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A regular intergrowth of the 112 and 123 structures has been
synthesized for the first time. The new phase Eu, ;Ba, ;Co,Cu,0,,
crystallizes in the space group P4/mmm with a = 3.8935(2) A and
¢ = 19.085(2) A. 1ts XRPD and HREM study demonstrates that
it corresponds to the first (n = 1’ = 1} member of the intergrowth
serics | LaBa(Co,Cu)Oql, [LnBay(Co,Cu),04],. The obscrvation
of several intergrowth defects suggests that it should be possible
to synthesize other members of the series, The EDX analysis and
the HREEM observations show a complex cationic distribution in-
volving {ocal orderings of cobalt and copper that may mainly occur
on the intermediate (Cu,Co) sites, i.e., between the pyramidal
layers. © 1994 Academic Press, Inc.

INTRODUCTION

Recent studies of the layered cuprates have shown close
relationship between the 92 K superconductor Y Ba,Cu;0;
called 123 (1, 2) and the iron substituted phase YBaCu-
FeO; (3}, called 112, 1n both structures (Fig. 1), one ob-
serves double layers of Cu(Fe)(; pyramids interleaved
with yttrium cations; in the 123 cuprate, the pyramidal
layers are interconnected through rows of CuQ, square
planar groups, whereas in the 112 phase they share their
apical oxygens forming double pyramidal layers. Thus,
the [CuFeQs]. framework can be deduced from the
[Cu;04].. lattice by just eliminating rows of CuQ, groups
and connecting the pyramidal layers. This bidimensional
similarily between the two structures suggests that it
should be possible to generatc ordered intcrgrowths, con-
sidering the fact that the 112 structure requires the pres-
ence of iron (3) or of cobalt (4, 5) to be stabilized. More-

_over, such materials arc likely to cxhibit original magnetic
properties, as recently shown for the 112 cobalt substi-
tuted phase YBaCo,_ Cu,O; with x ranging from 0.3 to |
{6). The present work deals with the synthesis and crystal
structure of the cobalt-cuprate Eu, ;Ba, ;Co,Cu,0,,, the
first member of the intergrowth series [ LrnBa(Co,Cu},0s],
[LrBa,{Co,Cu);04],-.
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EXPERIMENTAL

The different compositions of the system Eu-Ba-—
Co-Cu—0O were explored from adequate mixtures of
Ew,0,, Ba0,, CuO, Co,0,, and cobalt according to the
nominal formuta Ba, . Eu,, ,Cu,_ ,Co,0,, in order to try
to synthesize the first member of the intergrowth series,
The oxides were intimately ground in an agate mortar,
pressed in the form of bars, and placed in air sealed silica
tubes. Different thermal treatments were tested, and the
best results were obtained by heating the sample first at
800°C for 24 hr and then at 980°C for 6 days.

The powder X-ray diffraction pattern was registered by
step scanning over an angular range of 15° < 20 < 90°
with an increment of 0.02° (20) by means of a Philips
diffractometer using the Cuk, radiation. Lattice con-
stants were refined and structural calculation were per-
formed using the profile analysis program DBW 3.2 (7).
For the electron microscopy, the sample was gently
ground in a-butano! and deposited on a holey carbon
coated atluminum grid. Electron diffraction (ED) was per-
formed on a JEM 200CX equipped with a tilting {+60°)
rotating goniometer, and high resolution was performed
on a TOPCONZ2B equipped with a double tilt =10° goni-
ometer and an objective lens with a spherical aberration
constant C, = 0.4 mm. lmage calculations were per-
formed according to the multislice method of the EMS
program (8). The determination of the oxygen content
was carried out by microthermogravimetric analysis by
reducing the samplc in an argon-hydrogen atmosphere
(16% H,) from 20 to 980°C.

RESULTS AND DISCUSSION

Structure

For the above experimental conditions, the powder
X-ray diffraction analysis showed that the best results
were obtained for the nominal composition Eu, sBa, ;Co,
Cu;0,;. The X-ray diffractogram corresponding to this
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FIG. 1.

Projection of idealized 123 and 112 structures,

composition (Fig. 2) shows that it is monophasic and typi-
cally related to the perovskite structure, but that it can
be indexed either in a 123- or in a 112-type cell (except
for one extra reflection on the Guinier film characteristic
of a large parameter, d = 19.1 A). The ED patterns of
this phase (Fig. 3) confirm the superstructure with respect
to the perovskite subcell (a,) leading to the space group
P4/mmm with a = a4, and ¢ = 5a,. The powder X-ray
diffractogram of this phase is then indexed on this basis
in a tetragonal cell with a = 3.8935(2) A and ¢ =
19.085(2) A.

The value of the ¢ parameter, corresponding to the sum
“cy3 T Cuz,  suggests that this phase corresponds to the
single intergrowth of one 123 layer with one 112 layer

FIG.3. [010]and[001] E.D. patterns showing no reflection existence
condition {P4/mmm space group) and the relation of the ¢ parameter
with the a, subcell: ¢ = 5 ty.

according to the structural model proposed in Fig. 4. This
hypothesis is strongly supported by our HREM mvestiga-
tion, as shown from the {100} image of this phase (Fig.
5), for a focus value close to 10 nm, where the cations of
the structure are highlighted. One observes, by analogy
with the 123 structure contrast, rows of brighter dots
parallel to (100) that are associated to the copper atoms
of the intermediate layer (i.c., square planes) in the 123
structure. Between the latter, nine rows of 0.38-nm spaced
dots alternate, which can be interpreted by the sequence
Ba-Cu-Eu-Cu-Ba—Cu-Eu-Cu-Ba along ¢. This cat-
ionic lattice is thus compatible with the layer stacking:
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FIG. 2. Observed, calculated, and difference X-ray powder diffractogram of the Eu, ;Ba, ;Co,Cu,0,» compound.
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0 00o0 Cu0-Ba0-Cu0,-Eu-Cu0,-Ba0-Cu0,~Eu-CuQ,-
BaO-Cu0. In fact, the EDS analysis performed on 23
microcrystals of the oxide of nominal composition
Eu, Ba, ;Co,Cu;0,; shows that the cationic distribution

O O C O

is not homogeneous bgt varies significantly from onecrys-
NN tal to the other, especially for Ba and Eu according to the
@Bn 0O 00O formula Euz_,_2_7B§2_3_2.9C0,.H_ZCUZ_S_}_,. Ne.verthela::ss, in
order to check this model on the basis of image simula-
©rs345ur tions, structure resolution was performed from powder
O En - X-ray data. The starting atomic positions were deduced

00 O 0O . .
T from those of the 123 and 112 structures. Considering the
Qcw low sensitivity of X rays to light atoms compared to heavy
@ Co2i3,Culs3 0,000 ones, the B factors of oxygen were fixed to 1 A%, In the
K same way, the occupancy factors of the metallic, i.e.,

+ 0 0120 Euy sBay sCoyCuy0y; . Y ¢ upatey th

mixed Ba—Eu and Co—Cu sites could not be refined due
to the close scattering factors of these elements. Based
_ FIG. 4 _EuI_SBaE,SColCugou structure: perspective view and ideal- g Y Ba,{Cu,Co),0, studies (9), it was supposed that Co
ized projection. was equally substituted on Cu(1) and Cu(2’) sites; i.e.,
the intermediate Cu site of the 123 layer and the pyramidal
Cu site of the 112 layer. Positional parameters for all

n=1,n’=1structure

AN O

FIG. 5. Typical {100} HREM image of Eu,;Ba, ;Co,Cu;0,; microcrystals; the focus value is close to 10 nm.

Euz5Ba2.5C02Cu3012

Focus 10nm -20nm -50nm
Thickness - —
6.2nm . .«s 2
- .w. L
3.1 nm *s o s

FIG. 6. Characteristic images of calculated through focus series for two different thicknesses. Calculation parameters are: voltage vV = 200
kV, spherical aberration constant C; = 0.4 mm, focus spread A = 10 nm, half-angle convergence a = 0.8 mrad, objective aperture diameter 14
nm~!, Projected potential is in {d).
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FIG. 7.

atoms and isotropic thermal factors were successively
refined, leading to the following values of the agreement
factors: R, = 0.098, R,, = 0.125, and R; = 0.076. The
refined parameters (Table 1), if they are not accurate for
the oxygen atoms, are significant for the metallic atoms
and confirm the stacking sequence proposed for the
HREM image. Taking into consideration the size of the
cations and the TGA results that led to an oxygen content
of 11.87(5) per formula, the distribution of the cationic
species in the 123 and 112 layers can be represented by

TABLE 1
Eu,Ba;Co,Cu;0y,: Structural Parameters

Atom Site x ¥ z B(A)?
Eu 2 0.5 0.5 0.1996(6) 0.2(2)
Ba la 0.5 0.5 0 0.2(4)
Eu,,Bay, 2 0.5 0.5 0.3892(3) 0.8(3)
(CuysCoynl( ) 14 0 0 0.5 1
Cu(2) 2h 0 0 0.2934(9) 12
(Cuy3Co023)(2") 2h 0 0 0.1077(8) 0.1(3)
o) Ic 0 0 0 i
0) 4 0.5 0 0.122* 1
003) 4i 0.5 0 0277 1
o4 2h ] ] 0.407° 1
(5 2e 0.5 0 0.5 1

Note. a = 3.8935(2) A, ¢ = 19.085(2) A; S. G. is P4/mmm. R,

9.8%, R,, = 12.4%, U=0.199, V = —0.0612,
W = 0.0365.

@ B parameters were fixed to 1 Al as they could not be refined.

& 7o parameters were refined and then fixed to a value leading to
appropriate cation—oxygen distances.

¢ In agreement with Oy, stoichiometry and tetragonal symmetry, O(5)
occupancy is fixed to 0.5.

=234, R; = 7.2%,
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Characteristic images of experimental through focus series. Note darker contrast at the (Cu,Co}) layer level (arrowed) on the 10 nm image.
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FIG. 8. (100) E.D. pattern and corresponding HREM image of a
microcrystal showing disordered 112-123 layer stacking.
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the formula [Eu(Bas;,Eu,,),(Cu,C0);0;]'*® [EuBa(Co,
CU)zoslnz-

In order to verify our previous interpretation of the
HREM contrast, {100) image calculations were performed
based on the XRD results. Characteristic images of the
calculated through focus series are shown in Fig. 6 for
two different thicknesses. For a 3.1-nm-thick crystal, the
three selected images are based on an almost square array
(0.27 nm? of bright dots), among which some appear
brighter depending on the focus value. At 10 nm focus,
the dots are related to the cations of the structure, and
the 0.39-nm-spaced brighter dots forming rows parallel to
a correspond to the mixed (Co,Cu)(1) site of the 123-type
siab, so that between these rows, nine rows of dots are
counted in agreement with the sequence (Cu,Co)(1)-

EesssrmnanmE Ny

n=Ln=1;n=2,n"'=1

BARBEY ET AL.

(Ba,Eu) — Cu(2) = Eu — (Co,Cu)(2') - Ba — (Co,Cu)}2") -
Eu-Cu(2)-(Ba,Eu)—(Cu,Co)(1); at —20nm focus, the low
electron density zones are highlighted and the 0.39-nm-
spaced, slightly brighter dots forming rows parallel to a
correspond to oxygen vacancies at the Eu level so that
one can count between these brighter rows five rows of
dots for the 123-type slabs corresponding to
—03)-0(4)-0(5)-0(4)-0(3)— and three rows for the 112-
type slabs corresponding to —Q(2)~0(1)-0(2)~; at —50
nm focus, high electron density zones are highlighted and
the 0.39-nm-spaced, brighter dots forming rows corre-
spond to barium so that they form pairs of rows in the
123-type layer and isolated rows in the 112-type layer:
between these, the rows of grayer dots are easily associ-
ated to other rows of cations of the structure, Calculations

EEITTYTETTINYS

FIG. 9. (100} HREM image and corresponding E.D. pattern of a microcrystal showing beside the (1,1) matrix a domain characterized by a
new ordered intergrowth sequence: [(1,1); (2,1)]. Note also a small 112-type domain (arrowed). Along ¢ on the E.D, pattern, three sets of dots
can be distinguished corresponding to 6a, and 4a, (small arrows) and 5a, (only the two strongest are marked with big arrows) periedicities.
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have been performed for thicker crystals to determine the
focus value which will allow easy imaging of 112 and 123
slabs, and thus allow the detection of any intergrowth
defect. For a 6.2 nm thickness, 10 nm and — 50 nm focus
irnages highlight the layer stacking. At 10 nm focus, the
higher electron density zones are highlighted so that the
rows of 0.39-nm-spaced, brighter dot parallel to a corre-
spond to the Eu layer, whereas between them, the rows
of (.39-nm-spaced, slightly less bright dots correspond to
the Ba and (Ba,Eu) layers (two rows in the 123-type slab
and one in the 112-type); the very small gray dots are
related to the (Co,Cu} sites of the structure. At —50 nm
focus, the 0.39-nm, brighter dots correspond to the
(Co,Cu)atoms, so that, considering the interlayer (Cu,Co)
distances, the groups of two rows parailel to a are related
to the (Cu,Co)}2) and (Cu,Co)2') atoms of the facing
square pyramids of the 123 and 112 layers, respectively,
whereas the isolated ones correspond to the (Co,Cu)(1)
atoms of the intermediate tayer in the 123-type slab. The
periodicity of the (Cu,Co) layers is thus described by the
sequence S.R.-D.R.-D.R.-S.R. of single rows (§.R.) and

FI1G. 10. (100} HREM image of a microcrystal showing on the edge
EuQ, fluorite-type stackings {arrowed).
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FiG. 1i.
which involve a doubling of the a parameter (arrowed). On the corre-
sponding HREM image. a modulation of contrast is observed (small
arrows on lower side) at the 123-type slab level {arrowed).

{100} E.D. pattern showing diffuse streaks parallel 1o ¢
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doubie rows (D.R.), whereas the grayer dots correspond
to other cations of the structure, This image will appear
very useful in the identification of the layer stacking; at
— 20 nm focus, low electron density zones are highlighted,
and the stacking sequence does not image so obviously.

The experimental images taken for the three discussed
focus values (Fig. 7) show that the observed contrast fits
pretty well with the calculated ones, and direct interpreta-
tion of the contrast for thicker zones appears obvious
indeed. A careful examination of the + 10 nm image shows
a darker contrast between the bright dot rows—i.e., Eu
and Ba layers—which as a consequence move apart from
each other. This variation of the contrast, which occurs
al the [evel of the (Co,Cu) layers, may be related to the
substitution of Co for Cu and the variation of atomic
environment it may induce.

Thus, this detailed investigation definitely demon-
strates that the phase Eu, ;Ba,; ;Co,Cu,0y, corresponds to
the regular stacking of 123 and 112 layers (Fig. 4) and can
be described as the membern = »n’ = I of the intergrowth
series [EuBa(Co,Cu),0;], [EuBa,(Co,Cu),04],, .

Defects

Besides the numerous crystals showing a regular and
neat contrast, some are characterized by defective areas,
due either to intergrowth or to order—disorder phe-
nomena.

Intergrowth defects. The existence of intergrowth de-
fects, corresponding to the local formation of other
[n, #'] members of the series, could be expected in
agreement with the observations previously made for
YBa,Cu,Co(; and YBaCuCoO;s (5). The ED pattern of
some crystals confirms the existence of such defects.
Streaks parallel to ¢ on the (100) ED pattern are related
to disordered layer stackings (Fig. 8.) Moreover, the elon-
gation of strong spots corresponding to the periodicity
c112 and ¢4 suggests a disorder in the stacking of 112- and
123-type slabs. Indeed, the corresponding image confirms
this idea and the following sequence is observed:
(112,123), - (123), - (112,123) — 112 — (112,123), - 112 -
(112,123). Different stackings of the 112 and 123 layers
can appear as microdomains in the (1,1) matrix. An ex-
ample is shown in Fig. 9, in which the sequence
112-123-112-112-123 corresponds to the intergrowth of
the member (1,1) with the member (2,1). The resulting
ED pattern is rather complex (Fig. 9). Along ¢, it can
be decomposed as the superposition of three types of
superstructures referred to a, as “Sap,” “6a,,” and
*“*4a,," corresponding to the (1,1) domain, the half period-
icity of [(1,1);(2,1)] intergrowth, and the “*112-112"" sub-
sequence, respectively. A small domain involving six 112-
type slabs is also observed.

BARBEY ET AL.

The possibility of intergrowing these structures with
the fluorite structure by replacing the single fluorite layers
at the level of europium with larger fluorite-type layers
is observed on some crystal edges (Fig. 10) similarly to
the previous studies of the oxide BaNdCe,jFe, .
CU]—.rOVwS (10)

Modulation of the contrast: local orderings. Some {100)
ED patterns exhibit weak streaks parallel to ¢, involving
a doubling of the a parameter (Fig. 11). The corresponding
HREM image shows on a thick part of the crystal a modu-
lation of the contrast in agreement with the doubling of
the a parameter. This modulation appears at the 123-type

FIG. 12. [001] E.D. pattern showing extra dots which involve the
doubling of the a parameier in a 90°-oriented way, The corresponding
HREM image shows that the modulation of contrast is widely established
along one = direction and very locally along the perpendicular one.
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FIG. 13. (100} E.D. pattern showing weak extra dots related to 90°-oriented ¢ axes. The corresponding HREM image shows a contrast resulting
from the superimposition of two 90®-oriented domains as proposed on the schematic model.
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slab level. Similar observations were made with the elec-
tron beam parallel to ¢. The [001] ED pattern (Fig. 12)
clearly shows weak extra dots (arrowed) which double
one parameter, but a careful examination allows one to
distinguish very weak extra dots (small arrows) which
double the other parameter in such a way that the super-
structure must have taken place in two 90°-oriented do-
mains. The corresponding HREM image shows one of
the classical [001] contrasts (112 and 123 structures), i.€.,
a square 0.38-nm? array of bright dots. A modulation of
the contrast, corresponding to the doubling of one a pa-
rameter, is observed on a large area, whereas tiny zones
show the same modulation established along the perpen-
dicular direction.

These observations do not allow the determination of
the accurate supercell since no reconstruction of the recip-
rocal space could be performed on such crystals. Never-
theless, they clearly indicate that a local ordering takes
place at the level of the 123 slabs. It may be related to
the ordering of Co and Cu in the 123 layers, but also to
the ordering of Eu and Ba atoms on the barium sites,
Although it is not realistic to propose a model at this stage
of the observations, it appears most likely that such a
disturbance of the contrast cannot be due to a single order-
ing of the atoms, but to a significant change of the geome-
try of their coordination, Consequently, it is most proba-
ble that the local ordering of cobalt and copper at the level
of the (Cu, Co) (1) sites is at the origin of this phenomenon,
since cobalt will exhibit at this level either a tetragonal
or a pyramidal coordination as in Co-substituted 123 com-
pounds (9}, whereas copper will ¢xhibit mainly the square
planar coordination.

Oriented domains. Very rarely, the {100) ED patterns
show weak spots besides the intense set of reflections
characteristics of the structure (Fig. 13). This corresponds
to 90°-oriented domains, as confirmed by the correspond-
ing HREM image that shows the superimposition of a
small 90°-rotated domain to a large regular matrix. This
observation can easily be understoad if one considers the
stacking of two successive layers along a that exhibit a
90°-oriented c-axis as schematized in Fig. 13.

BARBEY ET AL.

CONCLUDING REMARKS

The synthesis of the first member of the intergrowth
series [Ln, Ba(Co, Cu),0:], [LnBay,(Co, Cu);0,],. has been
made for the first time. This opens the road to the explora-
tion of the other members corresponding to the in-
tergrowth between the 112 and 123 structures, as shown
trom the existence of various extented defects. The distri-
bution of the cationic species is so far not understood,
but there is no doubt that orderings take place at least
between cobalt and copper sites. Such phenomena may
play an important role for the stabilization of the different
members of the series, and consequently, thermal treat-
ments should be optimized. The study of the magnetic
properties of these materials will be investigated.,
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