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Abstruct 

We live and work in a world that depends on materi- 
als and their performance. The science of materials 
has developed to a position of great understanding, 
such that materials can be microscopically tailored 
to provide specific sets of properties. The practical 
applications of newly designed materials depend on 
market interest and costs. In the jnal analysis it is 
the processing of materials that remains the key 

factor. In order to facilitate technical advances, the 
relationships between processing, microstructure, 
and performance must be established. This task is 
generic to all materials whether for mechanical or 
physical property goals. Central to such understand- 
ing is the role played by electron optical, d@action 
and analytical methods of characterization in their 
speci@ity to synthesis almost to the atomic level.lm3 
This paper provides some examples of such applica- 
tions to several ceramic systems, and attempts 
indicate the generic nature of many problems to 
solved. 

to 

be 

1 Introduction 

Materials science is concerned with the under- 
standing of the relationships between processing- 
structure-properties as shown schematically in Fig. 
1 (a). Electron microscopy, diffraction and micro- 
analysis are especially important for characterizing 
materials because of their specificity and high spa- 
tial resolution, as is now very well known. In the 
last decade or so the number of investigations using 
these techniques for characterizing ceramics has 
increased greatly and many examples of such are 
in the ceramics and electron microscopy literature.4 

There is a wealth of information about struc- 
ture, microstructure, chemical composition, etc., 
obtainable from state-of-the-art instruments as 
indicated in Fig. l(b). It is clear that no materials 
research laboratory can function properly without 
such facilities. 

In this paper no attempt will be made to review 
the vast field of applications to ceramics. Instead, 
some general points will be discussed relevant to 
electron imaging, diffraction and spectroscopy 
techniques, and the paper will be illustrated by 
representative examples, mostly drawn from 
research programs at U.C. Berkeley. 

2 General Remarks 

2.1 Interpretation of results: resolution 
While excellent commercial microscopes are now 
generally available with capabilities of better than 
2 8, interpretable resolution, and which provide 
data as is illustrated in Fig. l(b), a word of caution 
is needed. With a good thin specimen it is rela- 
tively easy to obtain excellent images, diffraction 
and spectroscopic data. However, the interpreta- 
tion, especially, of high resolution images must be 
done with the appropriate matching calculations.2 
As shown in Fig. 2, structure images are very sen- 
sitive to microscope conditions, especially objec- 
tive lens defocus and specimen thickness.3 Thus, 
the materials scientist must know the instrumental 
conditions from source to image recording in 
order to sensibly utilize the images. Without cal- 
culations, publications of micrographs are, to put 
it bluntly, almost useless. In fact it is necessary to 
interpret all the data with suitable computer simu- 
lations/calculations. Programs for these purposes 
are available from several laboratories.5 

When instruments, specimens and simulations 
are optimized and effectively used, then electron 
microscopy becomes a unique tool. For example, 
it is possible to do structure analysis on nanocrys- 
tals in real space from images in different orienta- 
tions. Figure 3 is an example for mullite.3 Clearly, 
large-angle tilt specimen holders (& 45”) are a 
necessity with the requirement to maintain the res- 
olution over the complete tilt range. A clear appli- 
cation of such work is in the analysis of 
nanostructures or small second phases which 
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Fig. 1. (a) Scheme showing the iterations involved in materials science and engineering research. (b) Schematic showing the wide 
range of high resolution information available from modern electron optical facilities. 

would not be amenable to traditional X-ray 
studies. 

The question of resolution is very important for 
ceramics. Until recently, instruments did not have 
the resolution capable of interpreting the positions 
of small anions in structures; and to increase reso- 
lution by lowering the wavelength (raising voltage) 
increases the probability of displacement radiation 
damage. Consequently, a new generation of high 

resolution (HREM) instruments are now becom- 
ing available at moderate voltages (300-400 kV), 
by developing low aberration objective lenses 
(operated with large magnetic fields) and/or incor- 
porating holographic capabilities. In addition, and 
essential for improved analytical resolution, 
intense coherent electron sources by field emission 
are finally becoming generally available. Figure 4, 
using essentially a weak phase object analysis, 
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Fig. 2. 001 projected images computed for mullite 3Al,O,: 
2Si0, as a function of specimen thickness and objective lens 
defocus. Experimental images must match these conditions to 

be interpretable (Ref. 3). 

Fig. 3. Structure images obtained in the Berkeley ARM 
microscope for a crystal of mullite. Three different orienta- 
tions allow the orthorhombic structure to be verified when 
images match simulations (inset rectangles). Point-to-point 

resolution is 1.6 A (courtesy T. Epicier). 

0.19 0.17 0.12 

Fig. 4. Simulations of the 1.2 A resolution required to distin- 
guish oxygen from the Al, Si cations in the [OOl] projection of 

orthorhombic mullite (courtesy M. O’Keefe). 

shows that an instrument of resolution better than 
1.2 A is needed to distinguish oxygen in the 001 
projection of mullite. Such instrument development 
allows materials scientists to probe materials at or 
near atomic levels. Image information at 1 A is 
now possible with computer-assisted deconvolution 
of sequential recording, e.g. the work at Antwerp 
(G. Van Tendeloo, reported at this session). 

However, electron microscopy is not only a 
problem of instrumental resolution and interpreta- 
tion, it is also a problem of specimen preparation. 
For example, glasses and glassy films are very 
important in ceramics, as will be illustrated below. 
In order to resolve the structure of even a simple 
Si02 glass, assuming a random network, Fig. 5 
indicates the specimen must be less than 10 A 
thick, and this is obviously a terrible restriction. 

2.2 Convergent beam diffraction (CBD) 
This diffraction method probes the three-dimen- 
sional structure (Fig. 1) providing three-dimen- 
sional reciprocal space data which in turn allow 
the researcher to fix the crystal structure and 
point/space symmetries.6 The development of con- 
vergent beam diffraction, which is a powerful ana- 
lytical technique, has enabled detailed crystallo- 
graphic analyses to be done on nanostructured 
materials and within very small volumes. In addi- 
tion, high resolution analyses of large-angle lines 
in the patterns allow very accurate lattice parame- 
ter measurements to be made. Typical applica- 
tions include studies of phases, e.g. the so-called 
morphotropic boundary in ferroelectric systems 
such as lead zirconate titanate, indicate that both 
the rhombohedral and tetragonal phases exist over 
a very narrow composition range, so that the 
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Fig. 5. Random network model of SiOz glass showing 
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Fig. 6. CBD reciprocal space map for tetragonal ZrO,. Such 
maps are useful for structure analysis, orientation determination, 

Pr0l.st.d P.al.“ll., and general crystallographic data. 

projected potentials and corresponding image simulations. 
Notice that the images become very difficult to interpret when 

the specimen is 110 8, thick (courtesy M. O’Keefe). 

‘phase diagram’ normally utilized is not correct. 
In another application the CBD method has been 
essential in helping to analyze the oxygen problem 
in AlN, as has been published recently.* In this 
system spectroscopic analyses are confused 
because of the presence of surface oxide films, so 
that CBD seems the only way to probe the oxygen 
content and its variability from grain to grain and 
at/across grain boundaries. However, this can be 
achieved only when the relationship between lat- 
tice parameter and (dissolved) oxygen has already 
been established, and the appropriate computer 
simulations have been carried out to interpret the 
CBD measurements. This particular case illus- 
trates that problem solving should involve utiliza- 
tion of all the available techniques’ and not just 
any one technique. 

resolving small sized materials - whiskers in this 
case. In combinations of large tilt angles the full 
crystal structure-orientation can be represented as 
CBD (or Kikuchi) maps.’ An example for tetrago- 
nal ZrO, is shown in Fig. 6. Such maps can also 
be simulated by using the appropriate computing 
software. These maps are also useful for control- 
ling the orientation for many situations, e.g. 
selecting the correct diffraction conditions for high 
resolution imaging,2 contrast analyses,’ lattice 
parameter or strain measurements, etc.6 Due to the 
complexity of diffraction problems arising from 
multiple scattering in low symmetry structures and 
orientations, it becomes almost impossible to 
recognize spot diffraction patterns except for the 
simplest cases. It is thus recommended to use 
microdiffraction (CBD) or thick specimen Kikuchi 
maps to assist the investigator in correctly assess- 
ing the appropriate diffraction conditions.’ 

2.3 Contrast analyses: defects 
Ceramic materials are generally more complex Defect analysis is important but often difficult due 

than metallic systems and often have low crystal to the reasons given above. In amplitude contrast 
symmetries. Mullite close to 3Al,O,: 2Si02 is analysis the contrast depends on the phase factor 
orthorhombic, yet when prepared as whiskers can 21@ . I? where g is the operating diffraction vector 
also occur in the metastable tetragonal structure.” and I? is the displacement vector.’ l? can be quite 
Such discoveries would not be possible without complex, especially in non-isotropic systems. Also, 
analytical techniques, such as CBD, capable of the magnitude of g . I?, which must shift the inten- 
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are expected to be those of smallest Burgers vec- 
tors (lowest energies). Figure 7 is an example of 
dislocation Burgers vector analysis in AlTiO,” 
(space group Cmcm, a = 0.35 nm, b = 0.94 nm, 
c = 0.96 nm), in which the simplified Bravais 
lattice indicates the expected Burgers vectors to be 
the shortest vectors in the close-packed planes 
(a < b < c). One of several g . b conditions is 
shown, alongside a structure image. The analysis 
of Burgers vectors and habit planes is consistent 
with elementary crystallographic considerations: 
[loo] and 1/2[1 lo]-type translation vectors are the 
shorter ones (0.36 and 0.53 nm respectively), and 
(011) and (001) are two of the densest planes; 
these planes are probably glide planes. The 
HREM approach is very useful when (g I?) is 
very small (dislocations not visible), and can be 
effectively used in studying defects and structural 
aspects of interfaces and grain boundaries which 
contain structural defects with displacements not 
equal to the lattice vectors. 

Many other examples of defect analysis could 
be given, but space is limited. Therefore, we men- 
tion just one other case for planar faults which 
have importance in several technically important 
ceramics, e.g. nitrogen ceramics,‘2-14 superconduc- 
tors,i5 minerals, etc. These are the ‘composition’ 
faults which occur to adjust to compositional 
changes, and are properly described as polyty- 
poids-to be distinguished from polytypic faults 
which affect structure but not composition (SIC is 

Fig. 7. Al,TiO,: Simplified Bravais lattice showing shortest 
translation vectors. Top RH: amplitude contrast image to set 
dislocations with b = %401> invisible. Lower RH: structure 

imaging-closure circuit shows b = %[OOl] directly (Ref. 11). 

sity by at least + 10% over background for visibil- 
ity, may be too small to evaluate R, (e.g. for inter- 
face dislocations whose I? vector may be << 
lattice vectors). In general, dislocations in crystals 

,w...C_,-.-.- ,..I 

Figure (above) 
Plot of mistivity versus tmnpenture for leaded L) and the 
unleaded ( ---I smples of Bi-containing mpercanhcting au- 
teriala. Note the presence of l rep in the rehtivity plot far the 
unleaded mnple remaking in l lower T’, fXBL It&m) 

Fig. 8. Showing polytypoids near grain boundary in alkaline earth superconductors; caption as indicated. 
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Fig. 9. Polytypoids in MgSiAlON and a section of the phase diagram; due to composition changes (Mg/Si ratios) the polytypoid 
spacing changes: each jc( axis parameter corresponds to a unique composition and thus indirectly provides compositional data 

(courtesy D. R. Clarke). 

a well known example). In the electron micro- 
scope, such polytypoids can be considered as pro- 
jections of compositional images, as each structure 
has a unique cation: anion ratio. 

In superconductors the faulting associated with 
Cu-0 layers has a strong effect on physical prop- 
erties, especially the critical temperature. Compo- 
sitional changes near grain boundaries can locally 
generate polytypoids of low T,, as shown in 
Fig. 8. Suitable sintering aids (in this case PbO) 
can alleviate these structural problems and hence 
reduce the problem of grain boundary resistivity 
and lack of connectivity. This example typifies the 
need to closely monitor processing-microstructure 
relationships. Shown for comparison to Fig. 8 is 
Fig, 9, with similar structural polytypoids due to 
changes in Mg/Si/O ratios in MgSiAlON ‘alloys.’ 

2.4 High voltage TEM - penetration 
HVEM (>300 kV) is useful not only because of 
improved resolution (shorter wavelength) and 
reduced ionization damage (but increased knock- 
on damage for voltages > threshold), but also for 
increased penetration up to 1 meV.’ The latter 
benefit is useful in dealing with complex materials 
such as composites, coated fibres, etc. in which 
specimen thinning for 200 kV transparency is par- 
ticularly difficult.16 

An example is that for BN coated fibres. Prepa- 
ration of TEM specimens of composite materials 
can be complicated by the mere fact of the exis- 
tence of two or more different phases in the mate- 
rial. For instance, ion-beam thinning can 
preferentially remove one phase if it happens to be 
softer than the other. In the case of SIC fiber/Sic 
matrix specimens, the fiber-matrix interface has 
been deliberately engineered to be weak, leading to 
a material with improved fracture toughness. This 
leads to difficulty in preparing thin specimens for 
TEM, as the fibers tend to fall out below a certain 
thickness, leading to sample failure. This problem 
has been circumvented by preparing relatively thick 
specimens of the composite and observing them at 
high accelerating voltages. The sample shown in 
Fig. 10 was observed at 1500 kV. It shows clearly 
the circumferential cracking in the boron nitride 
coating on the fiber. Such cracking increases the 
energy of propagation of a crack perpendicular to 
the fibers, leading to improved material toughness. 

The use of ceramic components in turbine 
engines could lead to weight savings as well as 
increases in operating temperature, which increases 
fuel efficiency. The potential dollar savings could 
be enormous. One candidate material, molybde- 
num disilicide, ” has relatively high creep rates 
above 1000°C. A possible solution is to use a rein- 
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Fig. 10 Bright field (a) and dark field (b) pair of TEM micro- 
graphs showing circumferential crack (labeled ‘C’) in BN 
coating of SIC fiber in ceramic composite. Cracking in the 
coating increases the composite toughness. Imaging at 1500 kV 

(courtesy A. McFayden). 

forcement with a very low creep rate, in this case 
mullite. I8 Improvement in creep performance 
depends upon the formation of a strong interface 
between the two materials. Diffuse dark field 
imaging, shown in Fig. 11, indicates the presence 
of a small amount of glassy phase at the interface 
prior to creep deformation. Current experiments 
indicate increased creep resistance, implying a 
change in the interphase glass-possibly devitrifi- 
cation. Clearly crept specimens will be examined 
carefully by HREM and AEM to investigate this 
interesting situation. 

2.5 Microanalyses 
Figure 1 also illustrates the information available 
by microanalysis (AEM). AEM is now a widely 
accepted technique. I9 X-ray spectroscopy spatial 
resolutions of 10 nm capable of identifying ele- 
ments from Z = 6 to Z = 60 by EDS have become 
almost routine. Detection limits are about 0.1% 
with field emission sources, depending on the 
signal-to-noise ratio, detector efficiency, and data 
retrieval from small volumes. Again, it should be 
pointed out that intense sources, (e.g. FEG) can 
give rise to problems such as heating, radiation 
damage and even decomposition, such as loss of 
nitrogen from nitride ceramics. 

Fig. 11. Bright field (a) and diffuse-dark field (b) pair of TEM 
micrographs showing glassy layer (arrow) between MoSi, and 
mullite phases in ceramic composite. The creep resistance of 
the composite is dependent on the morphology and composi- 
tion of this layer. Imaging at 120 kV (courtesy A. McFayden). 

Energy loss spectroscopy, EELS, is also pro- 
gressing mainly as a qualitative method useful for 
light elements, and should be used more widely, 
especially coupled with high resolution imaging 
studies of ceramics. It is also very effective in ana- 
lyzing bonding relationships from details of the 
fine structure near the absorption edge. It is possi- 
ble to detect graphite with diamond in 50 A parti- 
cles2’ as shown in Fig. 12. With image analysis it 
is a very powerful addition to the battery of elec- 
tron optical techniques available in modern micro- 
scopes. 

2.6 Magnetic structure 
Magnetic structure and properties also depend on 
microstructure and local composition. Examples 
include domain wall pinning of soft ferrites, which 
raises coercivity but lowers permeability. The 
problem with magnetic imaging is that to obtain 
high resolution, one needs objective lenses of low 
aberrations. This means working at very high mag- 
netic fields in the objective, e.g. up to 2 or more 
Tesla. Such fields saturate magnetic specimens in 
the microscope, rendering them useless for mag- 
netic structure imaging. Thus, unless special instru- 
ments are available for observing specimens in 
zero field environments, one is restricted to turning 
off the objective lens, so limiting observation to 



330 G. Thomas 

Spatial Resolution . . . . 

lnlerslellar Diamond 

David Blake, NASA 
Kannan M. Krishnan & C. J. Echcr. NCEM 

I 
290 310 330 

Energy IeV) 

Proposed Model 

2n 

Fig. 12. EELS studies of nanocrystalline meteoric diamond. The HREM lower left dark field image shows the small particles of 
meteoric diamond. The EELS spectra on the RH side are from carbon phases near the absorption edge (K). The sp, graphite 
transition can be seen in the C6 spectrum from the diamond particle shown. It is concluded that the diamonds are coated with a 

graphite layer (Ref. 20). (Courtesy K. Krishnan.) 

low-resolution Lorentz imaging.9,21 If, however, a 
high voltage instrument is available with free lens 
control, it is possible to obtain 10 nm or less resolu- 
tion, as has been demonstrated recently in our labo- 
ratory. Figure 13 shows an example of such 
research, in which particles of Co, some being single- 
domain at < 100 nm diameter, are magnetically 
imaged in a gold matrix. The size and morphology of 
these Co particles have a major effect on giant mag- 
netoresistance and this effect is of great interest for 
magnetic recording. For soft ferrites, Fig. 14 is an 
example of low resolution ‘conventional’ imaging of 
domain walls, which indicates the pinning power of 
grain boundaries on the domain walls in Mn/Zn fer- 
rites.22 Microanalyse s by AEM and CBED proved 
that such pinning is associated with CaO impurity 
segregation and its associated lattice distortion, and 
results in poor permeability properties. This result 
again shows the importance of material purity and 
processing on microstructure-property relationships. 

3 Representative Examples 

Representative examples of the use of electron 
microscopy in ceramics can be drawn from the 
tremendously important problem of grain bound- 
aries, interfaces, and interphase interfaces,23 as 
many examples will be given in this symposium. 
Grain boundary engineering is quite generic and is 
required to control many mechanical and physical 
properties. Figure 15 is a schematic to illustrate 
this point and Fig. 8 is one example for electronic 
conduction in superconductors. 

3.1 Properties and intergranular phases: S&N, 
In the case of many ceramics whose bonding char- 
acteristics require the use of sintering aids to 
achieve densification, the resulting materials often 
contain residual, glassy phases at grain boundaries 
(Fig. 15). Silicon nitride is a typical example. These 
amorphous phases, depending on their composi- 
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Fig. 13. Au 28at%Co alloy as quenched and imaged at 800 
kV (in Berkeley ARM) in the diffraction mode. The arrows 
show changes in contrast for particles with similar direction 
of magnetization, and the central figure (Af = 0) shows the 

particles with no magnetic contrast (courtesy J. Bernardi). 

tion, viscosity, etc. can deteriorate mechanical 
properties. A basic understanding of such inter- 
granular and interphase interfaces is therefore 
essential if improvements in performance are to be 

Fig. 14. MnZn ferrites Lorentz imaging for under- and over- 
focused conditions. Center column is sketch to indicate how 
grain boundary regions pin magnetic domain walls. The 
effective field is changed by specimen tilt. A large field rever- 
sal is needed to release the domain walls, hence decreasing 

permeability (Ref. 22). 

achieved. A program towards this end has been 
under way at Berkeley for some 15 years. In the 
course of this program, techniques were developed 
for high resolution electron optical characterization 
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of intergranular phases (morphologies, composition), 
studies2426 of crystallization of glasses27-29 and, finally, 
successful processing to obtain mostly crystalline 
intergranular phases. 28 Similar efforts have been 
made by other researchers.29-37 However, the use 
of the heavy RE lanthanide oxides (Sm+Tb) has 
received little attention outside our current 
research. In all materials studied, sintering with RE 
oxide additives has been successful in obtaining 
RE2Si207 crystalline grain boundary phases.37-40 

The materials processing and testing procedures 
used in the work summarized here are given in 
detail in Refs 38 and 39. For processing with the 
rare-earth oxides, controlled cooling through 
1400°C from the sintering temperature (1600°C) 
results in almost complete crystallization to form 
the RE2Si207 crystalline phase at the grain bound- 
aries. The choice of additives is based on the 
phase diagram work of Lange.30 We assume that 
the phase relations for Si,N, - Y2O3 - Si02 are 
similar to the Si,N, - RE,O, - SiO, systems, 
where RE represents Y, Sm, Gd, Dy, Er, and Yb, 
currently under study. The only RE-containing 
phase stable with respect to Si02 (the oxidation 
product of Si,N,) is RE2Si207. The ratios of 
Si02: RE203 used for sintering aids to form 
RE2Si207 are obviously 2 : 1, and a volume frac- 
tion of -0.2, as given at the Si,N, - RE,Si,O, tie 
line, is chosen so as to ‘cover’ all grain bound- 
aries. Previous researchers have used Y,O, - Al203 
sintering aids, 29 but later work27,28 indicated that 
the glassy phase was stabilized by partitioning of 
Al and N during crystallization. 

Figures 16 and 17 show electron micrographs of 
the sintering products using Yb203+Si02. High 
aspect ratio grains of Si3N, are surrounded by 
intergranular pockets (dark contrast in Fig. 16(a), 
(b)) of crystalline RE2Si207 phase. These high 

aspect ratio matrix grains are important in crack 
deflection, and such materials gave reasonably 
good K,, fracture toughness values, e.g. -8 MPavG 
in compact tension tests.41 The diffuse dark field 
image in Fig. 15(d) and the HREM image in Fig. 
16 show that some residual glass remains at grain 
boundaries, and at the interfaces between RE2Si207 
crystal phases and Si,N, at triple points. Prelimi- 
nary analytical electron microscopy (AEM) indi- 
cates that these glassy regions contain several 
cationic impurities, notably Ca,24 and research on 
this is continuing.42 Impurities (from the Si,N,, 
Si02, and RE,O, starting powders) play an impor- 
tant role in glass retention. Although such glasses 
are often only two to three molecular layers thick, 
their viscosity and thus composition could still be 
the limiting factor in high temperature mechanical 
behavior and performance. In only rare instances 
are glass-free interfaces found,40 e.g. Fig. 18. Auger 
and sputtering experiments on Si3N4 and AlN 
show that oxide layers form very quickly (within 
seconds) on the surface after removal from high 
vacuum. Thus, it may be that powders already 

Fig. 17. Lattice image of Si3N,Yb20, sintered sample showing 
intergranular amorphous phase (Ref. 40). 

Fig. 16. Electron microscopy analyses of intergranular phases, crystalline and amorphous, in S&N, sintered with Yb,O, (Ref. 40). 
Lower left is dark field image of RE silicate phase, lower right is diffuse dark field imaging showing glassy phase at grain boundaries. 
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respond to the blue radiation.43 The MO materials 
already on the market are amorphous Tb-Fe-Co 
films with a decent response in the infrared region 
of the EM spectrum. Their response dies fairly 
quickly with an increase in radiation frequency. 
The idea behind the reduction of the wavelength is 
the increase in storage density (bit size is depen- 
dent on the resolution of the writing laser focused 
spot, which in turn is diffraction limited, con- 
trolled by the wavelength). By the end of the year, 
the thermo-magneto-optical media are expected to 
have about 25% of the optical memories market 
(reaching production of 12 million disks with a 
profit of $300 million43). The impact on the com- 
puter/memory industry is expected to increase 
when comparing the lo8 bits/cm2 of the MO disks 
with the lo6 bits/cm2 of the magnetic systems. Fig. 18. Lattice imaging showing a rare case of a glass-free 

Si,N@i,N, interface (Ref. 40). 

contain surface oxide, which on processing react to 
form intergranular monolayer glassy films. 

These results of sintering silicon nitride with 
heavy rare-earth oxides to produce stable 
RE,Si,O, crystalline phases at grain boundaries 
are very encouraging. A summary of the main 
results obtained to date is given in Fig. 19. Sintering 
with RE2Si20, produces material at nearly 99% 
theoretical density with a crystalline intergranular 
phase. Figure 19 38-40 shows that these ceramics 
have greatly improved high temperature strength, 
creep and oxidation resistance. Results of fatigue 
behavior, Fig. 19(d), show no detrimental effects 
of the intergranular crystalline phase on fatigue 
behavior, probably because there is nearly always 
a glassy interface present.41 It is these interfaces 
that favor preferred crack propagation paths in 
both stable and fast fracture. Thus, the immediate 
crack tip environment may not be much affected 
by crystallization of the bulk intergranular phases. 
Greater differences are expected for high tempera- 
ture testing where glasses become ‘fluid.’ The 
research is continuing, with emphasis on optimizing 
the sintered microstructures and more controlled 
fatigue experiments, especially at high tempera- 
tures. A detailed statistical survey of grain bound- 
ary films by HREM and AEM by Kleebe et ~1.~~ 
showed that the glassy phase thickness at grain 
boundaries in S&N, sintered with Yb203, Al203 
and CaO depends on film chemistry. More work 
still is needed, however, especially high resolution 
microanalysis (including EELS). 

The best candidates considered for the next gen- 
eration of MO materials are the garnets (particu- 
larly Bi substituted iron garnets; Bi increases the 
Faraday rotation), the ferrites, and the Co/Pt mul- 
tilayers.44 Of these, the garnets have the highest 
MO response in the blue-green range (our films 
have up to 54000 deg/cm in normal incidence refl- 
ective Faraday measurements). 

Our effort has concentrated on the development 
of epitaxial heterostructures in collaboration with 
Belcore and IBM’s Almaden Laboratory. Het- 
erostructures of Bi-Fe-garnet and Y-Fe-garnet 
(BIGNIG) as well as Eu-Bi-Fe-garnet and 
Y-Fe-garnet (EBIGNIG) have been grown by 
pulsed laser ablation.45 Experiments performed up 
to the present indicate increased MO performance 
and coercivities (up to 1.2 kOe for some films) 
with higher EBIG content of the films, as well as 
in improved MO response with a decrease of the 
total thickness of the films. The thick films (1.3-2.4 
pm) showed rotations up to 13000 deg/cm, while 
the thin films (0.3-0.9 pm) go up to 54000 deg/cm. 
The increased performance of the thinner films 
raises the suggestion that magnetic coupling of the 
EBIG layers occurs through the YIG layers. The 
addition of Eu to the BIG structure has shown a 
change in the anisotropy of the films from in-plane 
to out-of-plane (all MO systems use perpendicular 
anisotropy for increased density and improved 
MO responses from the media). 

3.2 Magneto-optical garnet heterostructures 
The huge effort put into the development of a 
green-blue range diode laser has been coupled 
lately with a sustained effort in the study and pro- 
duction of magneto-optical (MO) materials that 

Initial work by HREM-TEM indicates that while 
the YIG layers tend to grow epitaxially on the 
Gd-Ga-garnet (GGG) substrates (with high coher- 
ence of the interface, e.g. Fig. 20), the next layer 
(EBIG), although maintaining the apparent 
coherency, has to develop microstructural defects 
to accommodate the lattice mismatch with the YIG 
layer. Figure 21 is an example. Because the stresses 
induced in the material by the lattice mismatch 
tend to increase with the thickness of the layers, 
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Fig. 19. Composite showing main mechanical properties of sintered S&N,: (a) Plot of flexural strengths from 25 to 1300°C; note 
the improvement for the Yb,O, sintered material (Ref. 38; courtesy J. Am. Ceram. SOL); (b) plot of steady state creep strain rates 
with applied stress at 1400°C in air. The exponents are shown in the inset (Ref. 38; courtesy J. Am. Gram. SOL); (c) plot of oxi- 
dation rates (weight gain) at 1400°C (Ref. 39; courtesy J. Am. Ceram. Sot.); (d) fatigue crack growth data for RE,Si@-S&N, 
samples (data points) compared to published data (shaded) for room temperature tests; shows very little difference in crack 

growth rates (Ref. 41; courtesy Acta Met Inc.). 

the thin films are probably prone to lower densities 
of such microstructural defects, and this may lead 
to improved MO responses. Such a relationship 
is speculative at this point and has to be proven 
by systematic microstructural characterizations of 
all the films in the series, followed by a coupling 
of these data with the magnetic and MO properties. 

3.3 Multilayer mirrors: X-ray optics and interface 
roughness 
The interest in multilayer mirrors in the soft X-ray 
regime is mainly twofold: (1) for X-ray lithography 
for digital devices requiring finer features and (2) 

for X-ray microscopy for studying living biologi- 
cal specimens at high resolution. Such multilayers 
consist of alternating films of low density and high 
denisty materials, e.g. glass and heavy metal. The 
thickness of the layers is ideally quarter-wave- 
lengths so as to optimize the reflected intensity. 
The roughness of the interface is important in 
affecting X-ray reflectivity and intensity.46 Figure 
22 is an example for Mo/SiO, formed by mag- 
netron sputtering using two fixed guns and a 
rotating substrate holder. It can be seen that the 
metal layer is very defective. Stress relaxation can 
occur by elastic/plastic/fracture mechanisms. In 
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Fig. 20. Half unit cell diagrams indicating the substrate 
(GGG)/film (YIG) interface, and a high resolution image 
showing a GGGiYIG interface. The coherence of the inter- 
face indicates epitaxial growth. The image is taken in the 
[-1 -5 31 zone axis. The lattice spacings indicated correspond 
to one (026) plane - 0.19 nm and one (510) plane - 0.23 nm. 

this case microtwinning can be resolved, and such 
twins produce surface shear steps which contribute 
to roughness during or after sputtering and can be 
independent of the smoothness of the substrate. 

t 
Eui3 B? 

< Fe+3 Fet3 

Fig 21. Half unit cell diagrams indicating the template 
(YlG)/film (EBIG) interface, and a high resolution image 
showing a YIG/EBIG interface. The coherence of the inter- 
face indicates epitaxial growth. At this second interface a 
number of defects can be observed (A). The image is taken in 
the [-1 -5 31 one axis. The lattice spacing indicated corre- 
sponds to (224) planes. The lattice mismatch between the two 

films is of 0.96%. 

Fig. 22. Multilayer SiO*/Mo films formed by magnetron sput- 
tering. Notice high defect density in the MO layers leading to 

interfacial roughness (courtesy C. Walton). 

3.4 Multilayer magnetic oxides: roughness and 
coupling 
Interfacial roughness is also an important factor 
which can affect electronic and magnetic proper- 
ties. One example is ferromagnetic-antiferromag- 
netic coupling, which is effective in improving 
signal recording (noise reduction) in recording sys- 
tems. One such system being studied in our group, 
in collaboration with Professor A. E. Berkowitz of 
U.C. San Diego,47A9 is coupling between ferro- 
magnetic permalloy and antiferromagnetic 
NiO/CoO. The latter can be grown as a Coo-NiO 
alloy or multilayered NiO/CoO superlattices by 
sputtering on a suitable substrate, e.g. cw-A&O3 
[OOOl], to achieve [ll l] epitaxial growth. 

As the schematic diagram of Fig. 23 shows, 
steps at the interface can interfere with the mag- 
netic coupling. In addition to the similar task for 
preparing smooth multilayers for X-ray optics, the 
films must not deform plastically or else twin/slip 
steps are generated and rough interfaces can 
develop during or subsequent to film growth. 
Clearly, a study needs to be made of the accom- 
modation of these films to strains, e.g. in terms of 
orientation, epitaxy, thickness, and heat treatment. 
Of course steps in the substrate surface can be prop- 
agated into the growing layer(s), so this first layer 
must be atomically smooth and clean to start. 

+----t-+t~ 
AF 

Fig. 23. Schematic of antiferromagnetic/ferromagnetic cou- 
pling. Notice now the roughness of the interface can affect 

the magnetic spin orientations and hence their interactions. 
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Fig. 24. Cross-section showing high resolution image of the epitaxial interface for CoONiO alloy sputtered onto [OOOI], n-AlzO,. 
Notice twins in the antiferromagnet (Ref. 47). 

Fig. 25. Similar to Fig. 24 but with CoO/NiO multilayer sputtering. The Co0 shows defect structures but no twins (Ref. 48). 

Fig. 26. Cross-section of NiO/CoO and Fe/N; interface which is very rough, resulting in poor magnetic coupling (courtesy 
W. Cao). 
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Figures 24 and 25 show these interfaces and Fig. 26 
shows a poor permalloy-NiOCoO coupled interface. 

4 Summary 

Modern electron optical diffraction and analytical 
techniques are essential to understand ceramic 
(and alZ) materials. A major characterization diffi- 
culty is that of high resolution light element analy- 
sis, but ARM and PEELS hold great promise. 
Nevertheless, it is not too difficult to design ideal 
structures for specific property performance. The 
real challenge is the task of processing and consis- 
tent economical manufacturing practices, in order 
to produce the desired microstructures. 
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