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The carbonation of the 123-type cuprates (Y, _ . Ca,),Ba;,Cu;,_,
C0,0,,_; has been studied by high-resolution clectron microscopy.
The investigation of the system, varying x and n, shows that the
most stable phase is the n = 2 member. A structural model is
proposed from XRD profile analysis for Y, ;Cay ;Ba;Cu;CO;0,,.
The contrast of the HREM images was calculated on the basis of
the XRD data and is discussed depending on focus values, carbon
substitution, and crystal thickness. The study of the distribution
of the CO, groups versus composition shows that different n mem-
bers are locally stabilized, from n = 1 to n = . Short thermal
treatments involve the formation of local ordering, in domains of
some tens of angstroms width, which correspond to local super-
structures along [110] and [031]; 90° oriented domains are frequent
phenomena in these materials, and the boundaries are generally
parallel to (001). Some intergrowth defects, in the form of ‘124"
members, are observed, © 1994 Academic Press, Inc.

INTRODUCTION

The understanding of the 123 cuprates is a very impor-
tant issue owing to the potential applications of the 92-K
superconductor YBa,Cu,;0;. The partial replacement of
copper by carbonate groups in the 123 structure was first
evidenced in the strontium-based cuprates Y Sr,Cu;0; (1)
and Y,_,Ca, Sr,Cuy0, (2). The recent synthesis and
HREM study of the oxycarbonate Y, SryCu,,C0O;0,5 (3)
have shown that this 123 derivative results from an or-
dered substitution of one row of Cu(i)O, groups out of
four, leading to a “*da,; X b X 2¢pp37" superstructure. In
such a substitution, the triangular CO; groups then share
two apical oxygens with the Cu(2)O, pyramids, whereas
the third corner is directed toward the adjacent CuO,
groups, so that rows of CuQ, groups are replaced by rows
of Cu(); pyramids at the level of Cu(1}. This substitution
may take place without any variation of the total oxygen
content, so that a series of new phases, with the generic
formula (Y,_,Ca,),(Ba,51),,Cu;,_,CO;0,,_, has been
predicted (4), characterized by different superstructures
according to the » value. This ordering model allows the
“4a X by X 2oy “3ap; X b X 2¢y3,7 and

L}

“aty3 X by X 20,7 supercells observed in the Sr-
based systems {1-3) to be explained.

The introduction of CO; groups in the pure barium 123
cuprates has only been shown recently with the synthesis
of the oxycarbonate (Y, _,Ca,),Ba;Cu,C0O;0,, (5), charac-
terized by the supercell *'2a,,3 X by X 20y, cOITE-
sponding to the second member of the series. In order to
understand the eventual formation of other members of
this series and the distribution of CO, groups in the matrix
in connection with order—disorder phenomena, the sys-
tematic exploration of this system corresponding to the
compositions (Y,_,Ca,),Ba,,Cu;, C0,0;,_; is neces-
sary. We report here on the high-resolution electron mi-
croscopy study of different samples with 0.1 = x = 0.6
and2=n =<6,

EXPERIMENTAL

Several samples were prepared varying the Y/Ca ratio
with 0.1 < x = 0.6 and the n value fromr = 2ton = 6.

The starting products were Y,0,, CaO, BaCO,, Ba0,,
Cu0O, and BaCu0,; the mixtures were intimately ground
in an agate mortar and secaled in an evacuated silica tube.
The O, and CO, partial pressures were varied by changing
the BaCO,/Ba0,/BaCu0, ratios. Samples were heated at
900°C for 24 hto 15 days, and the temperature was slowly
decreased down to ambiant.

The powder X-ray diffraction patterns were registered
on a Seifert diffractometer with Cuk, radiation. The sam-
ples for electron microscopy were prepared by soft grind-
ing in n-butanol and the grains were deposited on holey
carbon coated grids. The electron diffraction study was
performed with a Jeol 200 CX electron microscope fitted
with a eucentric goniometer (+60° and the high-resolu-
tion work with a Topcon 002 B microscope equipped with
a double-tilt sample holder (=10°) and an objective lens
with spherical aberration constant C, = 0.4 mm. The
HREM images were calculated using the multislice
method of the EMS program (6).
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The EDS analyses were performed with Kevex ana-
lyzers mounted on both microscopes.

RESULTS AND DISCUSSION

Whatever the nominal composition (x, #) may be, the
powder X-ray diffraction patterns evidence the 123-type
phase but with weak extra reflections. The electron dif-
fraction analysis confirms this observation and shows that
inany sample only one type of superstructure is observed
characterized by the orthorhombic supercell ‘2a,y; %
Ay X ‘ciy,” as shown from the [010], [100], and [001]
ED patterns (Fig. 1). However, the intensity of the extra
reflections decreases when n increases. Moreover, it must
be pointed out that no other phase was detected for the
various samples, except for very small amounts of BaCQ,
which could never be eliminated. This preliminary study
suggests that the most stable phase of this system is the
n = 2 member (Y,_,Ca,),Ba,CusC0O,0, . However, it
raises the issue of the distribution of the carbonate groups
for other n values, since we did not observe any mixture
of the pure 123 phase YBa,Cu,0, with this » = 2 member.
The systematic HREM investigation of various samples
solves this problem.

EDS analyses of tens of microcrystals in several sam-
ples show that Y—Ca—-Ba composition follows a distribu-
tion centered on a mean composition close to the synthesis
composition when x = 0.4. For instance, in x = 0.4-
n = 2 samples, the analyzed cation ratios of 24 microcrys-
tals lead to the mean formulation Y, 710.12Cag 35001
Ba, gy.07 (standard deviations are given) which suggests
that part of the substituted Ca atoms occupies Ba sites.
Inx = 0.6—n = 2 samples, the analyzed mean composition
is Y 600, 16/C 0 400,14/ Ba1 940,09y » JEAdINg to the same remark
concerning the substitution of Ca atoms on Ba sites. Also,
though the mean composition on Y site is given by a
Y/Ca ratio equal to 2, some crystals were analyzed to
Y o.5Cay sBa, ;, showing that it is possible 1o substitute up
to half of the Ca for Y.
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The H = 2 Member Y1v3ca0_7Ba4CH5CO30“.'
Structural Model

The interpretation of the HREM experimental contrast
of the images of the various samples requires a compari-
son with simulated images based on a structural model.
For this reason we have first established a structurai
model from XRD profile analysis for the n = 2 member
Y, ;Ca,;Ba,CusCO,0,,, which is used as a reference.

As for all other samples, the reconstruction of the recip-
rocal space of this phase from ED patterns leads to an
orthorhombic supercell, with the reflection conditions A
kI, h + 1 = 2n, corresponding to the possible space
groups B222, Bm2m, and Bmmm. The powder XRD pat-
terns, which show clearly weak superstructure lines, were
then indexed in the orthorhombic cell with the follow-
ing parameters:

a=7770()A, b=38881)A, andc = 22.981(1) A.

Note the pseudotetragonal character of the subcell,
shown by the (a/2)/b ratio close to 1. We also observe
that the c/a ratio is significantly smaller than 3, contrary
to YBa,Cu;0, and Y,_,Ca Ba,Cu,0,_;. This feature is
easily explained by the substitution of CO; groups for
Cu(l), which brings the Cu(2) layers closer together.

The mean structure was first studied in the 123 subcell
and then the structure calculations were performed in the
Bm?2m space group of the supercell, introducing BaCQ,
as an impurity. The starting atomic positions are deduced
from the YBa,Cu;0, structure (Fig. 2a) by replacing one
row of CuQ), groups (Cu(1)) out of two by one row of CO,
groups in an ordered way. The CO, groups were supposed
to be statistically oriented toward the adjacent CuQ,
groups. Consequently, the occupancy factor of the O(7)
site, shared between one CO; group and one Cu(1) polyhe-
dron was arbitrary fixed to 0.50 (Fig. 2b). All the isotropic
parameters of oxygen atoms and carbon were fixed to
1 A?. Only the positional parameters of the metallic atoms
and oxygen atoms were refined. The profile agreement

fo10], {100], and [001] ED patterns showing reflection conditions k& k !, A + [ = 2x, characteristic of the B lattice.
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FIG. 2. Perspective views of 123 related structures: (a) YBa,Cu,05;
(b} carbonated 123, ((7) site is half occupied; (c) perfectiy ordered 123
oxycarbenate; and (d) [010} projection of Y, ;Cag;Ba,CusCO;0,,.

factors were stabilized to R, = 10.6%, R, = 14.6%, and
R, = 6.6% (XRD powder pattern is given in Fig. 3) for
the data of Table !.

Though the positions of the oxygen and carbon atoms
cannot be considered as accurate, these results show the
validity of our structural model. For a perfectly ordered
structure, all the CQO, groups would be oriented in the
same direction so that at the level of Cu(1), the structure
would be described as a regular stacking of rows of CuO;
pyramids and of CO; groups alternately along a (Fig. 2c).
A random distribution of oxygen on the O(7) sites {and
thus O{2)) can be explained by a change of the orientation
of the different rows of CO, groups, leading to the coexis-
tence of rows of CuO, square groups, CuQ; pyramids,
and CuQ, octahedra in the same crystal. XRD data, as
well as HREM simulation, do not allow these two extreme
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FIG. 3, Observed, calculated, and difference XRD powder patterns.

Reflections are Jocated in (1) for the Y, ;Cag;Ba,CusC0O;0,, compound
and in {2) for the BaCO; secondary phase. The strongest reflection
characteristic of the superstructure is 101, The five strongest reflections
of the BaCO; secondary phase are indicated by an asterisk.

models to be differenciated. In any case, these rows of
CO; and CuQ, groups form mixed layers which are
stacked along ¢ in such a way that two successive layers
are shifted with respecl to each other of a/2.

TABLE 1
Y, ;Cay ,Ba,CusCO;0,,: Structural Parameters a = 7.7704(6) A,
b = 3.8876(3) A, ¢ = 22.9812(8) A; Space Group Bm2m?

Atom Site x ¥ z B (;&2)
Y gs5Cay 15 dc 0.25 0.5 0.0 0.3(2)
Ba 8f 0.2414(8) 0.5 0.1566(1} L.O(1)
C 2b 0.5 0.0 0.25 1
Cu(l) 2q 0.0 0.0 0.25 0.7(5)
Cu(2)* 4¢ 0.5 0.0 0.0690(2) 0.4(2)
Cu(2")* 4¢ 0.0 0.0 0.0690(2) 0.4(2)
o) 4e 0,0 .0 0.165(2) 1
0(2)¢ 8F 0.44 0.0 0.194 1
0(3) Bf 0.25 0.0 0.065(8) 1
O4)? 4c 0.0 0.5 0.061(8) {
o)t de 0.5 0.5 0.061(8) 1
0(6) 2a 0.0 0.5 0.25 1
ome 44 0.67 0.0 0.25 1

Note. R, = 10.6%, Ry, = 14.6%, R, = 12.1%, R; = 6.6%, and
x! = 1.47.

¢ In order to keep the same origin as the 123 structure, a translation
of 0 0 § has been performed, i.e., a mirror plane perpendicular to c sits
at z = 4+ and 2 (instead of 0 and 3).

b z parameters of Cu(2) and Cu(2") are strongly correlated; they were
constrained to the same variation and 8 parameter. The same remark
applies to z{O(4)) and z(O(3)).

¢ Nonrefined parameters; o = 0.5 to allow both possible orientations
of CO, groups.
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However, the powder XRD study allows some impor-
tant points to be emphasized:

(i)- the ordered substitution of carbon for Cu(l) is sig-
nificant. Indeed, the introduction of copper on the carbon
sites leads to an increase of R; up to 14.5%;

(i} the z positions of the two different sites Cu(2) and
Cu(2'y which correspond to the pyramidal layers (Fig. 2d)
are identical contrary to what is observed by Myazaki et
al. (1) in the strontium-based 123 oxycarbonate, which is
characterized by a puckering of the [CuQ,].. layers;

{iiiy barium atoms are displaced from their ideal posi-
tions, moving away from the Q(7) site shared by the CO,
group and one Cu(1) polyhedron;

(iv) the interatomic distances calculated for this model
(Table 2) are close to these usually observed, particularly
for the apical Cu(1)-O distances of the CuQ, or CuQ;,
pyramids and the Cu(2)}-0O apical distances of the CuQ,
pyramids.

Calculated images. This structural model allows cal-
culations to be performed for the simulation of HREM
images. As previously mentioned (3) the best orientation
to image these oxycarbonates is that of [010]. An exam-
ple of [010] image recorded for different focus values
is given in Fig. 4. Two important features must be
pointed out:

(i) the conirast is closely related to that of the 123
structure, but the rows of carbonate groups can be
clearly identified;

(ii) the undulations of the [CuQ,]. layers which were
observed for Y,5r,Cu,,C0O;0,5 (3) are not visible here.
This supports strongly the XRD results which show flat
[Cu0,l. layers.

TABLE 2
Y, ;Ca, ;Ba,Cu,C0,0,,: Interatomic Distances (A)
Y.Ca-O(3) 4 x 2.45
o4y 2 x240
O(5) 2 x 240
Ba-0O(1) 2.71
2y 2 x263
O(3) 2 x 288
O(4) 2.88
oy 297
O6) 2.85
o 298
C-02y 136 0(2)-C-0(2)  140.3°
o 1.32 H2)-C-O7y  109.9°
Cu(l)-O{1}y 2 x 1.94
OB) 2 x 1.94
o7 2.56
Cu()-02y 291
03) 2 x 195
05) 2 x 195
Cu(2'y-0(2) 2.22
0(3) 2 x 195
O3y 2 x 195
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FIG. 4. [010] HREM images observed for two focus values charac-
teristic of carbon substitution of Cu(l).

The calculated through-focus series for thin crystals
(Fig. 5A) show that several focus values allow us to distin-
guish carbon-substituted rows from noncarbonated ones.
However, a careful examination of the contrast, and espe-
cially its evolution with crystal thickness, shows that few
images will be indicative of carbon substitution, This ef-
fect i1s probably due to the absence of strong displacement
of cations surrounding carbon atoms, contrary to 123-
Sr-based carbonates where a waving of atom rows was
observed related to carbon substitution and which led
to a stronger dependence of contrast. One of the most
sensitive images to carbon substitution is obtained for a
slight overfocus. At a 10-nm focus, cation rows appear
as bright spots: three rows of brighter spots, correspond-
ing to barium and mixed copper—carbon rows, alternate
with three rows of grayer ones, corresponding to yt-
trium~calcium and pyramidal copper rows. Along the
mixed copper-carbon rows, carbons appear as brighter
dots, so that one of every two dots is highlighted, leading
to centered 2a X 2c array. A second characteristic image
is observed for a —10-nm focus value. There, low-¢elec-
tron-density zones are highlighted and in the carbon rows
oxygen atoms surrounding carbon appear in the form of
four bright dotsina0.27 x 0.27 nm? square. This contrast,
which was also characteristic of carbon substitution in
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FIG. 5.

[010] HREM calculated images for Y ¢Cay 3sBa,Cu, Cy 504 . Calculation parameters are high voltage V = 200 kV, spherical aberration

constant C; = 0.4 mm, half angle convergence «/2 = 0.85 mrad, spread of focus A = 10 nm. In (A) the crystal thickness is fixed to 3.1 nm and
focus varies from (a) 20 nm to (o) — 120 nm (by 10-nm steps); (p) is the {010] projected potential of the structure. In (B} the crystal thickness
varies from (a) 2.3 nm to (h) 7.8 nm (by 0.78-nm steps) for two focus values.

123-Sr-based carbonates, is not any greater when crystal
thickness increases (7 > 4 nm) (Fig. 5B). Experimental
image observation led to the same remarks on contrast
dependence on carbon substitution, and crystat thickness
appeared to be an important factor to consider. Slight
overfocus corresponds thus to the optimum observation
conditions for carbon substitution enhancement.

The Distribution of COy Groups versus Composition:
Intergrowth of Different n Members of the Family
(Y,_:Ca,),Ba;,Ciz,_,CO304,_4

For the ideal composition, n = 2, the **2a5; X 2¢53""
superstructure is established on large domains, as shown
in Fig. 6a; besides these large domains, one observes a
contrast characteristic of the 123 structure, which can be
explained by the fact that part of the oxycarbonate is
decomposed during the synthesis leading to (Y,Ca)Ba,
Cu,04_5 (n = =),

For n > 2, we observe that the *‘2a,; X 2¢)5;"" super-
structure is only established as more less extended do-
mains in a classical 123-type matrix. An example is shown
in Fig. 6b for a nominal composition 7 = 6 and x = 0.2.
The typical contrast of the ordered white dots, correlated
to the existence of CO, groups, is only observed in the
bottom right part of the image, in a domain labeled @;
in the domain labeled @, the contrast which is observed
is that of the 123 structure. Thus in the majority of the

crystals, the compositions corresponding to » > 5 consist
mainly of domains of the oxycarbonate (Y, _,Ca,),Ba,Cu;
C0,0,, intergrown in 123 matrix Y,_.Ca,Ba,Cu,0,_;.

In domains where the 245, X 2c¢,5; superstructure is
established we sometimes observe breaking in the regular-
ity of the carbon—copper atom arrangement (Fig. 7).

In Fig. 7a, we observe a zone (arrowed) where a *‘3a,;”’
periodicity is established along &: for each row at the level
of the mixed layer, one white dot alternates with two gray
dots along 4. Such an order is correlated to the sequence
of one carbonate group and two copper pelyhedra along
the 4 axis, as shown in the idealized model; such an order-
ing corresponds to the member n = 3 of the family which
can be formulated (YCa);BagCu,CO4,0,.

In Fig. 7b, complete rows of white dots are running
along 4 (double arrowed); such a contrast could be corre-
lated to the formation of local zones where all the Cu(l)
atoms are substituted by carbon. Such a member would
correspond to (Y, _,Ca,)Ba,Cu,C0,0,,i.e.,tothe n = 1
member (see idealized model). In the same image, another
interesting feature must be emphasized: at the level of
the single arrow, we observe a new periodicity which
corresponds 10 a “2a;y; X lc¢pyy”™ superstructure. This
means that the rows of groups CO, and CuQ; pyramids
alternate along a exactly as described above for n = 2,
but that two successive (001) mixed layers of CO; and
CuO, groups are not shifted with respect to each other
along d. Thus this ordering appears as a second form of
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FIG. 6. () [010] HREM image of a microcrystal {Y,¢Cay sBa;,CusCO50y, batch) showing a well established **2a;; X 2c’" superstructure
(focus close to 10 nm). {b) [010] HREM image of a microcrystal (Y. 4Ca; ;BapCuCO,04 batch) showing two domains (focus close to 10 nm}: in
(@ the ““2a X 2" superstructure is well established, which corresponds to the formulation Y ¢Cag 4Ba,CusCO0,,, whereas domain (0 does not
exhibit any superstructure, that is, does not contain any carbon and is (Y,Ca)Ba,Cu;0, type.

the n = 2 member characterized by a similar composition
(Y,Ca)zBa4CUSCO3011 ,

Other Local Ordering

For short thermal treatments (1 or 2 days), the samples
often exhibit local ordering, in domains of some tens of
Angstroms width. They are especially visible when the
crystals are viewed along [001]. One example is shown
in Fig. 8a, where the local superstructure is a’ = 3a,,, V2
and b’ = a,;»V2. Such a supercell cannot be explained
by any model based on carbon—copper ordering phenome-
non. Local ordering are also observed along [100] as in

Fig. 8b, where modulation of the contrast appears paralle]
to (013),,; with two- and threefold periodicities. In this
image, the contrast consists of one row of white dots
separated by three alternating rows of small dots which
are correlated to the Cu~Y—Cu layers of the structure; it
appears that this modulation especially affects these three
rows where the atoms are displaced.

When the samples were heated for a long time the {001]
images did not exhibit such modulations or Moir¢ pat-
terns.

Such phenomena could be correlated to order—disorder
phenomena at the level of the Y-Ca layer which are fa-
vored by short heating times.
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FIG. 7. (a) Detail of [010) HREM image of a microcrystal {x = 0.2, n = 6 batch) taken at focus close to 10 nm. Bright dots corresponding
to carbon atoms follow a 34,y periodicity. Perspective view of corresponding structural model n = 3 member. (b) [010] HREM image of a
microcrystal {x = 0.2, n = 2 batch), taken at focus close to 10 nm, showing in a regular 2a,;; X 2ci5; matrix two types of defective slabs. In the
first one (double arrowed) bright dots related to substituted carbon atoms follow the periodicity ag;. In the second one (big arrow) bright dots
form a 2ap; X ¢33 armay; perspective view of corresponding structural model n = 1 member and second form of n = 2 member.



226 DOMENGES ET AL.

#
. 8 *
L P o

e

FIG. 8. Detail of [001] HREM image of a microcrystal (x = 0.2, # = 2 batch) showinga 3.9 x 3.9 A’ square array of bright dots. On a small
domain (30 x 30 A? brighter dots form a centered a,V2 x 3a,, V2 array. (b) [100] HREM image of a microcrystal (r = 0.2, n = 6 batch)
showing a modulation of contrast parallel to (013),5;.
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FIG. 9. (a) Complex ED pattern resulting from the superimposition of five components as interpreted on attached drawing. (b) and (¢) HREM
images of a microcrystal (x = 0.4, n = 2 batch) showing oriented domains.
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Oriented Domains

A second consequence of the influence of the thermal
treatments is observed in the formation of oriented do-
mains. The typical electron diffraction patterns which are
observed for samples heated for 2 days are shown in Fig.
9a. This complex diagram results from the superimposi-
tion of five components which are [001], [100], and [100]
90° oriented, [010], and [010] 90° oriented. This is illus-
trated in corresponding HREM images of Figs. 9b and
9¢c. In Fig. 9b, we observe from right to left: [001] zone,
{100] zone, and [010] zone, the ¢ axis of the two latters
being parallel. The formation of fractures at the connec-
tion between two domains is a frequent feature. In Fig.

20nm
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9¢, we observe first two [100] zones which are 90° oriented
and a {010] zone; on the edge of the crystal a very small
[001] zone is observed in the middle part of the image.

The size of these oriented domains is highly variable
and ranges from some hundreds to several thousands of
angstroms.

Though oriented domains would have been expected
less frequent after long thermal treatments, they are still
observed, showing that the geometrical relationships a =
2b and ¢/b ~ 6 are of importance and allow the superstruc-
ture to take place along one of the three equivalent direc-
tions of the perovskite subcell. Nevertheless, through-
focus series images show that the boundary between do-
mains follows steps parailel to (001} and takes place at

[001]

FIG. 9—(Cantinued)
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FIG. 10. [010) HREM image of a microcrystal (x = 0.4, n = 2 batch) exhibiting 90° oriented [010] domains. Detail of the boundary shows
steps parallel to (001} which can take place through the carbon-rich layer as in the proposed model.
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FIG. 11. [100] HREM image of a microcrystal (x = 0.2, # = 6 batch)
showing two layers {arrowed) corresponding to the double row of edge-
sharing CuO4 groups of the 124 structure and the corresponding model.

the level of the intermediate mixed carbon-copper layer
(Fig. 10). Furthermore, details of a boundary close to the
edge of the crystal suggest that the boundary is a carbon-
rich layer leading to a model based on an n = 1, (Y.Ca)
Ba,Cu,CO,, layer.

1247 -Intergrowth Defects

Besides the intergrowth of the different n-members,
intergrowth with the 124 YBa,Cu,0, structure are some-

229

times observed. This is illustrated in Fig. 11, for the 0-nm
focus value where the copper atoms of [CuQ],. layers are
imaged as rows of the brightest dots. Indeed, the double
row of alternating bright dots in this image (see arrows,
Fig. 11} corresponds to the copper atoms of the double
row of edge-sharing CuQ, groups in the 124 structure.
This type of intergrowth was very early observed in the
pure 123 system Y~Ba—Cu-0O (7). Note that such a defect
has only been observed here for calcium- and carbon-
poor samples. '

CONCLUDING REMARKS

This study shows the great influence of calcium substi-
tution in 123 oxycarbonates: in the Ca-free Sr-based com-
pounds the most stable phase seems to be the n = 4
member characterized by the “*4a,;; X b3 X 2¢y55” su-
perstructure (3), whereas in the Ca-doped oxycarbonates,
as well as the Ba-based and Sr-based, the stable member -
corresponds to n = 2, with the “2a,5y X b3y X 2037
superstructure. The second significant result deals with
the large possibility of nonstoichiometry in this system.
Indeed, one does not observe a mixture of phases corre-
sponding to n greater than 2, but intergrowths of the 123
structure (n = o) with the n = 2 member, and also at a
smaller scale with the » = 3 and n» = 1 members. More-
over, one must emphasize the influence of short thermal
treatments on the formation of small modulated zones.
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