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The variation in the average and local structure of the superconductor family Y, _,Ca,Sr,Cu;GaO; as calcium is substituted for
yttrium (x=0.20, 0.35, and 0.40) is presented and discussed. Electron microscopy and X-ray diffraction were the primary tech-
niques employed. The local structure found by the use of electron microscopy and X-ray diffraction agrees with that previously
derived from single crystal X-ray and neutron diffraction. The gallate can be confused with the three layer perovskite structure of
YBCO (YBa,;Cu;0,) because of the similarity of [011]g.~ [100]ypco and [010]g,= [110])ynco zones. However, the composi-
tion of all crystals examined were homogeneous on a 10—100 nm scale. It was also found that the twin structure varied as a function

of the calcium content.

1. Introduction

There has been extensive research into com-
pounds with copper—oxygen layers since the discov-
ery of high-temperature superconductivity in the La-
Ba—-Cu-O system by Bednorz and Miiller [1]. Many
high-temperature superconductors have been dis-
covered and they include compounds in the Y-Ba-
Cu-O [2,3], Bi~Ca-Sr-Cu-O {4,5], Tl-Ba-Ca~Cu-
O [6,7] and Pb-Sr-Ln-Cu-O [8] systems
(Ln=La...Lu, Y). The common features of these su-
perconducting compounds are copper-oxygen planes
and a spacer layer between the planes that contains
elements which are capable of variable valence. The
copper—oxygen planes are important because they are
considered the key to high-temperature supercon-
ductivity, but with the variable valence spacers charge
transfer between the planes is possible. Recently a
layered cuprate with a fixed oxidation state spacer
was synthesized, LnSr,Cu,GaO; (Ln=La...Yb, Y);
this compound contains copper—oxygen planes sep-
arated by gallium-oxide tetrahedra. Superconduc-
tivity is induced by p-doping and annealing in high-

pressure oxygen atmosphere, ie.
Y,_Ca,Sr,Cu,Ga0, [9].

The chemical and structural differences between
the superconducting and nonsuperconducting states
inY,_,Ca,Sr,Cu,GaO; are difficult to detect. So far
most structural investigations have been X-ray and
neutron diffraction, which are statistical averages of
structural features that are relatively insensitive to
low levels of impurities (<5%). Any impurities
(< 5%) will be more apparent when samples are ex-
amined using electron microscopy. By using micro-
scopic techniques. a better understanding of the local
structure of the compound and the structural changes
caused by the high-pressure oxygen annealing can be
obtained. We focus upon the average structure of
these gallium-containing superconductors and dem-
onstrate that the X-ray and neutron diffraction data
is correct both in terms of the local structure and
chemistry. In a later [ 10] paper we will discuss some
rather unusual line defects that were also observed
in the material and that may be important to the su-
perconducting properties.

0921-4534/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved.



52 J.P. Zhang et al. / Local structure of Y,;_ ,Ca,Sr,CuGa0;

2. Experimental methods

Polycrystalline samples of Y,_,Ca,Sr,Cu,GaO,
and YSr,_,Ca,Cu,Ga0, (x=0.00, 0.05, 0.10, 0.15,
0.20, 0.25, 0.30, 0.35 and 0.40) were synthesized
from stoichiometric amounts of (Aldrich) Y,0,
(99.99%), CaCO; (99.995%), SrCO; (99.995%)
CuO (99.99%) and Ga,0, (99.99%). The samples
were heated in air at 950°C for 3 weeks and were
ground frequently. These samples were removed from
the oven directly and quenched at room tempera-
ture. A portion of these samples was annealed under
high-pressure oxygen and cooled at 2°C/min. The
conditions for the annealing are as follows: for
Y 0.50Cag 20512Cu,Ga0, the temperature was 910°C
and the pressure was 200 bar, for
Yo.65Ca0.358r2Cu;Ga0; and Y 60Ca.405r,Cu,Ga0,
the conditions were 970° C and 500 bar.

X-ray powder diffraction measurements were ob-
tained by the use of a Rigaku diffractometer equipped
with Cu Ka radiation and a nickel filter. The data
sets were collected by using a step width of 26=0.02°
with a 10 s collection time and were suitable for
Rietveld refinement. An internal standard of silicon
(Aldrich, 99.9999% ) was added for calibration pur-
poses. The data sets were used to determine lattice
constants by the use of Rietveld refinement.

For the electron microscopy we have primarily
used powder samples that were dry crushed and dis-
persed onto holey carbon films. We have also checked
the data with ion-beam thinned pressed and sintered
pellets. A variety of microscopes and techniques were
used in this study. Electron diffraction patterns as a
function of angle (equivalent to single crystal X-ray
patterns) were obtained using a Hitachi H700 op-
erated at 200 kV. High resolution electron micros-
copy was performed using a Hitachi H9000 operated
at 300 kV, with image simulations on Apollo work-
stations using the standard multislice approach.
Careful chemical analysis and convergent beam elec-
tron diffraction was performed using a Hitachi HF
2000 operated at 200 kV.

3. Results
3.1. X-ray lattice parameters

A Rietveld refinement [11] of the powder X-ray
diffraction data of Y,_,Ca,Sr,Cu,GaO; and
YSr,_,Ca,Cu,GaO, was performed to determine the
lattice parameters. The starting structural model for
the powder X-ray refinement was based on the re-
sults of the neutron diffraction data of Ho-
Sr,Cu,Ga0,, which has been previously reported
[6]. The structure of the compounds is shown in fig.
1. Lattice constants versus doping level are shown in
figs. 2-4.

a
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b
Fig. 1. Basic structure of the superconductor Y, _,Ca,Sr,Cu,GaO,.
The small spheres represent yttrium and calcium, large spheres

are strontium atoms, the square pyramids are CuOs, and the tet-
rahedron are GaO,.
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Fig. 3. Variations in b-axis for quenched Y, _,Ca Sr,Cu,GaO;, quenched YSr,_,Ca,Cu,GaO,, and high-pressure oxygen annealed (300

bar, 930°C) Y, _,Ca,Sr,Cu,GaO,.
3.2. Superconductivity

Superconductivity was detected in high-pressure
annealed samples of Y, _,Ca,Sr,Cu,GaO; (x20.15),

by resistivity and susceptibility measurements that
have been reported elsewhere [9,12]. In this work,
the superconductors with x=0.20, 0.35 and 0.40 were
selected for a microstructure study. The onset tem-
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perature for superconductivity, and the shielding
fraction at 5 K are as follows: 26 K and 0.01%, 40
K and 18%, and 44 K and 15%, respectively. The dif-
ference in magnetic susceptibility between quenched
and high-pressure oxygen annealed samples of
Y0.65Cag.355r,Cu,Ga0; is shown in fig. 5.

3.3. Chemical composition

X-ray microchemical analyses show that the cat-
ion concentrations in each material are essentially
spatially homogeneous on a 10-100 nm scale for all
the compositions. Figure 6 shows a representative
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Fig. 5. Magnetic susceptibility of Y 65Cao 358r2Cu,Ga0; quenched and high-pressure oxygen annealed.
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Fig. 6. EDX spectrum of the superconductor.

spectrum, which depicts the various elements in the
appropriate proportions. X-ray diffraction showed
the presence of impurity phases for x=0.30 in
Y,_,Ca,Sr,Cu,Ga0,. Before high-pressure anneal-
ing the impurity was a mixture of SrCuO, (10%) and
Sr14.-xCa,Cu,404, (7%). After the annealing there
was only Sry,_,Ca,Cu,,0,, present, and the inten-
sity of the major peak (located at 31.0° 26) is ap-
proximately six percent of the major peak for
Y,._ CaxSI'zCllzGaOm

3.4. Electron diffraction data

Diffraction patterns from all zones show the sys-
tematic absence 2+ k+/=2n+ 1. Examples from the
four basic zones [100], [010], [001] and [011] are
shown in fig. 7. In addition, the reflections A=2n+1
are forbidden in the [010] zone. These indicate the
existence of an a-glide, so that the space group is
either Ima2 (No. 46) or Imam (No. 74). To dis-
criminate between these two, convergent beam elec-
tron diffraction patterns along the [100] zone were
obtained as shown in fig. 8. The pattern indicates a
diffraction group of m (one mirror plane only), so
the point group of the crystal is mm2 (C,,), and the
space group Ima2.

One important point, which we will return to as

well when we discuss the high resolution images, is
that some of the zones are very similar to those for
the Yba,Cu,;0,_; [13] structure (YBCO). In par-
ticular, [011]~[100]ypco; [010]~[110]ypco-
Figure 9 shows diffraction patterns along [021] ob-
tained by tilting crystals either from the [011] zone
by 18.3 degrees or from the [010] zone by 26.2 de-
grees. Along the [021] zone, the YBCO structure is
not the same, and of seven crystals for which either
the confused [011] or [010] zone diffraction pat-
terns were obtained and also the unconfused [021]
zone, none correlated to the YBCO structure. Of a
total of 50 different grains where diffraction patterns
(or with high-resolution images) were obtained, none
corresponds to YBCO. We can rule out such an im-
purity for the source of the superconductivity.

For the [100] pattern in fig. 7(a) and the [021]
zone in fig. 9, there are streaks along the b*-axis [14].
This will be discussed in a subsequent paper [14].

3.5. High-resolution imaging

High resolution images taken along the [100],
[010], [001] and [011] zones are shown in fig. 10.
In all cases the images are completely consistent with
image simulations (inset) calculated using the X-ray
structure. The [011] and [010] zone images, as
mentioned above, can easily be confused with a
YBCO-like structure. However, the [100] zone
clearly shows the roughly 5.4 A square cell that is at
45 degrees to the simple perovskite cell and ﬁ a,
larger. In addition, the [001] zone image clearly
shows the presence of the gallium containing layers
(marked by lines) with a glide of 4 [100]; the for-
mation of a hexagonal feature in the image from the
SrO-GaO-SrO sandwich is significantly sensitive to
the local atomic structure.

3.6. Twins

The compound is orthorhombic, so it is not sur-
prising to find that within single grains there are
twins, see fig. 11. The twin plane, for all composi-
tions, was {011}, but there was a distinct difference
in the g-axis orientation; in the x==0.20 sample, the
a-axes were predominantly parallel whereas in the
x=0.40 sample they were predominantly orthogo-
nal. Compared with that observed in YBCO, the twin
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Fig. 7. Electron diffraction patterns along the [100], [010], [001] and [011] zones in (a) to (d), respectively, as discussed in the text.

plane in the parallel twin was rotated 45 degrees,
whereas it remained the same in the orthogonal twin.
It should be noted that based on group theory, the
existence of twins within the grains implies a higher
symmetry phase existing as the parent of the room-
temperature orthorhombic phase, which will be dis-
cussed below.

4, Discussion
4.1. Structure-property relations

The two different calcium substitutions in
YSr,Cu,Ga0,, aliovalent doping for the lanthanide
atom (Y,_,Ca,Sr,Cu,Ga0,) and the calcium-
strontium solid solution (YSr,_,Ca,Cu,GaO,),
demonstrate the effects of the size of the A cations
on lattice parameters in perovskite structures. The a-
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Fig. 8. Convergent beam electron diffraction pattern along [100].

Fig. 9. Electron diffraction pattern along [021] obtained by tilting either 18.3° from [011] or 26.2° from [010].

axis shows the effect of the average size of the A cat-
ion in the lattice. when the yttrium (1.019 A) [15]
is replaced by calcium (1.12 A) the average size of
the A cations increases slightly, whereas the substi-
tution of calcium for strontium (1.26 A) decreases
the average size. As shown in fig. 2, the g-axis de-

creases upon larger calcium substitution for stron-
tium, whereas the g-axis increases slightly for the
aliovalent doping for yttrium. Also the high pressure
annealing does not affect the size of the g-axis in
Y]_ CaxSrzCuzGaO7.

The aliovalent doping was undertaken to oxidize
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Fig. 10. High-resolution images along the [100], [010], [001] and [011] zones in (a) to (d) respectively, with the unit cell and the
gallium planes marked as mentioned in the text and image simulations inset.

the compound into a superconductor. Providing there
are no oxygen vacancies, oxidation should remove
electrons from the antibonding d,._,. orbitals and
increase the overlap of the in-plane copper oxygen
orbitals. As seen in figs. 3 and 4 the b- and c-axes,
which contain the copper—oxygen planes, decrease
after the high-pressure oxygen annealing, which is
consistent with increased Cud,:_,2/O 2p overlap.
The quenched samples do not change, most likely
from oxygen defects caused by the quenching.

4.2. Microstructure

Twins are the products of a reduction in symmetry

during a displacive phase transformation. Usually the
ordered structure with lower symmetry is derived
from a disordered or less ordered one at higher tem-
perature [16]. The twinned relationship can be ex-
pressed by the loss of operations in the group-
subgroup decomposition of the two related struc-
tures, and it can also be identified experimentally
[17]. In other words, the geometrically oriented
twins imply a disorder—order phase transition when
the crystal is cooled down to a lower temperature.
Similar to Ni;Nb [18] and YBa,Cu,O,_; [13,19],
we expressed the process of symmetry reduction in
a point group from a high-temperature cubic per-
ovskite to the room temperature orthorhombic phase
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Fig. 11. High-resolution images of twins in (a) with the g-axis parallel and in (b) with the g-axis perpendicular.

in Y, _,Ca Sr,Cu,GaO, superconductors as where C, is the 3-fold rotation that is lost in the cu-
4 2\ c a bic to tetragonal transition, and C,_,, is the reduc-

3 4 2 2 —2 . _ . - i _

Ob(_ 3 _) — D4h(—_'_') Cy(mm2) , tion of the 4-fold r‘otatlon to 2-fold dunng'the or
m m mmm thogonal deformation. In order to describe the
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process clearly, a tetragonal Dy, structure is assumed
as an ““intermediate”, but it does not necessarily ex-
ist. The loss of the operation C; implies the possible
ordering of cations along all three [100] directions
of the cubic perovskite , leading to the ag-axis per-
pendicular domains of the orthorhombic structure.
The C,_, operation implies the g-axis parallel do-
mains along the ordering direction. Thus the ob-
served domain structures imply a perovskite frame-
work with randomly arranged cations at high
temperature.

We have limited this paper to a description of the
basic structure of this superconductor and the twin
structures. All the data that we have shown here is
based upon data from more than one crystal and is
quite reproducible. Although there is no evidence of
any YBCO-like material, particularly towards the
high calcium content compositions there is a second
impurity phase of Sr-Cu-0O with variable calcium
content in an composition similar to
Sry4_,Ca,Cuy404, as studied by McCarron et al.
[20]. There are also line defects whose density and
local structure varied substantially with the stoichi-
ometry, which wh will discuss in more detail else-
where [7].
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