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Abstract

Changes in the crystal structure or the microstructure, as a result of different substitutions in YBagCugO4
have been studied by electron microscopy and have been related to the physical properties of these
substituted materials. Oxygen ordering has been investigated in superconducting ABayCug017_5 ceramic
materials with A=Er, Nd, Sm, Y and Yb, as well as in samples of this type with the rare earth A partially
substituted by Pr. The critical temperature T, was determined as a function of the oxygen deficiency of
the compound. A distinct relationship exists between the width of the 60K plateau and the Ortholl
ordering. Our results show that the Ortholl ordered phase is the superconducting phase with a
characteristic Tc of 60K. Small Fe substitutions for Cu have a dramatic impact on T, as well as on the
microstructure. The twin domain size decreases and a "tweed" pattern results. Randomly dispersed Fe-
ions or Fe-clusters act as pinning centers for twin interfaces. Substituting Ga or Co foe Cu changes the
structure of the "chain" layer. A model for a new superstructure ordering in this chain layer of Ga and Co

substituted 1-2-3 YBCO is proposed.

1. Introduction

YBagCugz07.g is by far the most widely studied
ceramic superconductor. Its (perfect) structure
for 6 = 0 is long known and the effect of oxygen
deficiency has been extensively studied (SEE
e.g. [1,2]). Exellent thin films have been pro-
duced (e.g. [3,4]) and the effects of processing on
the superconducting properties have been exten-
sively studied.

Doping of such superconducting materials by
isomorphous substitution of aliovalent ions and
studying the effect of doping on the
superconducting properties has proved to be a
successful method to gain information on the
structural requirements for the occurrence of
superconductivity and it allows to optimize its
properties [5]. YBagCu307 is extremely tollerant
in accepting various substitutions without pro-
foundly modifying its structural features, even
though the superconducting properties may be
severely altered [6]. An important conclusion of
all these experiments is that the structural integ-
rity of the CuO9g layer seems to be essential for the
occurrence of superconductivity [7]. The stoichio-
metry and the dopant atoms in the CuO-layer are
important in determining the number and the
type of charge carriers [8].

In this paper we will try to present an over-
view of structural studies of different YBCO rela-

0925-8388/93/$06.00

ted materials. Most materials treated here are
obtained by substitution of one of the YBCO com-
ponents. We will consider the substitution of Y by
other rare earth elements and at the same time
oxygen for vacancies [9]; Cu by Fe, Al, Zn, Au
etc.[10,11]; Ba by Sr, however this is not
successful unless one simultaneously substitutes
Cuby e.g. Coor Ga[12,13].

Structural characterisation is performed by
electron diffraction and electron microscopy at
the "Electron Microscopy for Materials Re-
search” center of the University of Antwerp.

An almeost trivial substitution is that of
oxygen by vacancies in the composition range
1>5>0. Apart from the formation of a v 2a x \/_ga
superstructure (close to a composition 8=1) attri-
buted to a 2D modulation in the CuOg layer [14],
all oxygen substitutions only affect the CuO layer
configuration. As a function of the oxygen defi-
ciency different orthorhombic superstructures,
termed Ortho II, Ortho III, etc. have been reported
[15,16], most of them first discovered by electron
diffraction. For some time a discussion has been
going on concerning the correlation between the-
se superstructures and the behaviour of T¢ as
function of oxygen content. Is the so called Ortho
II structure responsible for the 60 K plateau in the
Tc/oxygen content curve ? We will provide some
more arguments with respect to this problem by
substituting Y by rare earth ions of different size.
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2. Substitution of Y by Er, Nd, Pr, Sm or Yb.

In the fully oxidated state O7.§ (with =0), the
basic orthorhombic structure (Ortho I) is formed
for the Y compound as well as for all substituted
compounds. CuO chains are formed along the b-
axis by ordering of oxygen atoms into sites along
b in between every two Cu atoms of the square Cu
lattice. In the Ortho II phase, which has an ideal
oxygen content of 6.5, the oxygen atoms of every
other copper-oxygen chain are missing; the unit
cell doubles along the a-axis and therefore this
superstructure is sometimes also called the 2a,
structure. The appearence of this superstructure
is often related to the presence of a plateau at
about 60K in the Tc versus oxygen content curve
of well annealed samples.[15,16] In the case of
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Fig. 1. (a) T, versus oxygen concentration & for
ABagCug07.5 with A= Yb, Y, Sm and Nd respectively..
(b) Same graph for Erj.xPryBag CugO7.s.

quenched samples no plateau is observed and the
critical temperature decreases monotonically
with increasing oxygen deficiency.[17] In such
material, no or very ill defined Ortho II
superstructures are detected.[16]

Recently, Buchgeister et al. replaced in a
systematic way the Y ion by different rare earth
ions and established a close relationship between
the ion size of the substituted rare earth and the
different structural and electronical properties of
the material [18,19]. Apart from a weak
dependence of orthorhombicity on the ionic
radius of the rare earth ion, a variation was
observed of the width of the 60 K plateau. A
pronounced plateau appeared for the smaller ions
(Yb, Er, Y) while for the larger ions (Nd,La) no
plateau was observed at all (fig.1a).

Electron diffraction of these materials was
carried out at 100 kV [9]. For the smaller ions,
very clear and well defined extra Ortho II or 2a,
ordering reflections were detected in the [001]
zone pattern (fig.2a). Best defined ordering
occurred (for all compounds studied) at oxygen
contents around Og.g. Dark field imaging in
these sharp reflections reveals the 2a, ordered
domains as bright specks (fig.3a); the domains
are fairly isotropic and the size exceeds several
tens of nm. Usually the extra diffraction spots
are elongated along a*, particularly for oxygen

Fig. 2 [001] diffraction patterns from different
ABagCugO 7.5 materials. (a) Sharp superlattice reflec-
tions are present in well ordered Ortho Il material for A
=Yb or Y. (b) Only very ill defined [100]* streaking is
observed when A = Nd.
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Fig. 3 Dark field image showing Ortho II ordered domains as bright specles.

concentrations corresponding to the edges of the
60K plateau. The corresponding 2a, domain
sizes are now lenticular in shape and their size
decreases with the distance from the middle of
the plateau (fig 3b). For the larger ions (e.g. Nd)
the corresponding [001] pattern only showed a
weak diffuse scattering along the [100}* and
[0101* directions (fig.2b). Attempts to image the
domains corresponding to such weak diffuse
intensity failed in all cases.

In these measurements a clear correlation
between the presence of the Ortho II structure and
the presence of a 60 K plateau is established. This
correspondence is further supported by
experiments performed on Pr-doped samples.
With increasing Pr-content the critical
temperature of the higher Tc¢ plateau (93 K) is
suppressed relative to the lower Tc plateau to a
level where the Tc's of both plateaus meet
(fig.1b).[18,19] The Tc of the lower plateau is only
slightly affected by the doping and also the Ortho
II superstructure is not affected.

We conclude that an wunambiguous
correlation exists between the superconducting
60 K phase and the structural Ortho II phase.

2. (Limited) substitution of Cu by Fe, Zn, Au, ...

Limited amounts of Cu (up to 5%) were
substituted by different metals such as Fe, Al, Zn,
Au, ... For all substitutions, except for Au
additions, the critical temperature decreases
drastically upon adding foreign elements (see
e.g. [20,21]). Together with this decrease in Tc we
notice definite changes in the microstructural
configuration. We will elaborate somewhat on

the Fe substitution, but more details such as
specimen preparation can be found in [10,11].
Undoped 1-2-3 YBCO material normally
exhibits wide and more or less regularly spaced
(110) and (110) twin bands; the separation
between subsequent interfaces is approximately
100 nm. [001] type diffraction patterns over such
twin interfaces exhibit a characteristic spot
splitting, which allows to deduce the
orthorhombicity and indirectly also the (local)
oxygen content. Such a pattern from a fully

Fig.4 [001] electron diffraction patterns of undoped (a)
and Fe-doped 1-2-3 YBCO (b).
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oxidized sample is reproduced in fig. 4a. Upon
Fe-doping the spot splitting becomes less
pronounced and finally the two satellites are
replaced by a streaking along [110]* and [110]*,
clearly observed in fig. 4b. The average
structure finally becomes tetragonal. This
diffraction effect is the result of a fragmentation
in real space of the structure in micro-twin
domains. For limited substitutions, iron ions
have been shown to substitute Cu(1) atoms in the
CuO chain layer [22] where they pin the
interfaces, in agreement with a decreasing twin
size for increasing iron content.[10] For the more
strongly doped materials, individual twin
interfaces can no longer be discerned and a
tweed structure develops. Although the average
structure is tetragonal, locally orthorhombic
distortions are still present; This can be
concluded from high resolution images of a such
tweed structure. Optical diffraction (fourier
transforms) of limited areas of the high
resolution image reveal the orthorhombic
distortion. At high iron content and with the right
heat treatment, the twin bands persist but a fine
tweed structure is superimposed. The reason of
this fine tweed structure has been associated with
the presence of strain fields caused by iron ions
or iron clusters not located along the (110) type
interfaces.[10]

3. Substitution of Ba by Sr and Cu by Co or Ga.

The isostructural compounds YSroCugaCoO7
and YSroCuoGaO7 are closely related to the 1-2-3
YBCO compound. Replacement of Ba by Sr (or by
a mixture of Sr and Ce) does not change the
topology of the structure. However Co ions as well
as Ga ions have a strong tendency to be
tetrahedrally coordinated by oxygen ions.[12,13]
Therefore the CoO or GaO layers, which replace
the CuO chain layer, adopt a configuration of
chains of corner sharing MO4 (M = Co,Ga)
tetrahedra along the [110]p and [110]p directions
(index p refers to the perovskite base). The CuO-
layer configuration of the YBCO compound is
compared to the MO-layer configuration in fig.
5. The tetrahedron of oxygen atoms around the M
ion consists of the two oxygen atoms of the SrO-
layer forming the apices of the CuQOs pyramid
and of two oxygen atoms in the MO-layer. In
reality these tetrahedra are rotated about an axis
parallel to c. This rotation can take place in two

"a priori" equally probable senses, giving rise to
zig-zag chains of opposite "phase” along [110], or
[110], (see fig.5b). We can call such parallel
chains left (L) and right (R). In the structure
described by Roth et al. [12] all chains are either
all L-chains or all R-chains. Note that R- and L-
chains have identical surroundings and hence
are energetically equivalent.

The basic unit cell (with all chains parallel
and of the same type) is described by a
rectangular quasi-square mesh with a, ~ by =
\/—Z_ap, where ao is chosen perpendicular to the
chains. In the compounds studied the chains are
parallel in two MO-layers successive along c,
and are shifted with respect to each other in such
a way that they form a staggered arrangement
when they are viewed end-on.

Fig. 5 Schematic representation of the atom configura-
tion of (a) the CuO chain layer in YBayCugO,, with a
square configuration of O around Cu and (b) the MO
layer, showing the chains of tetrahedra along the [110],
direction. Large citrcles are M-ions, small circles are
oxygen ions. Vacancies are indicated by squares.



G. Van Tendeloo et al. | An electron microscopy study 311

Fig. 6 Schematic representation of MO chains. The pre-
sence of a vacancy or a copper ion may induce an L-
chain to become an R-chain and vice versa.

We will present evidence that within a single

layer a superstructure 2a, x by, is formed due to a
regular alternation of L- and R-chains along the
a, axis. Such an ordered arrangement of tetra-
hedra may exhibit different types of disorder :
a) an L-chain may change into an R-chain; this
is possible when a vacancy is introduced or when
an occasional planarly coordinated copper ion
replaces the M-ion. (see fig. 6)
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Fig. 7 High resolution image of the Ga-2212-compound
along the [110]5 zone. The atom columns are imaged as
dark dots. The open dots represent strontium columns,
the squares represent the rare-earth columns in the
fluorite-like lamella. The large full dots represent Ga
atom columns, the small full dots represent copper
atoms in the CuOg layers. Oxygen atoms are not
imaged.

Fig. 8 [001] diffraction pattern for the Ga-1212.

b) within a single layer the L-R-alternation of
chains shows deviations (e. g. LRRLR).

¢) within a single layer at a twin line the chain
arrangement may change its orientation by 90°
(from [110];, to[110], due to the presence of Cu ions
in the MO layer).

d) in between successive MO-layers along the c-
direction stacking disorder may exist. Several
of these defects have been observed by high
resolution electron microscopy.[23,24] Some
examples will be presented below.

The Y-layer, which in the basic 1-2-3 YBCO
compound is oxygen free, can be replaced by a
fluorite-like lamella of (Nd,Ce)Og in the
(Nd,Ce)O2,SrgGaCus0s5 compounds. These
compounds form a homologuous series of mixed
layer compounds with n = 1, 2, 3, ... [25,26]; they
can be easily distinguished by their c-parameter,
which obviously increases with n. In the high
resolution image of fig. 7 the n = 2 compound
viewed along the perovskite [100] direction is
shown. The different layers in the sequence ... -
GaO - 510 - CuOg - (Nd/Ce)O2(Nd/Ce) - CuOy -
SrO - ... can be identified from symmetry
considerations or by image simulations.

Superconductivity was recently reported with
a T; up to 50K in the Ca doped Ga-substituted
compounds Lnj_yCaySroGaCugy07 [27].

Electron diffraction observations along a
number of simple crystallographic zones show
apart from the basic reflections extra satellites
and diffuse scattering, indicating that several
aspects of the disorder mentioned above are
indeed occurring in reality. In fig. 8 for
instance, the [001] zone is shown for the Co-
substituted compound. The intense reflections
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Fig. 9 Diffraction pattern of the n212-Ga intergrowth
structure along the [110]g zone. The selected area
contains two phases with different c-parameters: c()=
2.28 nm; ¢(@= 2.82 nm, corresponding with compounds
containing respectively a single and a double fluorite-
like lamella.

are due to the perovskite structure, while the weak
spots are due to a superstructure with parameters
2a,, by, ¢o. Different sections allow to reconstruct
the reciprocal space, as well for the Co-substituted
1212 compound as for the Ga-substituted n212
compound.

Often, intergrowth structures (corresponding
to different n-values) of this latter compound
occur; they are easily identified on electron

54 A

[100]

diffraction patterns. Note that the two super-
imposed patterns have different geometrical
features. The pattern corresponding to the
smaller c-spacing (¢; = 2.28nm) has a rect-
angular mesh (outlined by solid lines) showing
that the orthorhombic reciprocal cell is not body
centered; this is consistent with the presence of a
single rare earth layer in the structure. The
pattern corresponding to the larger c-spacing (co
= 2.82nm) has a centered unit mesh outlined by
dotted lines; it shows that this reciprocal unit cell
is body centered, which is consistent with the
presence of a double layer rare earth oxide
lamella, causing a relative shift between
successive perovskite blocks.

High resolution images such as the [010], or
[100], image of fig.10 illustrate the presence of
several defects. The left part shows a [100],
image while in the right part image a [010], type
image is observed. This indicates a 90° change
in the orientation of the the chains. Along the
[010], direction the the CoO-chains are imaged as
rows of dots separated by 0.54 nm; the image
proves that along this direction the chains occur
in a staggered arrangement.

The superstructure, introduced by a regular
alternation of L- and R-chains within a CoO or
GaO layer can clearly be observed in sections

[010]

Fig. 10 High resolution image of the Co-1212 phase containing two orientation variants of the superstructure. In the left
part the image is viewed along the [001],, in the right part the chains are viewed along their lenght axis. The

arrangement in the Co-layer is indicated in both parts.
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Fig. 11 High resolution image of Co-1212-phase along
the [110]g zone. Most atomic layers are imaged as lines
only, due to the small intercolumn separation. In the
cobalt layers the bright dots reveal the superstructure
(spacing: 0.48 nm). In fig. 11a the regular stacking can
be observed in the upper five dot rows; in the next row a
defect appears. In fig. 11b the corresponding diffraction
pattern is shown, In certain cobalt layers (fig. 11c: A to
B) also the 0.24 nm spacing between bright dots is
revealed indicating the presence of an intralayer line
defect. Note that the widely spaced dot arrays in A (or B)
and in C are out of phase. The [001]g direction points
upward.

such as [210], or [110]; where s denotes the
superstructure with double a-axis. Such an
image (fig.11) shows bright dot rows with a
spacing of 0.48 nm, which must be attributed to a
superstructure (the normal spacing is only half
of that, i.e. 0.24 nm). In the largest part of the
area the bright dot sequences in different layers
along the c-direction are shifted over one quarter
of the interspot distance alternatingly to the left
and to the right. We can show that this zig-zag
arrangement is related to the staggered
arrangement of the chains in successive layers.

Some of the stacking defects mentioned above
are also observed here.
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