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Abstract 

Atomic surface profile imaging is an electron optical technique capable of 

revealing directly thtf surface crystallography of ceramic oxides. Use of an 

image-intensifier with a TV camera allows fluctuations in surface morphology 

and surface reactivity to be recorded and analyzed using digitized image data. 

This paper reviews aspects of the electron optical techniques, including 

interpretations based upon computer-simulation image-matching techniques. An 

extensive range of applications is then presented for ceramic oxides of 

commercial interest for advanced materials applications: including uranium 

oxide (UCK); magnesium and nickel oxide (MgO.NiO); ceramic superconductor 

(YPdjCu^O^ 7 ) ; barium titanate (BaTiO^); sapphire ( a - A U O i ) ; haematite (a-

F e j O i ) ; monoclinic, tetragonal and cubic nanocrystallinc forms of zirconia 

(Zr0 2 ) , lead zirconium titanatc (PZT + 6 mol.% NiNb0 3) and ZBLAN fluoride glass. 

Atomic scale detail has been obtained of local structures such as steps associated 

with vicinal surfaces, facetting parallel to stable low energy crystallographic 

planes, monolayer formation on certain facets, relaxation and reconstructions, 

oriented overgrowth of lower oxides, chemical decomposition of complex oxides 

into component oxides, as well as amorphous coatings. 

This remarkable variety of observed surface stabilization mechanisms is 

discussed in terms of novel double-layer electrostatic depolarization mechanisms, 

as well as classical concepts of the physics and chemistry of surfaces (ionization 

and affinity energies and work function). 
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1. Introduction 

Many analytical and spectroscopic techniques arc available for the 

characterization of surfaces [1,2], but only high resolution microscopical methods 

can provide details about local atomic arrangement'- The principles and 

applications of scanning tunneling microscopy (STM) are becoming widely-

known (see e.g. [3,4]) and provide exciting new opportunities for surface analysis. 

A second imaging technique, which is perhaps less well-known, is that of atomic 

surface profile imaging [5,6]. This evolved with the realization of atomic 

resolution (1.7 - 2.3A) in high-resolution electron microscopy (HREM), when it 

became apparent that new types of atomic scale information appeared naturally 

when clean surfaces were imaged by HREM. Initial effort was concentrated on 

small gold particles because the surfaces were quite inert and easily kept clean 

and structurally-stable during irradiation in an electron beam in the moderate 
7 8 

(10 - 10 torr) vacuum of a modern HREM instrument [7,8]. Later the 

morphology of semiconductor [9,10] and transition metal oxide [11,12,13] surfaces 

were studied. For compo. semiconductors and oxides a variety of surface 

terminations may occur, even for a given facet index, when direct structure 

determination of local surface structure may become critically important, if the 

structure of real atomic surfaces is to be known. Some examples of such analyses 

are given in refs. [14-17]. 

Transition metal oxides often change during irradiation, due to clcctron-

bcam-induccd desorption of oxygen, giving rise to a number of diffcrciit types of 

surface modification, e.g. formation of a reduced oxide monolayers [17]; formation 

of an oriented overgrowth of a lower oxide [18] or decomposition of surface layers 

into stable component oxides [19]. The surface structure of fresh and "used" 

spinel catalyst particles showed irreversible surface modifications [20], providing 

the first commercially significant results. Surface profile imaging is also most 
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effective in enabling video recordings to be made of dynamic surface phenomena 

in real time. 

The analysis of atomic surface profile images may be complemented by use 

of selected area electron diffraction patterns, as well as optical diffractograms or 

powder spectra obtained using Fourier transform analysis of digitized image data. 

Chemical data is also obtainable from electron energy los.> spectra (EELS) using a 

small electron beam probe. Finally scmi-quantitive image matching techniques 

based on computer simulations of the images are used to analyze for atomic 

pos i t ions . 

In the first part of this paper we present some relatively new results of 

atomic surface profile imaging applied to ceramic oxides; including magnesium 

and nickel oxides, barium titanatc, haematite, sapphire, and titanium dioxide. All 

of these materials were supplied in single crystal form and the results may be 

considered to be of interest at the fundamental research level, involving 

development of new electron optical imaging and analysis techniques. 

In a second part of the paper we turn our attention to HREM analysis of 

some ceramic oxides of recent commercial interest, obtained from sources in 

France and China, as well as Australia. Thus the use of fine (submicron) and 

ultrafinc (< 100 nm) particles as precursor materials for advanced ceramic 

production, e.g. for fabrication of high-transitioii temperature superconductors 

[21] as well as for oxide-based ceramics [22,23], requires novel techniques for 

proper characterization of such materials. Classical optical microscopy, for 

example using a standard metallurgical microscope having resolution ~1 u.m, or 

even standard scanning electron microscopy at a resolution of 5-10 nm, no longer 

have appropriate resolving powers. Wc have endeavoured to develop appropriate 

techniques for characterization of the morphology, size, homgencity, state of 

aggregation and/or sintering, as well as the atomic structure of the surfaces of 
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industrial ceramic particles, in particular zirconia powders T23.24] as well as the 

ferroelectric dielectric capacitor material lead zirconium titanatc (PZT) [?5]. 

Observations of zirconias and PZT of recent commercial interest arc described 

below. These last HREM results emphasize the potential contribution of both 

conventional transmission electron microscopy (TEM) of medium resolution and 

HREM for routine analysis and characterization of ultrafine ceramic powders and 

sintered products. These techniques complement existing characterization 

techniques, ?.s well as providing distinctly new types of information, when 

carried out in close collaboration with research and development personnel. 

Finally, some observations of the optical fibre fluoride glass (ZBLAN) are 

presented. 

2. Experimental 

Fragments were taken from single crystals ( a - F c 2 0 , , a - A U O i , MgO, BaTiCK, 

NiO and TiCK) obtained from a variety of commercial sources, or from sintered 

pellets of PZT, supplied by I.C.I. Research (Ascot Vab). Ulfrafine zirconia powders 

(monoclinic, tetragonal or mixed phase preparations) were obtained from 

Dcpartemcnt de Physique des Matcriaux, Univcrsitc Claude Bernard, Lyon 1, 

France. A sintered pellet of cubic-stabilized zirconia was obtained from the 

Ceramics Institute, Acadcmia Sinica, Shanghai, People's Republic of China. ZBLAN 

was obtained from Dr Carolyn Rich, Monash University, Chemistry. 

The fragments were crushed dry in an agate mortar and suspended in a 

drop of high purity solvent, which was allowed to dry on a holey carbon support 

film. The ultrafinc zirconia powders and ZBLAN were also ground and dispersed 

dry onto holey films. 

Thin edges and surface profiles were observed at 400 kV with a JEOL-4000EX 

HREM, which forms part of the National Advanced Materials Analytical Centre 

(NAMAC), housed jointly at the CSIRO Division of Materials Science and The 
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University of Melbourne. The intcrprctable point resolution of this instrument is 

1.7A, obtained at 400 kV using an objective lens pole piece having spherical 

aberration coefficient C = 0.94 mm. A goniometer having two perpendicular tilts 

of ±20° was used to align precisely chosen crystallographic axes [uvw] parallel to 

both the incident beam direction and »he optic axis of the objective lens. The 

specimen height was carefully adjusted to maintain an optimum focussing 

current, when the objective lens astigmatism, as well as optical alignment 

parameters could be set against calibrated values. Typical operating conditions 

were: magnification 800,000 - 1,000,000 X, electron current densities of up to 60 

2 -2 
p A . c m for viewing and recording the video image and 5-20 pA.cm for 

recording on film. 

Computer simulated images were obtained using Melbourne University 

Multislicc (MUM) software. The effective resolution, thickness and defocus 

parameters were determined by obtaining convincing semi-quantitative image 

matches for the perfect structure close to the edge of the crystal. Computer-

s imulat ions of surface profile structures were obtained using periodic 

continuation techniques [26,27]. Algorithms were derived [28,29] which 

incorporate chosen slabs of atomic structure, separated by empty space, into a 

supcrlattice unit cell; allowing the surface profile structure to be modified by 

relaxations or monolayer reconstructions, as required to match the experimental 

image profiles. The MUM programs already include the effects of lens 

aberrations, dcfocussing of the objective lens, and of Frcsncl diffraction effects at 

the vacuum/crystal interface. 

3. Resul ts 

( a ) Uranium oxide (yellow cake): Fig. 1 shows the edge of a U 4 O 0 crystal 

fragment imaged in a [0011 projection, indicating that the surfaces of this 

material arc remarkably e 'ean. Surface facetting was observed, with 
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rearrangement of steps and ledges taking place during observation at 60 pa.cm" . 

{100} facets appear to be preferred, indicating a relatively low surface energy. 

Considerable mobility of clusters of surface atoms is maintained in a high energy 

density electron beam, which is best seen on a video monitor; however, 

significant changes in surface profile morphology may be recognized by close 

comparison of Figs. la.b. 

(b) Magnesium oxide (MgO): Fig. 2 shows the edge of a MgO fragment, imaged 

in the [001] projection, after a few minutes irradiation at 30 pA.cm Note that 

extensive facetting has occurred parallel to cube faces {100} in this relatively 

short time. The images are from very thin crystal fragments (<_50 A deep) imaged 

at the Schcrzer optimum defocus condition, when Mg atomic columns appear as 

black spots in the image. One can therefore read off the Mg surface profile 

coordinates. Using digitized data from such images we have determined the 

fractal dimension of the "coastline" of MgO crystallites and used this to specify the 

surface roughness [30]. Lower contrast areas of this image represent the thinnest 

parts (<24k deep). 

(c) Nickel oxide (NiO): Fig. 3 shows a comparable view of the profile of a NiO 

fragment, imaged along [001], again at 20-30 pA.cm Wc have again seen 

extensive facetting parallel to cube faces, but extensive formation of voids 

occurred after a few minutes irradiation, also showing preference for {100} 

facetting. At the same time tiny crystallites began to appear along the edge of the 

original crystalline fragment and the neighbouring support film. Wc suppose 

this is due to distillation of NiO from the thicker, i.e. hotter, parts of the fragment, 

with recrystallization occurring along the cooler (thinner) edges. Similar 

observations of fragments of SrO and BaO, which arc isostructural with MgO and 

NiO (rocksalt structure), were far more dynamic than NiO. A comparison of the 

surface activities of these four oxides will be published separately [31|. 
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(d) High-T superconductors ( Y B a 2 C j j 0 7 fi: S = 0.15); Fig. 4a-c show successive 

images (~2 minutes interval) of the surface profile of this high-T c 

superconducting material. Remarkably these clean {001} facets were relatively 

stable under electr .-• irradiation, showing only some surface step 

rearrangements, without gross changes, such as decomposition or glassification. 

Extensive computer simulations showed that the preferred surface termination in 

this structure was a BaO layer, which forms a neutral, as opposed to polar, surface 

and hence may exist as a stable bulk/vacuum interface without significant 

relaxation or reconstruction [32]. 

(e) Barium titanate (BaTiO-,): Experimental studies suggest modified layers at 

the surface of ferroelectric materials, which may significantly alicr coercive 

field, switching time, domain wall movement, electrode contacts, etc., in thin film 
applications [33,34]. Attempts to image domain structure sin BaTiO^ at high 

resolution showed that fracture surfaces were coated with an amorphous layer 

[19]. Under electron irradiation this surface coating crystallized, forming 

coherent domains of TiO and BaO grown cpitaxially onto the BaTiOo substrate. 

Computer simulated images were used to identify the modified surface structures. 

Nanocrystallitcs of TiO form on a continuous layer of BaO. Disorder in mixed TiO-

BaO areas, as well as atomic details of the surface morphology may be directly 

interpreted (sec Fig. 5 for some typical surface structure). 

(f) Sapphire or alumina ( a - A l , O i ) : In the case of atomically clean (0006) 

surfaces of ruby and sapphire we identified (Fig. 6) both a reconstruction, in the 

form of overgrowth of a monolayer of y -AlgO^ structure, plus a relaxation 

outwards by 15-20% of the normal (0006) intcrplanar spacing [16,17,28]. Again 

these structures were identified using computer modelling and image-matching. 

For surfaces already coated with thin amorphous layers, by heating in air prior to 

observation by HREM, there was no irradiation-induced rearrangement and the 
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crystal / amorphous coating interface was identified as non-relaxed and non-

reconstructed, with a normal Al plane butting onto amorphous alumina structure 

[16]. As may be seen from structural drawings (Fig. 7) both (0001) and (1120) 

atomic surfaces of alumina arc polar, containing either Al or O only planes. The 

planes form (Al-CK-Al) sandwiches parallel to both (0001) and (1120). If a surface 

is created simply by placing a cut through the normal structure a polar surface 

would result; although the half-crystal may be neutral overall, its ideal surfaces 

would possess either positive or negative polarity. It is usually assumed (see e.g. 

ref. 35) that, in the case of a polar surface, a surface compensating charge o c > 

given by 

c c = a b ( d / a ) ( l ) 

is required to stabilize the crystal in the electrostatic sense, where a . is the 

charge density of the bulk ionic layers, d is the thickness of a surface 

depolarizing double layer [1] and a is the distance between adjacent cation layers. 

Such a surface depolarizing double layer may be achieved by reconstruction 

and/or relaxation of the surface layers [1]. Our results for clean (0006) or (1120) 

alumina facets imply an alternative surface depolarization mechanism may be 

achieved by reduction of some outermost Al ions to Al vith formation of a 

monolayer of spinel-type Al^O* structure coherently overgrown onto the alumina 

substrate. This, together with an outwards relaxation of the monolayer by about 

20% of the normal cation layer spacing, should lead effectively to a depolarization 

mechanism equivalent to that expressed by Eq. (1). Of course, there may also exist 

some relaxation of the O ion positions, as well as changes of surface electronic 

band structure (band bending). Clearly, the latter cannot be evident in HREM 

images. The electronic properties of sucn facetted surfaces should be important 

for electronic, catalytic and mechanical applications of alumina. Presumably the 

surface may become semi-conducting or even exhibit metallic electrical 

conductivcly. 



10 

The finite extent of the facets .s presumably limited by elastic coherency 

considerations. Thus (0001) facets are generally longer (40-JO0A) than the {1120} 

facets (20-50A). This may be expected since the lattice mismatch between the 

alumina substrate and the spinel-type monolayer is significantly less for (0CO!) 

than it is for (1120) (sec ref. [29], Table 1). Thus, as the facets increase in area, the 

monolayer/matrix coherency strain energy will also increase until it becomes 

more favorable energetically to create surface steps and ledges, i.e. shift the 

monolayer onio a fresh facet (see e.g. the pscudorcgular array of facets in Fig. 6). 

(g) Haematite ( a - F e 2 0 3)l The surface crystallography of haematite was 

investigated for {1120}, (1014}, {0006} and {1102} facets, for the three principal 

zone axes [0001], [1120] and [1102], i.e. the technologically interesting c-cut, x-cut 

and r-cut sections of the rhombohedral corundum-type structure, which 

haematite shares with ruby and sapphire [29]. Distinctive behaviours were 

observed for the different facets (see e.g. Fig. 8). The surface structure analysis 

was achieved by establishing interpretablc "structure image" conditions for thin 

edges and image-matching using computer-simulated image techniques (inset in 

Fig. 8). Thus essentially "ideal" cuts through the bulk structure are exposed for 

{1120} (Fig. 8a). There was significant local atomic mobility for these surfaces, i.e. 

continuous changes in steps and ledge configurations, but without showing any 

tendency to develop extensive facetting, reconstructions or relaxation. However, 

a monolayer reconstruction, with outwards relaxation of 5-10% of the normal 

lattice spacing, occurred for {1014} (Fig. 8b); whereas oriented monolayer 

overgrowths of y-Fc^O A, with facetting, occurred for (0006) (Fig. 8c). {1012} 

profiles were also essentially ideal cuts (Fig. 8d), again exhibiting significant 

local surface mobility with fluctuations stimulated by irradiation with the 

electron beam used for imaging. It seems lo us that these results arc best 

understood in terms of the effects of different binding energies of atoms for 
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different surface geometries, combined with the necessity to realize surface 

depolarization mechanisms which will produce electrostatically stable surfaces. 

Changes during electron irradiation may be understood in terms of 

electron-induced desorption mechanisms [36], as well as the usual clectron-

encrgy-loss processes [37]. It seems important to point out that beam-induced 

changes may be more or less dependent on the partial pressure of J ^ O or OH . 

Against this it should be noted that the study of clean surfaces, as usually 

practised using ultrahigh vacuum condit ions, requires electron or ion 

bombardment and/or chemical and/or thermal etching and degassing techniques 

to create and maintain clean surfaces [1,2]. Thus our results may be relevant to 

much existing literature on surface physics and chemistry of haematite, alumina, 

etc [38]. Preferential loss of oxygen from haematite (and sapphire) surfaces may 

well be expected to occur under electron irradiation >n the high-energy-density 

electron beam used for HREM observations. There is always some secondary-

electron emission, following incident beam energy loss processes, which may 

leave a positively-charged surface. In addition, the relatively low energy 

secondary electrons produced should induce oxygen desorption proc sscs (see 

discussion by Knotek and Fcibclman [36]). 

Despite the note of cauiion just introduced, it should be informative to 

apply classical surface physical arguments to the different facets of haematite or 

sapphire. Thus, if the ionization energy I of surface atoms is less than the work 

function <$> of the cation then an electron will be transferred to ionize the surface 

atoms. This mechanism will imply a doi'blc-laycr surface depolarization 

mccharism, forcing ionic relaxations or surface reconstruction. On the other 

hand, if the electron affinity A of the surface atoms is greater than the work 

function <)> an electron will be transferred from the substrate to the surface atom, 

and (neutral) surface compound (monolayer) formation will become the 

preferred surface depolarization mechanism. There is a third possibility I > <» > A, 
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when surface adatoms may be expected to form neutral (van der Waals) bonds 

with the substrate. From our results above we expect that compound formation (a 

monolayer of -y-FegCK, or 7 - A U 0 4 ) is favoured for {0006} and {1014} facets; 

whereas {1120} and {1102} may be relatively "neutral" surfaces, exhibiting 

significant surface atom mobility. Such surfaces should participate more readily 

in vicinal surface step formation (accommodating rounded surfaces), whereas 

reconstruction or monolayer compound formation favours more extensive 

facetting. For the former high index faces are stable whereas for the latter low 

index facets possess the lower surface energy. 

(h ) Zirconia (ZrC^): Ultrafine zirconia powders were processed by calcination 

of an amorphous hydrated zirconia oxi"1^ [22] at temperatures between 300CC and 

1100°C (see Table 1, ref. [23] for values of typical ceramic parameters). Figs. 9a-c 

reproduce three HREM images obtained for samples calcined at 400°C, 700°C and 

800°C respectively for lh. Thus the crystal lattices of whole primary grains have 

been imaged at 0.22 nm resolution, including the atomic surface profiles. This set 

of images reveals correlated changes in crystallite size and surface facetting. On 

increasing temperature the crystal'ites change from roughly spherical to 

obviously polyhedral shapes, with preference for facetting on (111)., and (010)w 

planes (Fig. 9c) At the same time the crystal structure changes from 

predominantly tetragonal to predominantly monoclinic. Optical diffractograms, 

obtained by forming the Fraunhofer diffraction pattern of the images using laser 

illumination on an optical bench [24], enable the symmetry and reciprocal lattice 

geometry of individual nanocrystallinc grains to be determined. This provides an 

efficient tool for identification of monoclinic, tetragonal, and also cubic grains. 

For example Figs. l()a,b show [1001-p and [ l l l ]y orientations of tetragonal zirconia 

for areas labelled A and B in Fig. 9a, whereas Figs. 'Oc.d identify [101 ]w and 

Subscripts M, T and C refer to monoclinic, tetragonal and cubic phases of 
zirconia; sec rcf. [39J for crystallographic data. 
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[110]w orientations of the monoclinic phase for areas C and D r-f Figs. 9b,c 

respectively. It is clear from Fig. 9 that the 400°C tetragonal phase contained 

roughly spherical nanocrystals, with a uniformly high distribution of vicinal 

steps; whereas the monoclinic phase at 700-800°C developed extended (111)^ and 

( 0 1 0 ) M facets, imposing a polyhedral habit for the crystallites. Even within the 

monoclinic phase details of the surface morphology vary, depending on the 

preparation route. For example, two powders exhibiting specific surface areas of 
2 2 

6.5 m /g and 20.6 m /g after identical calcination treatments, but following 

different precipitation routes, gave relatively-large facetted microcryslallites or 

extensive surface roughening associated with vicinal surfaces respectively. Such 

distinctions are expected to be important for understanding surface reactivity and 

sintering rates, as well as interpretation of classical macroscopic physical 

property measurements, such as BET results. 

Structural defects are readily apparent in HREM images; for example Fig. 

11 shows HREM detail of a twin boundary in a monoclinic particle (calcined at 

1000°C for lh). The atomic structure of the twins is interesting from the point of 

view of understanding the T -» M structural transformation. Twinning was absent 

for (smaller) grains calcined <_950°C, for identical precursor materials. 

Crystallcgraphic studies of the microscopic twinning elements, whereby pure 

rotations or miirors may be distinguished from screw axes or glide twins arc 

proceeding. This requires the same grain to be imaged by HREM in at least two 

non-equivalent directions. Fig. 11 also shows interesting detail in the surface 

profile image; note the surface steps (roughening) on the (111)., facet, which 

lends to be much flatter for lower calcining temperatures. 

Fig. 12 illustrates an advantage of 400 kV HREM, compared with results for 

lower accelerating voltages |40) ; namely, that increased penetration and 

resolution allow details of the grain size, sintering texture and grain boundary 

structure to be analysed very directly. Note the grain size (100-200A) and thai 
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virtually each grain gives one- or two-dimensional lattice images. This specimen, 

calcined at 500°C, contained mostly T grains. Again optical transforms of such 

images aid phase identification (cf. Fig. 10). Fig. 13 is a HREM image of 1.8 mol% 

yttria-stabilizcd tetragonal zirconia (obtaineu by thermal decomposition at 950°C 

of mixed zirconium and yttrium acetates. Note the bicrystal formed by sintering 

of two grains along a coincident site lattice (planar) boundary, and «he reentrant 

angle exposed at the surface profile. The latter also exhibits a combination of 

{101} T facetting with vicinal steps reqjired to round-off the grains. 

Fig. 14 is a surface profile image from a 5 mol% ^ O ? cubic-stabilized 

zirconia, calcined at 1100°C for 2h. Notice that some grains show (111) fringe 

period-doubling, indicating that the preparation is not single-phase pure cubic 

phase, cf. comments on neutron powder results for cubic-stabilized zirconia [39]. 

The role of Na ions in stabilizing cubic phase prepared from amorphous gels has 

been studied by x-ray diffraction [41]. 

( i ) Lead zirconium titanate (PZT): PZT ceramics include compositions with 

extremely strong piezoelectric effects. The coupling factor and dielectric 

constant are highest near the tetragonal to rhombohedral phase boundary [42]. 

The aim of the present work was to observe submicron texture for PZT ccrn ics of 

commercial interest. Bright- and dark-field transmission electron microscopy 

were used to characterize the shape and size distribution of ferroelastic and 

ferroelectric twin domains [43] in tetragonal and rhombohedral phases of PZT; 

namely Pb(Zrp 5 3 . ^ 47)0.3 and Pb(ZrQ 5 2 , T i 0 47^°3 + 6 m ° l % NiNbO^, prepared 

using Z-TECH EF super g r *z zirconia powder, together with PbO, TiO, NiO and 

N b 2 0 c in appropriate proportions [25]. Attempts are also being made to apply 

HREM to investigate domain wall widths and surface roughness, as well as 

interactions between the twin variants and between the twins and dislocations 

introduced by plastic deformation. Preliminary results have been reported [25]. 

It was also discovered that PZT containing additives, e.g. SrO or NiNbO,, tends to 
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decompose chemically during several minutes observation under electron 

irradiation at high magnifications. Fig. 15 shows small (150A diameter) multiply-

twinned particles appearing and growing during a few minutes observation of 

PZT + NiNbO^. These were identified as exsolvcd zirconia, by comparison of the 

diffraction patterns after irradiation with data for polycrystalline monoclinic 

zirconia aggregates. These small particles were remarkably active, fluctuating in 

orientation and changing their twinned structures, and hence shape, during 

observation. The remaining lead titanium niobate became glassy (amorphous) 

after a further 10-20 minutes observation. The remarkable result is that pure PZT 

is radiation resistant whereas addition of NiNbO^ (also SrO) lead to a material 

extremely sensitive to irradiation. 

(j) ZBLAN fluoride glass: This combination of fluorides of zirconium, barium, 

lanthanum, aluminium and sodium (prepared at Monash University, Chemistry 

Department) is an attractive material for optical fibre manufacture. It is 

necessary to maintain a homogeneous glass for optical fibre transmissions. We 

examined one such preparation (Fig. 16) to confirm its structural state. While 

much of the preparation examined gave typical amorphous structure images (Fig. 

16a), disordered paracrystalline particles (Fig. 16b) as well as polymerization type 

textures (Fig. 16c) were also observed. The latter regions were typically ~ few 

100A in diameter. Clearly that preparation was not a homogeneous single phase 

glass. Further studies of the chemical compositions of the various phases found in 

ZBLAN arc planned, using a combination of HREM imaging, which is capable of 

distinguishing different glassy phases [44] and parallel electron energy loss 

spectroscopy (PEELS). 
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4. Discussion 

It should be clear that the electron optical techniques of atomic-resolution 

surface profile imaging, with computer-simulation for image analysis, offer 

exciting new insights and possibilities for the physics and chemistry of surfaces. 

This information is complementary to that provided by other surface structure 

probes, such as low energy electron diffraction (LEED) and scanning tunneling 

microscopy (STM). 

A variety of surface stabilization phenomena, related to electrostatic 

depolarization mechanisms, has been demonstrated, which include monolayer 

relaxation and reconstruction, and oriented overgrowth of reduced oxides, either 

as monolayers (sapphire and haematite) or as islands or layers of decomposed 

oxides (barium titanate and PZT). In other cases there is virtually no ionic 

relaxation, but there may well be electronic transitions, with electrons (holes) 

flowing either into or out of the surface to or from the bulk crystal, as should be 

the case for MgO, NiO (see ref. [35] for a theoretical analysis). Our results are 

expected to provoke further theoretical studies, in particular electronic band 

structures may now be modelled realistically using the structural data referred to 

above, in particular for the very important ceramics and catalysts alumina, 

haematite and zirconia. 

From the point of view of ceramic engineering materials it is apparent that 

routine examination of ultrafine precursor materials by TEM as well as HREM is 

desirable for materials characterization. The effects of different processing 

routes may be as subtle as effects on the size, shape and surface roughness of 50-

100A particles, which cannot be as readily characterized by classical techniques. 

The present results refer to standard ceramic processing routes, known to 

give favorable results for ceramic products. However, it seems to us that existing 
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routes are not fully optimized. In fact knowledge of the interaction between 

stoichiomctry, processing, micro- and nanostructurc and physical property 

characteristics is still relatively unsophisticated. Further nanotextural studies 

arc required to allow experimental parameters, such as surface roughness and 

structure, including deliberate surface modification, to be monitored and 

controlled. Again changes "in use" and on ageing, annealing or irradiation in 

various environments remain to be investigated. 

The techniques of TEM and HREM are capable of routine application in 

research and development laboratories. Thus specimen preparation techniques 

are relativcly trivial and reliable for ceramics. One hour of HREM time provides 

images of many hundreds of particles, allowing a reasonable statistica. concensus 

to be achieved. 

On-line image processing techniques have been developed for statistical 

analyses of particle-size distributions. Measurement of fractal properties of 

surfaces and ultrafine ceramic particle aggregation and aglomeration is well 

developed [30,45]. This involves image digitization using the video camera and 

image intensificr usually attached to a HREM, together with Fast-Fourier 

algorithms and an array processor [46]. This system also allows real time 

collection of power spectra (analog of optical transform or Fraunhofer 

diffraction data) from the images of individual grains. Thus readily intcrprctablc 

nanodiffraction data may be compared with power diffraction files, aiding phase 

analysis. It is worth noting that use of a high-resolution video cassette recorder 

(VCR) or a video disc greatly reduces the need to use expensive, time-consuming 

photographic processing and storage techniques. Thus the image and 

nanodiffraction data may be conveniently stored and retrieved. Clearly, the 

above techniques arc capable of further development in the field of ceramic 

processing. 
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Careful attention to specimen preparation is likely to reveal new 

combinations of particle size distribution and surface morphologies, of interest 

for ceramic, optoelectronic as well as catalytic applications. 
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Figure Capt ;ons 

Figure 1: Pair of profile images showing typical fluctuations in surface 

atom morphology of a uranium oxide crystal, viewed along 

[100]. 

Figure 2: Suiface profile facetting (roughening) of MgO single crystal, 
_2 viewed along [100], after 20 m irradiation time at 30 pA.cm . 

Figure 3: Surface roughening and voids due to thermal distillation of NiO 
_2 during observation at 30 pA.cm , viewed along [100]. 

Figure 4 a-c: Three successive images of [010] surface profile of YBa^CuoO,- 7, 

showing some surface mobility. 

Figure 5: Surface profile image of BaTiOo showing oriented overgrowth 

of BaO on BaTiO-,, together with islands of TiO epitaxially related 

to BaO and BaTiO^. Note facetting of TiO and BaO surfaces, and 

disordered surface profile. 

Figure 6 a,b: (0006) and (1120) surface facetting of sapphire (a-Al^O?) after 

_2 observation at 30 pA.cm for ~20 m. Note finite extent of facets 

and distinctive monolayer contrast (black lines). 

Figure 7 a,b: Atomic structures identified for polar surface terminations on 

(0006) and (1120) facets of alumina. Computer-simulated image 

matches are inset in Fig. 6. 

Figure 8 a-d: (1120), (1014), (0006) and (1102) surface facets on haematite (a-

Fc 2 0 3 ) . 

Figure 9 a-c: HREM surface profile images of Zr02 aggregates after 

calcination at 400°C, 700°C and 800°C respectively. Note 
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increasing grain size, with (111)., and (010)w facetting 

increasing for increasing calcination temperature. 

Figure 10 a-d: Optical diffractograms from areas labelled A, B, C, D in Fig. 9. 

Figure 11: ( 0 1 1 ) w twin boundary in monoclinic zirconia crystallite 

(calcined at 1000°C for lh). Note also details of enhanced 

surface roughening at 1000°C (cf. Fig. 9). 

Figure 12: Sintered aggregate of nanociystalline ZrO^ (calcination 

temperature 500°C) showing distribution of polycrystalline 

grain boundary tcxiures (predominantly tetragonal-phase). 

Figure 13: Bicryjtal of 1.8 mol% yttria -stabilized zirconia (tetragonal-

phase) showing reentrant external angle. Note polyhedral 

grains exhibiting vicinal surface morphology, with twin 

boundary (low index coincident site lattice). 

Figure 14: Surface profile image of 5 mol% yltria-stabilizcd cubic 

zirconia, calcined at 1100°C for 2h. Note inhomogeneties 

indicative of coherent intergrowth of cubic zirconia with 

minor amounts of superstructure phases (unidentified). <110> 

zone axes predominate along the surface profile. 

Figure 15 a-c: Growth of multiply-twinned microcrystallites of monoclinic 
ZrO^, formed by electron beam induced decomposition of a 

tetragonal PZT perovskite phase Pb(ZrQ CT.TJQ 47O3 + 6 mol% 

NiNbCK after 20m exposure to 30 pA.cm . 

Figure 16: HREM images of ZBLAN fluoride glass preparation showing 

typical amorphous structure image (a), disordered crystalline 

phase (b) and polymerization-type textures (c). 
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