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Abstract sized secondary phases as well as weak modula- 
tions in the structure can be easily overlooked. 

High resolution electron microscopy (HREM) is Real space microscopy techniques can be subdi- 
a real space technique, able to provide structural vided into surface techniques and bulk techniques; 
information complementary to the reciprocal space both have their merits and specific application 
techniques such as X-ray or neutron d@iiaction. fields. Optical microscopy, scanning electron mi- 
While the latter produce average information, croscopy, scanning tunneling microscopy and 
HREM provides local information down to atomic atomic force microscopy for example belong to 
scale. For ceramic high temperature superconduc- the former and give detailed, eventually atomic 
tors not only the perfect structure is of importance, scale information on the surface perfection, sur- 
but particularly the defect structure or local struc- face reconstruction and surface adsorbtion. Infor- 
ture. Physical properties such as critical current or mation from the bulk can be obtained by a 
superconducting volume fraction are strongly inj& number of techniques such as acoustic micro- 
uenced by the deviations from perfection. We will scopy, infra-red microscopy, X-ray tomography 
further show that light element conjigurations- or others. Although most of these bulk tech- 
such as ogygen ordering or the incorporation of car- niques have their specific merits, the spatial reso- 
bonate groups in the material-can be identified on lution of the information is in general very limited 
atomic resolution images. however. 

1 Introduction 

Structural defects in materials strongly influence a 
large number of physical properties. Different 
techniques allow us to detect or characterize these 
defects in a direct or an indirect way. We may 
subdivide them in reciprocal space techniques, 
such as X-ray or neutron scattering, and real 
space techniques such as the different microscopy 
techniques. 

Electron microscopy not only has the advantage 
of being able to resolve structural details down to 
the atomic level, it also allows us to switch-with 
a single push-button-to electron diffraction, i.e. 
to reciprocal space. This combination of real 
space and reciprocal space information makes 
electron microscopy a unique technique for the 
study of solid state materials. As with all other 
techniques, it has its shortcomings and limitations, 
but electron microscopy can provide structural 
information that no other technique is able to 
produce. 

The strength of reciprocal space techniques has 
been strongly improved recently because of syn- 
chrotron radiation sources; they allow a higher 
resolution and need smaller amounts of material. 
Neutron as well as X-ray diffraction are highly 
quantitative and detailed analyses of intensity 
maxima and peak widths allow us to draw 
far-reaching conclusions on the perfection of the 
material, deviations from stoichiometry, and the 
average defect density. However no direct visual- 
ization of these imperfections is possible and 
therefore important information such as a correla- 
tion between defects, Burgers vectors of disloca- 
tions, local deviations from perfection is not 
available. The presence of mesoscopic or nano- 

We will illustrate the possibilities of HREM for 
several superconducting materials and we will 
emphasize especially the imaging of light elements 
such as oxygen and carbonate or sulphite groups. 

2 Structural Defects in YBCO-Based Materials 

The high temperature superconductor YBa2Cu30, 
has been the first to be studied in detail by EM. 
The coherent twin fragmentation on (110) planes 
resulting from the tetragonal to orthorhombic 
phase transition was discovered by means of 
diffraction contrast electron microscopy and elec- 
tron diffraction. ‘s2 From a microstructural point 
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of view, YBa&u,O,-, is an interesting compound. 
It allows a large number of oxygen vacancies 
(0 I 6 5 1) on the oxygen sublattice. Depending 
on their concentration these vacancies tend to 
occur into various ordering schemes.3m21 The 2a, 
superstructure (Ortho II) in non-stoichiometric 
YBa2Cu307-6, due to the alternation along the 
a, direction of filled and empty CuO chains in 
the CuO layers was also discovered by electron 
diffraction and electron microscopy.3,‘7,‘8 The oxy- 
gen ordering occurs within nanometer size domains 
and is generally highly faulted; therefore it can 
hardly be detected by X-rays or neutrons. On the 
other hand these small dimensions make them 
eligible for flux pinning centra. 

Another important feature of the YBCO com- 
pound is its susceptibility to allow elemental sub- 
stitutions on most of its sublattices, without 
substantially altering the structure, but inducing 
quite different physical and chemical properties. 
We will focus here on those aspects where electron 
microscopy and electron diffraction have played 
an important role in elucidating the structure and 
bridging the gap between physical properties and 
structural data. 

2.1 Oxygen-vacancy ordering in the CuO-plane of 
YBa2Cu307-, 
It is well-established that, at room temperature 
and atmospheric pressure, within the range 0 I 6 
5 S, the structure of YBa2Cu,0,_B is orthorhom- 
bit and within the range S, .S 6 I 1, it is tetrago- 
nal. Values for S, vary around 0.65.4,23-27 In 
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experiments where S is fixed the transition temper- 
ature Tt increases linearly with iL2* Reported 
values for the 0 + T transition temperature range 
between 1 10°C at S = 0.67 and 680°C at 6 = 0.34. 

On cooling from the high temperature tetrago- 
nal phase, a spontaneous strain, proportional to 
the orthorhombicity of the material is introduced. 
This strain can be released by the introduction of 
coherent twinning on (110) planes. The micro- 
structure then consists of slabs of two orientation 
variants of the orthorhombic phase. The (110) 
twinning is a reaction to a macroscopic orthorhom- 
bit strain. This, in contrast to the case of ‘tweed’ 
which seems to be triggered by local orthorhombic 
deformations. It is important to note that twin- 
ning as well as tweed are effects related to the 
orthorhombic range of the phase diagram. By 
non-local techniques such as X-ray or neutron 
diffraction, tweed textured material has often been 
described as tetragonal. 

In the tetragonal phase, the oxygen atoms in the 
CuO-layer are distributed quasi randomly, with an 
equal occupation of the O(l)- and O(5)-sublattices. 
The sublattices consist of the oxygen sites between 
every two copper atoms in the plane, the O(1) sites 
lying along one direction (defined as a), the O(5) 
sites along the other (see Fig. 1). The formation of 
short CuO-segments along both basic directions 
of the CuO-chain plane is likely to cause local 
orthorhombic strains that lead to the pre-transition 
tweed texture. 

The presence of short range ordering of oxygen 
and vacancies is revealed in electron diffraction 
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Fig. 1. (a) Schematic representation of the CuO-plane Ortho-I ordering. (b) Model of the Ortho-II ordering. Along a CuO and 
&-vacancy chains alternate. (c) and (d) are representations of ordering leading to tripled a-parameters: (c) represents the Ortho- 
III phase with an oxygen content 6.667; (d) represents a symmetric phase where roles of vacant and filled chains are reversed, that 

occurs at oxygen contents 6.333. 
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Fig. 2.Electron diffraction pattern along the [OOl] zone, in a 
tetragonal sample. In situ heating and cooling causes disorder 
reflected in the presence of diffuse scattering along the basic 

directions. 

patterns by the occurence of diffuse intensities. 
The diffuse streaks observed in the [OOl]-zone 
diffraction pattern of Fig. 2 are due to the pres- 
ence of irregularly spaced, short segments of CuO- 
chains. Short range order is commonly observed 
in highly oxygen deficient samples and can be 
induced in oxygen-rich materials by a thermal dis- 
ordering by an in situ heating treatment. 

The orthorhombic phase that corresponds to 
YBa,Cu30, (6 = 0), is termed ‘Ortho-I’. The CuO- 
plane in the Ortho-I phase has all O(t)-sites filled 
and all O(5)-sites vacant. CuO-chains run along b 
(Fig. l(a)). As a result, for the Ortho-I phase a, < 
b,. A second phase, termed Ortho-II, has every 
other b-oriented chain evacuated of oxygen and 
has an ideal composition YBa,Cu,O,., (8 = 0.5). 
(Fig. l(b)) The oxygen content range over which 
the Ortho-II phase is observed stretches over 0.3 
< S I 0.5. The new unit mesh that can be defined 
on the ordered CuO, _ ,-plane has dimensions a,, = 
7.668 A = 2uP, b,, = 3.869 A = b,. (based on ref. 
3). The-Ortho-II-phase is easily recognized in [OOl] 
ED patterns (Fig. 3); it produces superstructure 
spots at positions h + % k 1, characteristic for a 
doubling of the a-parameter. Often however, in 
such patterns also the b-parameter seems doubled 
by the appearance of spots at positions h k + Vi 1 
as well. These spots are due to the basic (110) 
twinning of the orthorhombic matrix, the resulting 
diffraction pattern (Fig. 3) being the overlap of 
the two identical patterns, with a rotation differ- 
ence of about 90”. In ref. 29 it is shown that a 
disordered array of line defects gives rise to 
Lorentzian-shaped diffraction spots, with a posi- 
tion associated with the mean spacing of the scat- 

Fig. 3. (a) [OOl] zone diffraction pattern with sharp super- 
structure reflections at positions h+% k I appearing in well- 
ordered Ortho-II material. Since the material is twinned, 
spots seem to appear along both basic directions. (b) [OOl] 
zone diffraction pattern with streaked superstructure inten- 
sity, corresponding to domains that are short range ordered 
along a, occurring at oxygen contents at the slopes above and 
below the Ortho-II plateau. (c) [OOl] zone diffraction pattern 
with spots at positions h+% k 1 and h+% k 1 due to an Ortho- 
III structure occurring in samples with oxygen contents 

around 6.8. 

tering elements. When chains in the CuO-plane 
are irregularly spaced with a mean spacing of 2a,, 
Lorentzian shaped diffraction spots at positions h 
+ ‘/i k I are expected. When the average periodicity 
increases, the superstructure reflections will become 
more elongated. (Fig. 3(b)). A second factor infl- 
uencing the superstructure reflection shape is the 
Ortho-II domain shape, small domain dimensions 
leading to elongated reflections. Intensity and 
sharpness of the superstructure reflections can 
thus be considered as indices of the domain size 
and the ordering quality of the phase. Whereas 
an ideal Ortho-II domain has an oxygen deficiency 
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S = O-5, the strongest and sharpest Ortho-II electron 
diffraction intensity occurs at an oxygen deficiency 
of only S = O.4.3o The domain size and the ordering 
quality thus are apparently maximized at S = 0.4. 

Dark field images allow the visualisation of the 
oxygen ordered domains. The images show that 
the Ortho-II domains are elongated -or lenticular 
of shape, with the short axis along the a-direction. 
Largest Ortho-II domains (4 X 20 nm) and a max- 
imal total Ortho-II volume, occur at oxygen defi- 
ciencies S = 0.4. For the 6 = 0.4 sample of ref. 5, 
from measurements of the Ortho-II peak surface 
in a [loo] electron densitogram, the Ortho-II vol- 
ume fraction was an estimated 50%, in accordance 
with our results. Samples showing elongated 
Ortho-II diffraction spots, correspondingly show 
Ortho-II domains in dark-field images (Fig. 4(b)) 
with reduced dimensions along a (size: 1 X 20 nm). 

Under high resolution conditions, imaged along 
the [lOO] direction, the ordered domains can be eas- 
ily visualized. Such images also allow us to deduce 
the stacking of the vacancy rows in successive 
CuO, _ s planes along the c-axis (Fig. 5). The nor- 
mal stacking of these rows is vertical, but small 
domains of a staggered stacking of successive 
2D-ordered CuO-planes are no exception. The 
ordered domains also reveal anti-phase bound- 
aries with a displacement vector R = % [lOO]oIIa. 
This is best visible under grazing angles along 
the [OOl] direction, and indicated by a white line, 
broken at the defects. 

Fig. 4. (a) Dark field image showing Ortho-II ordered 
domains in bright. The corresponding diffraction pattern is 
shown in Fig. 3(a). (b) Dark field image corresponding to 
Fig. 3(b). Domain size is short along a and large along the CuO- 
chain direction b. The band structure in these images is due 

to twinning. 

Fig. 5. (a) High resolution image along the [OlO]-axis, of the 
Ortho-II phase. The cell doubling can be seen by the white 
dots that appear every 20 . In this view along the chains, 
chains are stacked vertical y P along c. Note the presence of 
anti-phase boundaries with displacement vector R = % [loo]. 
(b) Diffraction pattern along the [OlO] zone axis. Note the 

splitting of the outer spot rows due to twinning. 

Instead of a doubling of the unit cell due to 
oxygen vacancy ordering along the b-axis, one can 
imagine different ordering schemes, introducing 
tripling, quadrupling, . . . of the basic Ortho-I 
structure. Electron microscopic observations of 
the Ortho-III-phase have been reported (Fig. 3(c)), 
but much less and more ill defined than the 
Ortho-II phase. 10,31,32 Due to the short structural 
coherence length of this phase, their presence 
could not be detected neither by X-ray, nor by 
neutron diffraction. The Ortho-III phase ideally 
appears at an oxygen deficiency S = M, (or 55) and 
compared to the Ortho-I phase, one out of three 
Cu,O,-chains is depleted of oxygen (Fig. 2(c)). 
Superstructures with longer periodicities of 4a, 
and 5a, have also been observed by electron 
microscopy. 33,34 These phases appear on very local 
scales (a few unit cells wide), and therefore have 
only been observed by means of high resolution 
electron microscopy. Identifying these phases as 
(Cu-0)-chain ordered phases, they should proba- 
bly be considered as metastable phases at oxygen 
contents, intermediate to that of the stable Ortho- 
I, Ortho-II and Ortho-III phases. Theoretical studies 
seem to support this conclusion.35,36 

2.2 (001) planar defects in YBCO-based material 
The presence of (001) planar defects consisting of 
a double CuO-layer, replacing the normal single 
layer, was first demonstrated by means of electron 
microscopy3’ (Fig. 6). This observation has led to 
the development of a superconducting mixed layer 
Y-Ba-Cu-O family containing regular arrange- 
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Fig. 6. I-iREM image showing the presence of double CuO 
planes in the YBa&O, structure. 

ments of single and double CuO layers. Members 
of this family are the so called l-2-4 phase 
(YBa2Cy08)38~3g and the 247 phase (Y,Ba,Cu7015).40 
l-2-4 and 2-4-7 can be regarded as members of 
a series of ‘shear structures’ derived from the 123 
basic structure by the periodic insertions of sup- 
plementary CuO-layers. Representing the number 
of 123 unit cells separating these supplementary 
CuO-layers by an integer, the 124 and 247 struc- 
tures are represented by the stacking symbols li 

Fig. 7. [OlO] HREM image of: (a) the YZBa4Cu70,5 structure 
(2-4-7); the double (CuO), layer is introduced every two unit 
cells; (b) the YBa,Cu40, structure (l-2-4); the double (CuO), 
layer is introduced every unit cell; (c) a complex sequence of 

double and single CuO layers. 

Fig. 8. Heavily distorted part of a 2-4-7 grain with all double 
(CuO), layers replaced by triple ones (area A) or by quintuple 

ones (area B). 

and 22.41,42 The minus sign is introduced to indi- 
cate that the presence of a double CuO layer 
causes a lateral offset between successive 123 
blocks over %[OlO]. High resolution images along 
the [OlO] direction of the perfect 124 and 247 
structure are reproduced in Fig. 7(a, b). The dou- 
ble chain layers are characterized by intense rows 
of elongated double white dots. Changing the ini- 
tial composition does not alter the stoichiometry 
of the outcoming material, one does however 
stabilize to some extent different phases such as 
22 and 33 over limited areas. Figure 7(c) shows an 
example of a complex polytypoid over a limited 
region. Apart from this series of phases being a 
mixture of l-2-3 and l-2-4 where periodically dou- 
ble (CUO)~ layers are introduced, a different series 
of Cu-rich phases was discovered, in which succes- 
sive perovskite blocks are separated by triple 
(CuO), layers. 43 An example is reproduced in Fig. 
8 together with a schematic inset where the CuO 
layer configuration is represented by black dots. 
In some parts of the crystal even isolated CuO 
multilayers consisting of as much as five CuO 
layers have been observed in a matrix of essen- 
tially 2-4-7 material.4’ 

2.3 Cu substitution in YBCO l-2-3 superconductors 
Although it seems well established that supercon- 
ductivity is to be associated with the CuO, layers, 
doping of the CuO-layers seems to play an impor- 
tant role in determining the concentration and the 
type of carriers. Also the critical temperature T, is 
related to the composition of the CuO layer. It 
could for instance be shown that the 60 K plateau 
in the curve relating T, to the oxygen content in 
this layer is associated with the presence of the 2a, 
structure, i.e. with the material with ideal composi- 
tion YBa2Cu30,.,. U6 It was attempted to replace 
copper in the CuO-layers, either completely or 
partly by other metallic ions such as iron, cobalt, 
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zinc, gallium. Also complex ions such as COJ2- or 
SOd2- were incorporated in the CuO-layer, carbon 
and sulphur occupying copper sites in the CuO 
chains. Iron substitution is found to induce a 
‘tweed’ texture, the geometry of which could be 
assessed by assuming that iron occurs in the CuO 
layers in two types of oxygen coordination: octahe- 
dral and tetrahedral. The tetrahedrally coordinated 
iron ions induce microtwinning by the nucleation of 
CuO chains along mutually perpendicular directions 
which causes the tweed microtexture (ref. 47 and 
references therein). Cobalt substitutions in small 
concentrations has a rather similar aspect.48 

The substitution of all copper ions in the CuO 
layers by gallium or cobalt ions (YSr2Cu2M07_,) 
leads to the formation of rows of comer sharing 
COO, (or GaO,) tetrahedra along the [l lo] direc- 
tion of the basic perovskite structure, replacing in 
a sense the CuO, strings of square planar configu- 
rations along the b, direction. The tetragonal sym- 
metry is hereby reduced to an orthorhombic 
one.49,50 The strings of tetrahedra can moreover 
adopt two mutually perpendicular directions giv- 
ing rise to two twin related orientation variants of 
the orthorhombic structure. It was moreover 
shown that period doubling (also tripling) occurs 
in the (001) plane along the direction normal to 
the chains of tetrahedra. This could be rational- 
ized by noting that the parallel chains can adopt 
two different configurations, differing by the sense 
of rotation of the coupled tetrahedra along a 
string. Period doubling can then be attributed to 
the regular alternation of these two types of 
chains in a parallel set. 

In case of carbonate substitutions for CU(I) in 
the YSr,Cu,O, compound, the CO3 triangles align 
in chains along the perovskite b-axis.51 We will 
discuss here a recent and similar substitution, the 
substitution by tetrahedral SO,-groups in compounds 
with composition ~,,Sr,]Sr,[Cu,(SO,),107_s, where 
y = 0.16 and x = 0.22. The electron diffraction 
patterns of this material confirm this average 
structure determined by neutrons52,53 but strong 
satellites are associated with every basic reflection. 
The [OlO] and [OOl] zone diffraction patterns of 
Fig. 9 shows the presence of bright first order 
satellites (Fig. 9(a)) and weaker second order 
satellites (Fig. 9(a, b)); the length of the satellite-q- 
vector is 1 nm-‘. The structure can therefore be 
considered as modulated with the wavevector in 
the (010) plane, inclined over an angle (Y (a = 32”) 
with respect to the [loo]-direction and with a 
wavelength h = 1 nm. Although the observed 
modulation is orthorhombic, most [OOl] observed 
diffraction patterns show tetragonal symmetry, 
with superstructure spots along a* as well as along 
b*. This is due to the presence of two orthorhom- 

Fig. 9. Electron diffraction patterns of [Y,.s,Sr,.,,]SrzCu,.,s 
(S04)0,2206.12: (a) [OlO] pattern showing satellites at every 
basic spot; numbers indicate spot order, the angle indicated is 
(Y = 29”; (b) [OOl] pattern with only the weaker second order 

spots; indexing of both patterns refers to the basic unit cell. 

bit variants, related by the usual (110) twin law 
common in YBa2Cu307+ 

High resolution images along the [OlO]-zone 
(Fig. lo), show the presence of a modulation cor- 
responding to the satellites in the corresponding 
diffraction pattern of Fig. 9(a). The image is more 

Fig. 10. High resolution image along the [OlO]-zone showing 
S-rich columns as brighter squares of four dots centered on 
the Cu(i)-SO-layers. The maxima of the modulating wave, 
easily seen under grazing angles, are stressed by two sets of 
heavy lines in the image. The brighter dot configurations are 

indicated in part of the image by small crosses. 



HREM of ceramic high T, superconductors 373 

or less the same as that of the undoped 
YBa,Cu,O, material, however every three or four 
repeat distances along the a-direction, squares of 
more intense dots are present. According to image 
simulations, this is to be associated with the pres- 
ence of SO,-groups in the Cu-O(1) layer. Along 
the c-direction the stacking of these columns or 
‘chains’ is usually staggered in such a fashion that 
their configurations in every second Cu(l)- S-O- 
plane coincide vertically. Within a single Cu(l)-S- 
O-plane the alternation is incommensurate but the 
intensity maxima are spaced roughly as . . . - 4a, - 
3a, - 3a, . . . . Looking along the directions indi- 
cated by heavy lines in Fig. 10, planes containing 
a high density of SO,-clusters are revealed by a 
modulation in dot intensity. These planes can be 
considered as the maxima of a planar concentra- 
tion wave. The normal to this concentration wave 
makes an angle (Y of about 30” with the [loo]- 
direction and the length of the wavevector is 
about 1 nm. 

These observations can be explained by a sim- 
ple model of SO,-chain formation and ordering. 
The [OOl] high resolution image suggests the pres- 
ence of chains oriented along the b-direction, the 
nature of which must differ from that of CuO 
chains by their S content. The stacking-rule of the 
SO,-rich chains can be derived from the observa- 
tion of the concentration waves in Fig. 10: 

(1) 

(2) 

The SO,-chains substitute these sites of the 
Cu(l)-sublattice which are closest to the 
maxima of the concentration waves. 
The integer I-coordinates of the second 
order satellites as well as direct observations 
in high resolution images suggest that the 
SO,-chain-stacking coincides vertically in 
every second plane along the [OOl] direction. 

These observations allow us to propose an 
atomistic model for the modulation in [Y,,Sr,,]Sr, 

Fig. 11. Schematic representation of the incommensurate 
modulation of the Cu( I)-column-sublattice. Squares represent 
the Cu(r)-column sublattice, circles represent SO,-chains and 
are located on Cu(l)-column-sites closest to the maxima of 
a SO,-occupancy wave with wavevector inclined over (Y with 

respect to [loo] and with wavelength A. 

[CU~_~JSO~).$_~. In the schematic representation 
of Fig. 11 only the Cu(1) sublattice is shown; 
dashed lines are the maxima of the concentration 
waves with angles (Y = + 30” and A = 1 nm. Due 
to the incommensurability of the basic lattice with 
the modulation, the ordering along the a-direction 
is essentially aperiodic, which is in agreement with 
the absence of periodic superstructure spots in the 
diffraction patterns. A physical explanation for 
the observed SO,-chain arrangement is not 
straightforward but certainly involves a strain 
component. The chains occupied by S0,2m-ions 
cause cylindrically symmetrical stress fields as a 
consequence of the difference in size of the sul- 
phur-ions and the copper-ions that they replace. 
Parallel chains thus interact by mutually repulsive 
elastic forces which depend on the separation r as 
l/r. The equilibrium configuration of such a set of 
repelling parallel chains, when confined to a finite 
area, or with a specified concentration, consists of 
a triangular array. With the restriction that the 
SO,-chains can only be located at positions in the 
Cu( l)O-chain layers, the observed distribution of 
SO,-chains is the one that yields the largest aver- 
age separations between different chains. 

3 Superconducting Bi-, Tl- or Hg-coqounds 

The Bi-compounds with general formula Bi,Sr, 

CGu,+ 1 Q5+2n were the first to present T, values 
above 100 K. They can be considered as a family 
of mixed layer compounds ‘2 2 n n + 1’ and there 
is a clear correlation between the chemical for- 
mula and the values of T,; 20 K for n = 0, 80 K 
for 12 =l and 105 K for n = 2.5657 The existence of 
such a family was initially predicted based on 
HREM observations of singular lamellae contain- 
ing a number of CuO, layers deviating from the 
bulk composition. All of the Bi-compounds more- 
over exhibit an incommensurate one-dimensional 
deformation modulation, localized mainly within 
the BiO layers. 58 The modulation was attributed 
primarily to the misfit between the perovskite 
blocks and the BiO layers and the particular lone 
pair electronic configuration of the Bi3+.59 The 
one-dimensional modulation reduces the point 
symmetry of the compound from tetragonal to 
monoclinic in the 2201 compound and to ortho- 
rhombic in the 2212 or 2223 compound. As a 
result defects, i.e. modulation twins caused by the 
modulation and related by the lost symmetry ele- 
ments may arise. The effect of the substitution of 
bismuth by lead on the modulation period and on 
the geometrical features of the modulation wave, 
resulting in a stabilization of the 2212 or the 2223 
structure, has been studied almost exclusively by 
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means of EM. The modulated structure in the 
lead substituted compounds, differs from that in 
the pure Bi-compounds; whereas the modulation 
waves in successive layers are in anti-phase in the 
pure Bi-compounds, they are in phase in the lead 
substituted compounds. Figure 12 compares the 
modulation along the [OlO] zone axis for the 
undoped (Fig. 12(a)) and the Pb doped compound 
(Fig. 12(b)). 

Recently several higher-order members of the 
Hg-based superconducting family HgBa,Ca,,Cu, 
0 2n+2+6 have been synthesized recently; the critical 
temperature reaches a maximum of 133.5 K for 
the y1 = 3 member of the family,60 while for larger 
II values, T, seems to decrease.6* It was further- 
more shown (not very unexpectedly) that T, 

increases steadily with pressure at a rate of more 
or less 1 K/GPa. In this way Chu et a1.62 and 
Nunez-Regueiro et a1.63 were able to reach values 
such as 164 and 155 K (T, onsets) for the Hg-1223 
compound respectively. This strong pressure effect 
suggests that by the appropriate chemical doping, 
which would introduce a chemical pressure, T, 

Fig. 12. [OlO] diffraction pattern of: (a) the undoped Bi,Sr, 
CalCu,08+,+compound; (b) the Pb doped compound (Bi,_,Pb,) 

Sr2CalCu208+ti 

values of the order of 150 K would not be 
excluded at normal-external-pressure. Several sub- 
stitutions in the Hg-plane as well as at the Ba- or 
the Ca-positions have been tried by the Caen 
group; they have led to the discovery of a series of 
new Hg-based superconducting compounds, which 
can be prepared under ambient pressure and 
which have a T, up to 110 KM8 

The structure of all members is similar; they 
contain rock salt like slabs [(BaO)(HgO,)(BaO)], 
alternating with perovskite slabs of the type 
[(CuO,)(Ca)], _ 1(Cu02). The structure for different 
n-compounds is represented in Fig. 13; for increas- 
ing n-values an extra [(CuO,)(Ca)] slab is inserted, 
leaving the rest of the average structure unaltered. 
Although there is a strong similarity between the 
Hg- and the Tl-series, the occupation of the oxy- 
gen sites in the Hg-layers and the corresponding 
one in the Tl layers, are quite different. 

Fig. 13. Schematic representation of several members of the 
structural family HgBa,Ca,_,Cu,O,,+,+,. 

Fig. 14. High resolution image along [loo] of HgBa,Ca2 
CujO*+g. In this contrast the heavy ions are imaged as bright 
dots; the imaging code as well as the unit cell is indicated in 

the figure. 
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HREM images of the different members of the 
family are obtained, particularly along the [lOO] 
zone, which is the most instructive one. An exam- 
ple for the 1223 compound is shown in Fig. 14; 
the cation configuration can be readily identified 
from symmetry considerations. There is clearly a 
one to one correspondence between the white dot 
configuration of the HREM image and the cation 
configuration of Fig. 13. This semi-intuitive inter- 
pretation has of course to be confirmed by com- 
puter simulations, *69 they will allow us to analyse 
in detail the atomic structure of planar defects in 
these compounds. The most common defect 
encountered, particularly for higher order mem- 
bers of the family, is the intergrowth of different 
n-members; they occur as isolated defects and are 
well known from other homologuous series. Peri- 
odicities up to n = 8 have been seen to occur 
locally, although no single phase material could be 
produced. 69 A most remarkable defect in this 
structure is the occasional occurrence of a double 
(HgO,) layer instead of the usual sequence of 
three layers [(BaO)(HgO,J(BaO)]. The occurrence 
of such defects with a double (HgOJ layer sug- 
gested the feasibility to produce ‘2 2 n-l n’ type 
materials; such ‘2 2 n-l n’ compounds have indeed 
been produced by replacing some of the Hg by Pr 
or Cu” or some of the Ca by a trivalent element 
such as e.g. Y.” 

When Hg deficient compounds Hg,,Ba,Ca,., 
CU”0 2n+2+6, with x = 0.3 are prepared and carbon 
is introduced on the sublattice, T, will decrease72 
and the carbonate groups will or substitute ran- 
domly for the Hg, as in the present compound or 
occur in an ordered way in related compounds.73-75 

Electron diffraction as well as HREM of Hg,_, 
Ba,Ca,Cu,O reveal the perfect 1223 structure, 
with no traces of superstructure or imperfections 
(see Fig. 15(b)). In the HREM image of Fig. 15 all 

HgOs layer 

Fig. 15. (a) High resolution image along [OlO] of the Hg-1223 
compound, showing the individual cation columns as bright 
dots. No extended defects are observed. (b) Corresponding 
electron diffraction pattern. (c) High magnification of part of 
(a); note that in the HgO, layer the intensity of the individual 

dots is not homogeneous. 

cations are revealed as bright dots and the HgOB 
layer can easily be identified as the more diffuse 
layer; this follows by comparison with computer 
simulated images. Along this layer, however, we 
do see variations in the intensities of the different 
bright dots (see Fig. 15(c)) which is an enlarge- 
ment of part of Fig. IS(a). We can quantify these 
variations by making densitometer traces along 
the HgOs layer as well as along one of the neigh- 
bouring CuO, layers. The results are shown in 

CuOz layer 

Fig. 16. Intensity measurement of individual dots from Fig. 15(c): (a) along the HgOs layer; (b) along the neighbouring Cu02 layer. 
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Fig. 16(a), where we have plotted the intensity for 
different ‘bright dots’ along a single HgO, row; 
the intensities are corrected for the background. 
For the HgO, layer there is a clear, pseudo-peri- 
odic variation in the intensity (Fig. 16(a)), such 
variation is not observed in the corresponding 
measurement for the surrounding BaO or CuOZ 
layer (Fig. 16(b)). These intensity variations are to 
be related to variations in the occupation of the 
Hg-sublattice. If the variations were not random 
but periodic, they would give rise to weak super- 
structure reflections visible in the diffraction pat- 
terns. If complete columns, or even a single one, 
were occupied by carbonate groups, this would be 
detected by HREM. 75,76 Measurements of the local 
composition by EDX, reveals a deficiency of Hg 
(O-7-0.8) with respect to the other elements, but 
no excess of Cu. We can therefore conclude that 
the Hg-deficiency is not compensated by an excess 
Cu. The missing Hg-ions are randomly distributed 
on the Hg-sublattice; they are most probably occu- 
pied by carbonate groups, by vacancies or by a mix- 
ture of both; this cannot be decided from EM only. 

4 Superconducting Oxycarbonates 

A wide variety of novel superconducting materials 
has recently been prepared by incorporating com- 
plex ions such as carbonate, phosphate or sul- 
phate groups in the perovskite-like structures of 
existing high T, cuprates; for an overview and fur- 
ther references we refer to refs 77 and 78. Carbon- 
ate groups can be substituted into the mercury or 
thallium based cuprates of the type Hg,,Tl,Sr+ 
Ba,Cu,CO,O,_,. The incorporation of these groups 
produces interesting modulated structures. Related 
compounds of the type ASr+,Ba,,Cu,CO,O,_, where 
A = Tl, Hg or Hg,,.,Pb,., were also found to 
exhibit remarkable long period interface modu- 
lated structures. The modulation vector is along 
the [OlO] perovskite direction in the samples with 
A = Tl and along the [l lO]r direction in the samples 
with A = Hg or A = Hg,.,Pb,.5. The wavelength is 
mostly incommensurate but varies between 6 and 
8 times the basic perovskite unit. 

High resolution electron microscopy of the 
compound Hg,_1T1,Sr,YBa,Cu2C0307_S, is able to 
directly image the modulation (Fig. 17). Together 
with the electron diffraction information (inset of 
Fig. 17) one can also deduce the origin of the 
modulation and the building blocks of the com- 
plex structure. The prominently bright dot 
sequences image columns of carbon and oxygen 
atoms which are the lightest atoms in the com- 
pound. The carbonate groups clearly substitute on 
the (Hg-Tl)-sublattice, in agreement with previous 

Fig. 17. HREM image of Hg, 3T1,.,Sr,.SBa,.,Cu2CO~0,_~ 
along [loo]; the carbonate groups are imaged as particularly 
white features. The corresponding diffraction pattern is 

shown as an inset. 

findings. The carbonate sequences contain either 
three or four dots. Bright and dark dot sequences 
alternate in anti-phase in successive layers, leading 
to a centered rectangular arrangement. The corre- 
sponding [loo] zone diffraction pattern (Fig. 17) 
consists of main reflections, which can be indexed 
on a tetragonal lattice and weaker satellite reflec- 
tions, which decrease in intensity with distance 
from the main reflections. The pattern looks com- 
mensurate, however careful measurements show 
that it is in fact incommensurate, the period being 
slightly smaller than 8bp. Actually the periodicity 
of the modulation can vary between 6b, and 8bp, 
depending on a number of parameters, which will 
not be discussed here. 

The high resolution images of these compounds 
not only suggest a model for the stacking along 
the c-direction: 

[CO + (Tl, Hg)O] - (Sr, Ba)O - CuO, - 
(Sr, Ba)O - [(Tl, Hg)O + CO] 

but also for the modulated structure within the 
[CO + (Tl, Hg)O]-plane. Incommensurate diffrac- 
tion patterns originate from a structure in which 
commensurate carbonate strips of two different 
widths (3 and 4 times the perovskite unit) are uni- 
formely mixed. The high resolution images (e.g. 
Fig. 17) give evidence for sequences such as 
3434... or 334334 . . . . 
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As to the -near- future of HREM and the imag- 
ing of light elements in electron microscopy, we 
can announce that we have just installed a new 
CM30-FEG-Ultra twin microscope at the EMAT 
laboratory in Antwerp, which is able to produce 
structural information down to the 1.1 A level. 
The interpretation of such images in function of 
the projected crystal potential is certainly not 
straightforward, but with the help of CCD record- 
ing and computer treatment of the data, we are 
starting real quantitative HREM.79 
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