are common in materials synthesized to date.
This disorder complicates the crystallographic analysis and sug-
gests that X-ray and neutron diffraction methods may yield only
an average structure.

The present observations are from samples BCSCO-a and
BCSCO-b of Hazen et al’. All selected-area electron diffraction
microscopy (SAED), X-ray analytical electron mlcroscopv
(AEM), and high-resolution transmission electron microscopy
(HRTEM) expenments were performed with a Philips 420 trans-
mission electron mlcroscope as described in detail by Livi and
Veblen®. Cliff and Lorimer® thin-film k-factors for Ca and Cu
were determined as noted in ref. 5, and those for Sr and Bi were
determined from celestite (natural SrSO,) and synthetic BiVO,,
combined with previously determined k-factors. The analyses
are not highly accurate but they are clearly from single-crystal
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Fig. I An a-axis SAED pattern showing intense streaking parallel
to ¢*, due to severe structural disorder.

b

Fig. 3 Thin-crystal HRTEM image obtained paralle! to a and
labelled with the ideal orthorhombic unit cell axes. Light fringes
paralel to (001) show the basic layer structure, while the light *010°
fringes exhibit variable orientation as a result of stacking disorder.

.

material of the superconducting phase and not from a mixture.
The quality of the lattice images is rather low, because the
layered crystals are quite thick in orientations with the electron
beam parallel to the layers and because most crystals are defor-
med and hence do not represent a unique crystallographic
orientation. They are, however, of sufficient quality to allow
determination of the large-scaie defect structures.

SAED patterns obtained parallel to the a and ¢ crystallo-
graphic axes suggest® an orthorhombic unit cell. This iden-
tification was refined using powder X-ray diffraction data. The
unit cell has parameters a =5.41, b=27.2, ¢ =30.8 A, which
may be related to a cubic perovskite subceil by the ratios v2 x
5v2x ~8. Based on the systematic absence of diffraction spots
with h=0, k+1/=2n+1, on a-axis SAED patterns, Hazen et
al’? suggested that the oxide might possess an A-centred unit cell.

We have now obtained both SAED patterns and HRTEM
lattice images parallel to all three crystailographic axes as well
as other orientations. These patterns confirm that the unit cell
is orthogonal, with all three unit cell angles a =8 =1y =90°,
consistent with orthorhombic lattice geomtry. Intensity
distributions also are consistent with the orthorhombic crystal
system.

In addition to the systematic absence noted above, b-axis
SAED patterns show that diffraction spots with k=0, h+1=
2n+1, are absent, consistent with a body-centred (I-centred)
lattice or n-glide planes parallel to (010). The a- and b-axis
SAED patterns indicate that most apparent violations of J-
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Fig. 2 Lattice image showing the 15.5-A (002) fringes. Two
defects involving missing or extra sublayers are arrowed.

Fig. 4 Schematic diagram of the structure observed in lattice

images from thin crystals; a, ideal orthorhombic structure with

vertical ‘010’ fringes; b, and ¢, the two twin orientations of the

monoclinic domains with tilted *010" fringes, which combine to

form an average orthorhombic structure in electron and X-ray
diffraction patterns.

centring visible on the c-axis patterns result from the intersection
with the Ewald sphere of relatively strong streaks that are present
in all diffraction rows parallel to c*, as a result of structural
disorder. The intensities of the strongest apparent violations
(the 100, 090, and 0-11-0 spots in Fig. 3 of Hazen er al%) are
probably enhanced by dynamical diffracton, due to their
relationships to the strong perovskite subcell diffractions.

The electron diffraction extinctions noted above contain clear
violations of face centring, as well as all possible orthorhombic
end-centred lattices ( F, A, B and C), and these violations cannot
be accounted for by dynamical diffraction. In addition, diffrac-
tions such as the 15/ with /=2n+ 1 are present, in violation of
body-centring. The lattice thus appears to be primitive ( P}. The
observed space group extinctions indicate n-glide planes normal -
to ¢, b and probably a, suggesting space group Pnnn, or possibly
Pnn2 or Pnnm. It should further be noted that entire classes of
reflections, such as the 15/s with {=2n are absent. These non-
space-group extinctions probably imply that the structure
possesses some sort of strong pseudosymmetry or local sym-
metry.

It must be emphasized that the unit cell and space-group
symmetry under discussion refer only to the average structure
of this superconducting oxide. It is clear from data presented
below that the true structure consists of small domains probably
having both monoclinic and orthorhombic symmetries.

AEM data from thin, single-crystal plates of the oxide show
that the material is chemically rather homogeneous. As the AEM




analyses are from indisputably single-phase material that
exhibited SAED patterns characteristic of the superconductor,
these data support the assumption that the superconductor
possesses a unique structural formula, although compositional
variations among synthesis runs can be expected to occur due
to solid solution. The AEM data show rough consistency with
the data of Hazen et al?, although the latter used experimental
techniques with much lower spatial resolution. When normalized
to 7.00 cations, for comparison with the data of Hazen et al,
the analyses yield the formula

(Bin.aocuz.zo)ga oo{Ca, 2581, .7zBi0.oz)zs.ooos+s

Determination of the full crystal structure is necessary for full
understanding of the chemical substitutions within this formula.

SAED patterns of the oxide show reasonable periodicity
parallel to a* and b* but tend to be heavily streaked paraliel
to c¢* (Fig. 1), indicative of structural disorder affecting the dy,
periodicity. Lattice images confirm that the structure is highly
periodic within the a-b plane, but at least two different types
of disorder are readily observed in HRTEM lattice images
obtained by imaging diffraction patterns containing ¢*. One-
dimensional lattice images produced from oniy the 00! row of
diffraction spots show occasional layers with contast or spacing
difterent from that of the bulk structure (Fig. 2; also see Fig. 4
in ref. 2). Assuming that the oxide is related to the perovskite
structure, these defects are probably due to missing and extra
perovskite sublayers, perhaps accompanied by anomalous
cation occupancies. The most common defects of this sort appear
to involve a single missing or extra unit of ~4 A thickness
parailel to the c-axis.

Another type of disorder, observed in images obtained with
the electron beam parallel to a, appears to be pervasive and
probably results in most of the streaking parallel to ¢* in SAED
patterns. These a-axis images (Fig. 3) show relatively light
fringes that are rigorously parallel to (001) and another set of
light fringes that are more or less parallel to (010), hereafter
referred to as the ‘010" fringes. Although the average crystal
structure of this oxide has not yet been determined, it is likely
that these light (001) and ‘010’ fringes correspond to two different
sets of planes with relatively low electron and proton density.

Although the ‘010’ fringes in lattice images are in places
parallel to (010) of the orthorhombic unit cell, they commonly
deviate from this orientation in either of the two possible senses,
forming variable angles other than 90° with the (001) fringes.
This is shown schematically in Fig. 4. The structures of Fig. 4b
and ¢ correspond to monoclinic domains related to each other
by a (010) mirror twin operation. The true structure of this
material may thus be a mixture of an orthohombic structure
(Fig. 4a) with twinned monoclinic structure (Fig. 4b and c),
exhibiting variable angies between the (001) and (010) planes.
Microtwinning of such monoclinic domains is shown in Fig. 5a.
In addition, the mixing of these orthorhombic and monoclinic
domains results in orientation variations in the 011 fringes on
lattice images (Fig. 5b).

Although there is no direct diffraction data relating to the
space group of the monoclinic structures, it is likely that it is a
distortional subgroup of the ideal orthorhombic space group
Pnnn. Assuming that the n-glide normal to a is preserved, the
space group is probably P2/ n, having a non-conventional mono-
clinic unit cell with a unique.

A final defect that is observed in a-axis lattice images can be
described as a dislocation in the superstructure with apparent
projected Burgers vector 3[011]. An example is illustrated in
Fig. Sc. This type of defect can be accommodated by adjusting
the stacking of (001) layers in the region of the fault.

We have clarified the crystallography of the new high-T.
Bi-Ca-Sr-Cu-O layered superconductor, showing that its
average structure is probably best described with a primitive
orthorhombic unit cell, with space group Pnnn. However, our
lattice imaging experiments also show that the material grown
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Fig. 5 Lattice images showing (011) fringes. Axes refer 1o ideal

orthorhombic structure. The chevron structure in (a) is due to

smail-scale twinning of twomonoclinic structures. Varying orienta-

tion of the fringes in (b), due to stacking disorder, and the disioca-

tion in the superstructure in (c), with apparent projected Burgers

vector {011], are best seen by viewing the images a low angie in
the direction of the arrows.

to date possesses pervasive structural disorder. The structure
has occasional missing and extra sublayers. More important,
we have shown that the average orthorhombic structure actually
consists of a complex mixture of orthorhombic material with
monoclinic material (probable space group P2/n) in two twin-
ned orientations and having variable angles between the (001)
and ‘010’ fringes. The variable angles may result from variations
in the stacking of rows of low metal occupancy or atomic number
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in adjacent sublayers. It is also possible that the twinned mono-
clinic structure results from a phase transition from a higher-
temperature orthorhombic structure.

We speculate that two different types of layers corresponding
to the light (001) and ‘010’ fringes may be responsible for the
two components of superconductivity. The component with
onset temperture ~120 K may result from local superconduc-
tivity within the ‘010’ layers, while the lower-temperature com-
ponent may result from superconductivity in the (001) layers.
It is thus possibie that this structure represents a three-
dimensional superconductor.

This work was supported by NSF, NASA, the Texas Center
for Superconductivity and the TLL Temple Foundation (Hous-
ton). We are indebted to Dr J. E. Post of the Smithsonian
Institution for AEM analytical standards.
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The mechanism of operation of tin(1v)
oxide carbon monoxide sensors
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The electrical properties of tin(iv) oxide render it an excellent
material for the detection of very low levels of carbon monoxide,
and several devices based on sintered pellets of SnO, are commer-

cially available'Z, Investigations of the operation of such sensors ‘

have generally been restricted to studies of the electrical behaviour
of the oxide and little attention has been paid to the relationship
between the surface adsorption phenomena and electrical changes
im the bulk oxide. These studies® demonstrated the consistency of
a model in which conductance is effectively controlled by the
population of negatively charged oxygen adsorbates. The chemical
reactions occurring at the oxide surface, although unsubstantiated,
have been assumed to involve CO adsorption, desorption of CO,
(which produces an increase in conductance) and replenishment of
the resulting surface oxygen vacancy by adsorption of molecular
oxygen®. Here we describe experiments in which the nature of the
surface species adsorbed into tin(1v) oxide from atmospheres
containing low levels of carbon monoxide is monitored using
transmission infrared spectroscopy while simultaneously measur-
ing the electrical changes produced in the bulk oxide. The data
demonstrate the effect of heat treatment on the formation of
adsorbate species and the mutual interdependence of adsorbate
species and bulk oxide electrical conductance. This relationship
is important both for sensor operation and heterogeneous catalysis.

The tin(1v) oxide sample used for each experiment comprised
a thin self-supporting pressed disk of high-surface-area gel { pre-
pared by the hydrolysis of tin(iv) chloride). Two electrodes
attached to the disk surface using gold paste allowed the elec-
trical conductance to be continuously monitored. The sample
was mounted in a twin-beam infrared cell provided with an
integral furnace, which was positioned in the optical path of a
dispersive infrared spectrometer and connected to a high
vacuum system. Using this arrangement the oxide disk could
be preheated at a temperature up to 660 K, exposed to atmos-
pheres of any desired composition or pressure (usually 10° Pa),
and the gas phase could be removed rapidly by evacuation. All
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Fig. 1 Structures of the surface species formed on tint1v) oxide
from CO/air mixtures. a, Bidentate carbonate (characteristic

infrared bands; 1,585, 1,223 cm™"'). Unidentate carbonate (1,430,
1.370 cm ™). ¢, Carboxylate (1,540, 1,300 cm™").
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Fig. 2 Plots of the integrated peak areas against oxide pre-treat-
ment temperature for the bands at 1,585 cm™" (a), 1,223 cm™" (b),
1,300 cm™ (¢), and 1,430 cm™" (d).

the data reported here were obtained with the oxide sample
heid at 329 K.

Infrared difference spectra due to surface adsorbed species
were obtained by subtracting the oxide absorptions from those
observed in the oxide plus absorbate system. The spectra
observed on dosing the tin(1v) oxide disk with 1,000 p.p.m. CO
in dry air comprise five major bands corresponding to three
types of surface species: surface unidentate and bidentate car-
bonate, and a surface carboxylate (Fig. 1). The intensities of all
the bands due to the adsorbate species increase steadily with
time during the period of exposure. Removal of the COyair
atmosphere by evacuation followed by re-exposure to drv air
produces no new infrared features but the bands due to surface
unidentate and bidentate carbonate are greatly reduced in
intensity. In contrast, those due to surface carboxylate are only
slightly affected. it would appear that whereas both the surface
carbonate species are readily desorbed, the surface carboxylate
species are held more strongly.

The pre-treatment temperature of the oxide has a marked
effect on the abundances of the three types of surface species
formed. The absorption intensities (and hence the surface popu-
lation) of both of the surface carbonate features increase with
increasing calcination temperature up to ~570 K and decline
rapidly thereafter. The absorption peaks for carboxylate,
however, increase fairly steadily up to at least 620 K. These
effects are clearly demonstrated by evaluating integrated peak
areas for the characteristic peaks of each species, and in Fig. 2
these are piotted against oxide calcination temperature for the
1,223cm™, 1,585cm™ (both due to bidentate carbonate),
1430 cm™' (unidentate carbonate), and 1,300 cm ™' (carboxylate)
features respectively. Clearly the nature of the adsorbed species
formed from CO/air atmospheres varies significantly depending
upon the conditions, and at higher pre-treatment temperatures




