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A study on the reaction pathways, the synthesis, and the range
of stability of complex perovskites in the system Ln—(Sr/Ba)—
Cu-Tiisreported. Several possibilities for the Cu : Ti stoichiometry
were explored with the aim of isolating potentially superconducting
layered phases. A bulk superconducting phase of the formula YSr,
Cu, ;Ti, ;05_; with a T, of 26 K was isolated and a whole family
of layered oxides of the formula Ln,Ba,Cu,Ti,0,,_; was character-
ized. We have determined the limits of this family which extends
from Ln = La to Tb. The studies reported include X-ray and
electron diffraction, and TGA and magnetic susceptibility mea-
surements. Structural and magnetic correlations for these oxides
are analyzed. e 1995 Acedemic Press. Inc.

INTRODUCTION

Based on the experience gained with the large number
of cuprate superconductors reported to date, it is now
widely accepted that a necessary condition for high-Tc
superconductivity is the existence of layers of corner-
sharing Cu-0O polyhedra within the structure of these
oxides. For the induction of this required bidimensional-
ity, the approach most frequently used seeks the forma-
tion of intergrowths between copper-based perovskite
layers and structurally compatible blocks where other
metals and oxygen form a structure similar to that of NaCl,

An alternative approach which we have explored for
the induction of bidimensionality is the formation of mixed
perovskites of copper and other metals with the aim of
segregating layers of copper polyhedra within an *‘all-
perovskite’’ framework. This requires developing ways
to control the structure and order in these oxides.

After the early discovery of YBa,Cu;0,_; (1), which is
a most unique example of this kind of layered perovskite
segregation, many reports of small level substitutions
(‘“*doping’’) of copper appeared in the literature. On the
other hand, work on new all-perovskite phases has been
developed only very recently. First, a series of studies
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on new phases directly derived from YBa,Cu,0,_; have
been appearing where the Cul ions, forming CuQ chains,
are totally replaced by other metals such as Nb and Ta
(2-7), Al (8), Fe (9), Ga (10-13) or Co (12-17); other
related perovskites containing iron but no copper are also
known (18-20). Several reports dealing with the study
of simpler perovskite structures (LnACuMO5) containing
either Fe (21-23) or Co (24, 25) have also been published.
From a solid state chemistry point of view, however, the
most striking novelties have been, the report of a three-
dimensional perovskite with alternating layers of copper
and tin ions (26), and a more recent report of a novel
layered perovskite superstructure also based on copper
and tin (27), neither of which have led yet to superconduct-
ing systems.

Our recent work in this field has centered on the study
of mixed perovskites of copper and early transition ele-
ments, and specifically on the effects of different synthetic
strategies on the formation, structure, and properties of
these oxides (28-31). This approach has led us to explore
the formation of three-dimensional as well as layered
phases with perovskite-related structures in the system
Ln—(Sr/Ba)-Cu-Ti (28). We have recently reported the
successful induction of bidimensionality in mixed cop-
per—titanium perovskites with the synthesis of a series of
oxides of formula Ln,Ba,Cu,Ti,O,, (Lrn = La,Nd,Eu (32,
33) and Lr = Tb (34)). An independent report on the
related compound with Lrn = Gd has also recently ap-
peared (35). The present work reports our main results
in the search for new layered titanium cuprates of the
perovskite family concerning the study of synthetic reac-
tions, the isolation of new phases, their characterization
and the study of structural correlations.

EXPERIMENTAL

All samples were prepared by solid state reaction of
stoichiometric amounts of TiQ,, CuO, BaCO;, or 5rCO,
and Ln,0; (Ln = La, Nd, Eu, Tb, Dy, Y) or Tby(CO;),,
all of them purchased from Aldrich or Baker and of purity
>99.9%. To ensure the purity of the reagents (they can
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absorb H,0 and CO, from air (36)), Ln,O, was treated at
1000°C for 15 hr and BaCO; and SrCO; were treated at
200°C for 2 days. The syntheses were carried out in two
steps of 24 hr each with an intermediate regrinding, the
first step consisted of 2 hr at 900°C to allow the carbonates
to decompose plus 24 hr at the temperature of reaction.
The second step consisted of a single heating run at the
temperature of reaction for 24 hr. In some cases, this step
was repeated 1o make sure that the reaction was complete.
Reactions were carried out in air, the temperature of syn-
thesis was usually 1100°C but in some cases other temper-
atures between 900°C and 1200°C were also tried in order
to study the effect of the temperature on the reaction
products. Heating and cooling rates were 100°C/hr.

Some samples were turther annealed under flowing oxy-
gen at 500°C for 48 hr and with a cooling rate of 30°C/hr.
When sintering was necessary, it was performed at the
synthesis temperature for 15 hr just before the anneal-
INg process.

The progress of the reaction was followed by X-ray
powder diffractometry, and this technique was also used
to characterize structurally these new phases. X-ray pow-
der diffraction patterns were obtained using CuKea radia-
tion, with both a Siemens D-500 diffractometer (A =
1.5418 A) and a Rigaku D/MAX-RC rotating-anode dif-
fractometer (RU 200-B) generator featuring monochro-
matized (Ge 1,1,1) radiation (A = 1.5405 A).

Electron Diffraction patterns and low resolution images
were obtained using a JEOL JEM-1210 microscope oper-
ating at 120 kV, equipped with a side-entry 60°/30° double-
tilt GATHAN 646 analytical specimen holder and a Link
QX2000 EDX element analysis system. The specimens
for electron microscopy were prepared by grinding the
powder sample, dispersing it in r-butanol, and depositing
a droplet of this suspension on a carbon coated holey film
supported on an aluminum grid. For EDX analysis the
specimen was held at the optimum degree of tilt toward
the X-ray detector, x = +20, y = —20. Typically, 10 small
crysials were analyzed at 100,000x with a counting time
of 100 sec and the intensities were obtained from the
spectra by making appropriate background subtractions,
measuring the background on each side of the peaks. The
proportionality constants were determined by analyzing
well-characterized standard samples. In the case of prob-
lem samples containing both barium and titanium, where
extensive averlap takes place, a subtraction of the barium
contribution was necessary in order to evaluate the
amount of titamum present.

The determination of the oxygen content of the samples
was carried out by thermogravimetric analyses under
Ar—-H, (5% H, v/v) at 650°C, performed with a PE TGA7
balance (maximum sensitivity 0.1 ug) and normally with
ca. 40 mg of sample.

Magnetic susceptibility data were collected on a Quan-
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FIG. 1. X-ray diffraction patterns for samples of nominal composi-

tien YSr,Cu,TiOy_; synthesized at (a) 980, {b) 1000, (c) 1025, (d) 1050,
(e) 1075, and (H 1100°C. The symbols A and O indicate the peaks
corresponding to Y,0; and SrTiO;, respectively.

tum Design SQUID magnetometer, with an applied field
of 10,000 G. In the case of superconducting samples the
magnetic field was 5 G and was applied after the sample
was cooled in the absence of field (zero field cooling).

RESULTS AND DISCUSSION

Sr-1221 Samples: Nominal Composition
LnSryCu,TiOg_s (Ln = La, Nd, Eu, Y)

For this series of nominal compositions we tested sev-
eral reaction conditions to try to obtain a pure phase with
cationic stoichiometry 1221 that would have a 123-type
structure (temperatures of synthesis ranging from 980 to
1100°C). In spite of this we obtained in all cases a mixture
of phases as a result of the reaction.

The results were different for Ln = La, Nd, or Eu than
for Lr = Y. For the first three ions mixtures of different
ternary oxides were obtained for all the reaction tempera-
tures tried, whereas for Ln = Y the results depended
very much on the temperature, as shown in Fig. 1. For
temperatures lower than 1025°C, the reaction product
contained mainly SrTiO; and a perovskite-type phase and
also Y,0, and SrCuQ,. For samples prepared at 1025°C
the powder diffraction pattern showed the perovskite-
type phase as the major product, although the sample
contained a considerable amount of SrTiO, and also a
small amount of Y,0, and SrCuQ,. For temperatures
higher than 1025°C the results obtained were similar to
those found below 1025°C. Thus, the formation of the
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FIG. 2. Plot of zero field cooling and field cooling magnetic suscepti-
bility (H = 10 G) as a function of temperature for a sample with the
optimized composition YSr,Cu,,Tip;04_5 (6 = 0.94), synthesized at
1035°C and annealed under oxygen at 500°C. It shows a superconducting
transition with an onset at 26 K and 80% Meissner fraction.

perovskite-type phase depends very much on the temper-
ature of the reaction, being optimal at 1035°C.

Susceptibility measurements made on an oxygen-an-
nealed sample showed a superconducting transition with
a T, (onsey = 26 K (Fig. 2). The observed Meissner effect
corresponds in this case to ca. 80% of the ideal 1/d4m
diamagnetism, indicating bulk superconducting behavior.
The chemical nature of this sample was investigated by
EDX analyses and its crystal symmetry by electron dif-
fraction and tow-resolution imaging.

Electron diffraction studies of the sample synthesized
at 1035°C revealed that the major perovskite-type phase
presents an a, X a, X 3a, superstructure (see Fig. 3). The
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same figure shows a low-resolution image corresponding
to the [100] zone axis. The reconstruction of the reciprocal
lattice indicates that the symmetry is tetragonal and with-
out systematic absences, thus corresponding to the ex-
tinction symbol P---. EDX data on this sample were col-
lected and a quantitative analysis was performed with
the aid of ternary oxides as standards (Y,Cu,0s, SrTiO;,
and Sr,CuQ,). The analysis of the crystals with the
a, X a, X 3a, superstructure gave a composition of
Y, o815 ,Cu, 4 Ti;, 4O with an uncertainty of about 10% in
the stoichiometric coefficients.

The fact that the sample is a bulk superconductor indi-
cates that the yttrium strontium copper titanium oxide
with the a, X a, X 3a, superstructure is responsible for
this behavior. Den and Kobayashi (37a), and in a more
recent paper, Wuu ez al. (37b) have reported a supercon-
ducting phase of formula Y Sr,Cu, ;Tig, 104, 5 with 7, values
(at atmospheric pressure) of 26 K (37a) and up to 35 K
(37b), but with values heavily dependent on the oxidation
level. We have found a coincident superconducting be-
havior which, together with the similar range of stability
found for this phase, strongly suggests that both phases
are the same.

Ba-1221 Samples: Nominal Composition
LnBa,Cu,TiOg_s (Ln = La, Nd, Eu, Y)

In the case of A = Ba and Ln = Y the product of the
reaction was a mixture of ternary and quaternary oxides
no matter which temperature of synthesis was used. On
the other hand, in the case of A = Ba and Ln = La, Nd,
Eu, a perovskite-type phase was clearly predominant and
there was also a small amount of impurities with main
reflections at 20 ~ 30. Figure 4 shows the X-ray diffraction
patterns from samples with nominal composition 1221
synthesized at 1100°C. In order to eliminate these impuri-
ties we also tried the syntheses with different La : A ratios

FIG. 3.
Y Sr,Cuy 1 Tiy 05_5 sample.

Electron diffraction pattern and low resolution image corresponding to the [100] zone axis for a crystal of the superconducting
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FIG. 4. X-ray diffraction patterns for samples of nominal composi-
tion LnBa,CuyTi0g_5 (Ln = La, Nd, and Eu) synthesized at 1100°C.
The symbol A indicates the peaks which correspond to impurities of
BaCuO, and Ln,BaCuOs.

(Lny, Ba,_ Cu,TiOg_5, x = 1,0.8,0.7,0.6,0.5, 0.4, 0.2,
0.1, and 0) but there were always some small peaks at
28 ~ 30. The nature of these impurity phases depends
on the nominal composition; for Ba-rich samples they
consist of barium copper oxides and for Ln-rich samples
of lanthanide copper oxides.

We performed electron diffraction on these samples in
order to find out whether the main perovskite phase was
indeed a 123-type structure with a ¢ axis three times that
of a simple perovskite. The results clearly showed that
the major phase had a structure derived from that of the
perovskite with a fourfold superstructure, which we as-
signed to the phase Ln,Ba,Cu,Ti,O,_; (referred to as the
2222 phase). This result is consistent with the absence of
titanium in the impurities. The reaction taking place in
the sample with 1221 stoichiometry would then be

-2C0O.
0.5Ln,0, + 2BaCO, + 2Cu0 + Ti0, —
0.5Ln,Ba,Cu,Ti,0,, s + BaCuO,.

With this particular example we would like to remark
upon the great importance of electron diffraction in the
characterization of perovskite-type oxides and the risk of
reaching structural conclusions based on X-ray powder
diffractometry alone. In this sense, a report on the physi-
cal properties of samples with stoichiometry LnBa,
Cu,_Ti,0,,, (Ln = La-Gd, Y, 0 = x =< 1) has been
published recently (38). The authors claim to have ob-
tained a 123-type structure relying only on powder diffrac-
tion patterns. According to their interpretation of those
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data their sample would contain a 123-type phase with a
small amount of impurities at 26 ~ 30. The diffraction
patterns of their products and the nature of the impurities
they obtain are indeed the same as ours, so we believe
their samples might also contain the phase with 4a, super-
structure in addition to or, more likely, instead of the 123-
type structure, thus compromising the interpretation of
the abundant data reported on transport and magnetic
properties.

In our case, an exhaustive analytical study has been
necessary for the correct interpretation of physical mea-
surements conducted on the sample with nominal compo-
sition Eu, Ba, (Cu,TiOg¢_;. This sample presented a su-
perconducting transition with an onset at about 50 K. The
transition was apparent both from magnetic and transport
measurements (28). However, the Meissner fraction was
only 1% of the ideal value 1/47. In order to optimize the
superconducting properties an unambiguous assignment
of the phase responsible was necessary. This took the
careful analyses of electron diffraction and EDX data; the
former allowed the detection of small amounts of an
a, X a, X 3a, phase which by EDX analyses was found
to contain Eu, Ba, and Cu in an approximate 1: 1 : 2 ratio
but no Ti. This combination of composition and proper-
ties agrees closely with those of formerly reported super-
conducting phases of formula La, ;Ba; (Cu;0,_; (39) and
Nd, 4Ba, (Cu;0,_; (40), which most likely constituted the
superconducting impurity detected in our sample.

Based on all the above results, we can conclude that a
straightforward one-to-one substitution of Ti for Cu in
the structure of LnBa,Cu;0,_; to yield LnBa,Cu,Ti,0, is
unlikely. Some attempts have been made to obtain such
a substitution (38, 41, 42) and indeed some similar struc-
tures are known with Nb or Ta replacing Cu (2-7). Never-
theless, in the case of titanium this phase would be espe-
cially difficult to prepare under ordinary synthetic
conditions (in air), since a hypothetical LnBa,Cu,TiO;_;
would contain copper in a formal oxidation state of 2.5
(assuming Ti(1V)) and this seems difficult to achieve un-
less high-pressure synthetic methods were used. In fact,
attempts to synthesize the isovalent oxide LaBa,Cu,SnOy
have also failed (27), leading to mixtures where the major
product of the reaction is the Sn-2222 phase, similar to
what we have found in the Cu-Ti systems. On the other
hand, we must note how the oxide reported by Den and
Kobayashi and later by Wuu et al., which we have also
found in our studies, contains copper in an average formal
oxidation state of 2.34, similar to what is found for YBa,
Cu;0,, with both systems being prepared under a Py, of
1 atm.

Synthesis of LmBa,Cu,Ti, Oy, _;
(Ln = La, Nd, Eu, Th, Dy, ¥)

In contrast to the results with 1221 compositions, these
compounds could be obtained as essentially pure phases



228

PALACIN ET AL.

FIG. 5.
stand as follows: *, Ln,CuQ,; &, BaCuO,; x Ln,05; O, CuO, J, La(OH),; and <, BaTiO; . Peaks without symbols correspond to La,Ba,Cu,Ti,0,, ;.

with the only limitation being their relative stability versus
that of the corresponding ternary oxides (see below).
These oxides were also detected on reaction mixtures
with nominal compositions Ln Ba,Cu,Ti;, as mentioned
above.

We present here our studies on the influence of the
synthetic conditions, namely temperature and time, on
the products obtained upon reaction of the corresponding
oxides and carbonates.

For Ln = La, Nd, and Eu, we performed the reaction
at 900, 1000, and 1100°C in two steps of 24 hr with an
intermediate regrinding in each case. Figures 5a and 5b
show the X-ray powder patterns of the products obtained
at 900 and 1000°C to illustrate the effect of temperature
on the progress of the reaction. We can see that at 900°C
the product of the reaction is a mixture of phases, contain-
ing mainly starting products and BaTiO,, Ln,CuQ,, and
CuO; under these conditions the initial reaction taking
place would then be

-200,

Ln,0, + 2BaCO, + 2Cu0 + 2Ti0, —
2BaTiO; + Ln,CuO, + CuO.

When the reaction takes place at 1000°C, and following
the procedure described under Experimental, a mixture
containing the same intermediate oxides and a consider-
able amount of the 2222 phase is obtained. In the case of
lanthanum the reaction seems to proceed faster and the
main phase is already La,Ba,Cu,Ti,0,,_,. If the reaction
is performed at 1100°C the pure 2222 phase is obtained
{Fig. 6), although in some cases (mainly in the case of

2 Theta

X-ray diffraction patterns of stoichiometric mixtures of Ln,0,;, BaCO;, CuO, and TiO, treated at (2) 900 and (b) 1000°C. The symbols

Ln = Nd) the formation of a very small amount of
BaTiO, and/or Ln,CuQ, is difficult to avoid. Similar
results were also reported for the syntheses of
Ln,Ba,Cu,Ti,_ Sn 0,,_; (27, 35, 43), which led to impuri-
ties of BaTiOs/BaSnO; or Ln,Cu0,. We believe that all
the quadruple perovskites belonging to this family have
the same reaction pathway:

Ln,0; + 2BaCO, + 2Cu0 + 2 TiO,

‘L_ZCOZ
Tb
: 3
Eu
A
Nd
|
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F1G. 6. X-ray diffraction patterns of Ln,Ba,Cu,Ti,O,_s (Ln = La,
Nd, Eu, and Tb) synthesized at 1100°C. Impurities of Nd,CuO, and
Tb,Cu,O5 are marked with an asterisk,
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2 BaTiO, + Ln,CuO, + CuO

1
La,Ba,Cu,T1,0; 5.

The reaction has two steps; in the first ternary oxides are
formed and in the second they react to form the final
complex oxide. This path is indeed similar to the one we
found for the formation of La,CuTiO (28-30). Thus, these
studies seem to indicate that the high-temperature ceramic
synthesis of complex oxides (containing three or four met-
als) does not lead to their direct formation, but proceeds
through the formation of intermediate ternary oxides.

In the case of Tb,Ba,Cu,Ti,0,,_; the 2222 phase ob-
tained is almost pure except for a very small amount
of Ln,Cu,04. On the other hand, attempts to synthesize
Ln,Ba,Cu,Ti,0,,_; with smaller lanthanides (Ln = Dy, Y)
at 1100°C vyielded only mixtures containing mainly
Ln,Cu,0O5 and BaTiO,.

The presence of small amounts of impurities that resist
elimination could be explained by the proximity of a melt-
ing process with decomposition to the temperature of
synthesis of these phases.

Concerning the nature of the possible impurities ob-
tained, we have pointed out two different kinds of behav-
ior in the reactions of synthesis of the 2222 phase: forma-
tion of the phase plus La,Cu0O, + BaTiO, impurities (if
any) in the case of La, Nd, or La,Cu,04 + BaTiO; impuri-
ties in the case of Tb. A possible reason for this varying
behavior is the change in stability of Ln,Cu0O, oxides, as
reported by Tretyakov ef al. (44): for lanthanides smaller
than gadolinium the Ln,CuO, structure is unstable with
respect to the formation of Ln,Cu,0; (45, 46) under the
synthesis conditions used. Thus, the reaction between
Ln,0; and CuO vields Ln,Cu,0; in the case of Tb, for
which the overall reaction is:

Ln,0, + 2 BaCO, + 2 CuO + 2 TiO,

‘L _2C02
2 BaTiO, + Ln,Cu,O;
)

Finally, for lanthanides smaller than terbium the 2222-
phase cannot be obtained. Even at 1100°C the products
of the reaction are L#z,Cu,05; and BaTiO;. We presume
that, as the lanthanide becomes smaller, the 2222-type
structure becomes less stable because the Ln** ion is too
small to fit in this type of structure in combination with
the large Ba’* ion. In addition, the La,Cu,05 structure
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increases its thermodynamic stability with decreasing lan-
thanide radius and does not decompose until higher tem-
peratures are reached (47), at which our reaction mixture
has already melted, Therefore, it all results in the second
step of the reaction path to form the 2222-type structure
not taking place.

We have also studied the influence of the reaction time
on obtaining the 2222 phase for Ln = La, Nd, and Eu,
In the case of Ln = La the reaction seems to proceed
faster, since after just 2 hr at 1100°C the 2222-phase is
the major phase and La,CuQ, and BaTiO, are only present
as impurities in very small amounts; after 6 hr the reaction
is complete for the La derivative, whereas in the case of
Ln = Nd and Eu, after 6 hr of reaction, small but still
significant amounts of Ln,CuQ, and BaTiO, are still pres-
ent in the reaction mixture.

Oxygen Content of Lrn,Ba,Cu,Ti,0,,_s Oxides

Thermogravimetric analyses on the Ln,Ba,Cu,Ti;0,,_,
oxides indicate an oxygen content between 10.94 and
10.97 £0.02, depending on the sample and the lanthanide.
For these thermogravimetric analyses samples were
heated for 6 hr at 650°C under an Ar/H, atmosphere (5%
H, v/v). The reaction taking place is

L"zBazcllzTiZo”_a + (2 - 6)H2'_)
Ln,0, + 2 BaTiO, + 2 Cu + (2 ~ $H,0 1

The solid decomposition products were identified by X-
ray powder diffraction. So within experimental error, the
oxygen content calculated from the thermogravimetric
reduction is consistent with tetravalent titanium and diva-
lent copper. TGA on oxygen-annealed samples (500°C)
yields the same results. The very small oxygen deficien-
cies with respect to the nominal content of 11 detected
by these analyses could in fact be associated with a small
deficiency in copper due to partial fusion; this is consistent
with the observation of small orange stains on the cruci-
bles used for some preparations. We can therefore con-
clude that within experimental error the oxygen content
of these samples corresponds to 11 oxygen atoms per
formula unit.

Structure of Ln,Ba,Cu,Ti,0,,_; Oxides

The oxides belonging to the general family Ln,
Ba,Cu,Ti,0,_; present a perovskite-type structure with
a ‘‘major superstructure’’ associated with the presence
of a ¢ axis four times that of a simple perovskite (a,). We
have previously reported this superstructure based on X-
ray, electron diffraction, and HREM data (28, 32-34) and
have also published a neutron diffraction study on the La
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FIG. 7. Crystal structure of Ln;Ba,Cu,T1,0,,-5. Copper occupies
the pyramidal position whereas titanium has an octahedral coordination
to oxygen. Note the additional ordering of L» and Ba ions.

and Nd derivatives (48). Figure 7 shows this structure,
which is related to the perovskite (4,8,0;,) but contains
one oxygen vacancy per formula unit. This leads to two
different coordination sites for the transition metals,
namely square pyramidal (occupied by copper) and octa-
hedral (occupied by titanium), and in turn leads also to
three possible sites for the lanthanides and barium ions,
which are also ordered within the structure (33).

This structural model has been confirmed by neutron
diffraction on the lanthanum and neodymium derivatives.
Both of them present the tetragonal superstructure,
though the lanthanum derivative presents only partial or-
der of the cations consistent with the existence of ordered
microdomains. For the neodymium derivative though,
and by extension for the smaller lanthanide derivatives,
the order of oxygen vacancies and cations (both Cu/Ti
and Ln/Ba pairs) is found to extend to long range {48).

The already mentioned a, X a, X 4a, superstructure
can be clearly observed both in electron diffraction pat-
terns (Fig. 8) and in low resolution images (Fig. 9). Com-
parison of the latter for the La and Nd derivatives shows
that the layered structure of the former is much more
affected by defects; this less perfect order was anticipated
from the weakness of the superstructure spots for the
lanthanum derivative, and was also confirmed by neutron
profile analyses (48). But electron diffraction studies also
reveal other interesting structural features. In the case of
La,Ba,Cu,Ti,0,,_; the structure corresponds effectively
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to just an a, X a, X 4a, cell and the extinction symbol
consistent with the systematic absences observed is P---.
In this sense, La,Ba,Cu,Ti,0,, ; differs from La,
Ba,Cu,Sn,0,,_;, for which an additional superstructure
is observed. On the other hand, the oxides Ln,Ba,Cu,T1,
O,1_s (Ln = Nd, Eu, Tb) do indeed present an additional
“‘minor superstructure’’ that forces a redefinition of the
unit cell to \/Eap X \/Eap X 8a, in order to be able to
index all the spots in the patterns (see Fig. 10). This
superstructure is similar to that described for La,Ba,Cu,
Sn,0,,_;(27), which presented nevertheless a longer ¢ axis
(\/iap X \/iap X 24a,). Within the series Ln,Ba,Cu,
Ti,0,,_5 (Ln = Nd, Eu, Tb), the minor superstructure is
more clearly observed in [310], patterns for Ln = Eu
and Ln = Tb whereas for Ln = Nd diffusion streaks are
observed instead of well defined spots (Fig. 10b). The
definition of the spots changes from crystal to crystal,
though the general trend is toward better defined spots
as the lanthanide ionic radius decreases.

In the case of Ln = Eu and more commonly for Ln =
Tb weak spots at 1/2(110) in the [001], and [011], patterns
are also observed for thick crystals (Figs. 8f and 10d). This
forces us to consider the existence of two different types
of crystals for Ln,Ba,Cu,Ti,0,,_5 (Ln = Eu, Tb) with
different space groups: Type 1 crystals include all crystals
of the Nd derivative and most of the Eu derivative studied
belong to this type: these crystals show no additional
spots on the [001] pattern (Fig. 8¢) (extinction symbol I-
c-). Type 2 crystals, where weak spots appear on the [001]
(Fig. 8f) and [012], patterns (extinction symbol P--c), are
predominant for Ln = Tb.

In the case of La,Ba,Cu,5n,0,,_; the presence of analog
superstructure spots, indicating a \/5(1,, b \/Eap X 24a,
supercell, was also found and assigned to the rotation of
the SnO; polyhedra around {001] to compensate for the
copper—tin size mismatch. Among superconducting ox-
ides with perovskite structure, typical copper—copper
separations within a CuQ, layer ranges from 3.80 to 3.85
A (49) whereas typical tin-tin separations are 4.1 A (27).
On the other hand, in the case of titanium, values between
3.90 and 3.95 A are commonly found (50-52) so the layer
mismatch is much smaller than in the case of the tin com-
pound,

The existence of the additional minor superstructure
could also be related to a difference in size between differ-
ent components of the structure. As we have already
pointed out, a minor superstructure exists for the lantha-
num derivative of the copper~tin perovskite, but in the
case of the analog copper~titanium oxides a similar super-
structure appears only for derivatives with smaller lan-
thanides. This can be associated to a size mismatch be-
tween tin or titanium and the neighboring lanthanide ions.
To illustrate this explanation, we have calculated a ratio
r, mathematically identical to a tolerance factor, but which
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FIG. 8. Electron diffraction pattern corresponding to Ln,Ba,Cu,Ti,0,,_; for the indicated zone axis. Additiona! spots in the [001] pattern in
the case of the terbium derivative are marked with an arrow.

is intended in this case just to show the degree of size We can see how the compound with the highest r value,
mismatch; r = (R, + RO)/(\/E X (Rg + R,), where R,, approaching 1 (La,Ba,Cu,Ti,0,, ;), is the only one not
Rg. and Ry, are the ionic radii for A, B, and oxygen with presenting the minor superstructure. Therefore it seems
respective coordination numbers 12, 6, and 2 (53). The reasonable to suppose that the distortion leading to the
values obtained are: A = La, B = Sn, r=0.939; A = La, existence of the minor superstructure appears only for
B =Ti,r =098 and A = Nd, B =Ti, R = 0.948. small values of r, or in other words when the size mis-

FIG. 9. Low-resolution images for Ln;Ba,Cu,Ti,Q,,_s, with (a) Lrn = La and (b) Ln = Nd, corresponding to the [100] zone axis. Although
the lanthanum derivative presents a less ordered arrangement, its layered structure is evidenced.
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FIG. 10. Electron diffraction pattern corresponding to Ln,Ba,Cu,Ti,0y;-; for the zone axis indicated. Additional spots which force a definition
of a V2a, X V2a, X8a, unit cell for all lanthanides except lanthanum are indicated with an arrow.

match between A and the BOg perovskite framework is
large. For sufficiently small » values one could expect the
corresponding compound to be unstable; this has been
found to be the case for a hypothetical yttrium 2222 deriva-
tive where the mixture of binary oxides seems to be ther-
modynamically more stable.

Discussion on the Structure and Stability
of Quadruple Perovskites

Through the work of Poeppelmeier and co-workers on
Cu-Sn perovskites and more recently with the indepen-
dent reports on Cu-Ti perovskites made by Weller and
co-workers and by ourselves, a new class of layered mixed
perovskites with the superstructure described above is
emerging. Thus, this major a, X a, X 4a, superstructure
has been detected on compounds with the general formula
Ln,Ba,Cu,B,0,,_; by Gormezano and Weller (by means
of Rietveld X-ray refinements) in the case of Ln = Gd
and B = Ti (35), Ln = Ndand B = Sn:Ti (1:1), and
Ln = Sm and B = Sn:Ti (1:3) (43), by Anderson er al.
in the case Ln = La and B = Sn (27) and by ourselves
in the case of Ln = Nd, Eu, Tb and B = Ti (28, 32-34,
48). In the case of La,Ba,Cu,Ti,0;;_; the 4a, superstruc-
ture can only be detected by means of neutron or electron
diffraction, with the X-ray pattern being identical to that
of a simple perovskite. This is probably why Gormezano
and Weller reported that a layered lanthanum derivative
could not be obtained (35). The maxima corresponding
to superstructure reflections are weaker than for other
derivatives but can be clearly and unambiguously de-
tected on the corresponding electron diffraction patterns
and on the neutron diffraction pattern of the lanthanum
derivative prepared by us.

Concerning the stability of these quadruple perovskites,
it has been proposed that there is a very narrow range of
stability between values of an ‘‘average’” tolerance factor
(43) 1,, = lro+ (rar + r)2VV2[rg + (rg + rg)/2] such
that the quadruple perovskite would be stable only for
0.97 = t,, = 0.965 (54). Our results clearly contradict
this proposal and show that a relatively large variety of
lanthanides with different ionic radii (56) are compatible
with the formation of the quadruple perovskite super-
structure in the system Ln-Ba-Cu-Ti. Therefore, the
introduction of Sn on the structure to compensate for
larger Ln ions (such as Nd) as reported in Ref. (43), though
possibly leading to less stressed structures, is clearly not
necessary for the formation of the layered superstructure.

Structural Correlations in Quadruple Perouvskites

From X-ray and neutron diffraction studies, many
structural parameters of interest can be extracted by
means of Rietveld profile analyses. In addition to unit cell
dimensions and/or distortions, we have analyzed chemi-
cally significant parameters such as the coordination poly-
hedra of copper ions in the structure and report here the
structural correlations found among the several oxides
studied.

The cell parameters obtained from X-ray powder dif-
fraction patterns are shown in Table 1. This table summa-
rizes literature data from the gadolinium derivative (35)
and our own on lanthanum, neodymium, europium, and
terbium derivatives. We must note that the X-ray data
for the lanthanum derivative could also be fitted with
cubic symmetry and a = 3.9464(1) A.

As could be expected, parameter a is found to decrease
with the lanthanide ionic radius (56) (see Fig. 11a). We
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have previously mentioned the existence of a small mis-
match between the copper and titanium layers. That mis-
match would force the former to expand and the latter
to contract in order to accommodate themselves in the
structure. In this sense, a decrease m the radius of the
lanthanide allows for a decrease in the titanium-titanium
separation (and hence in the a parameter), thus diminish-
ing the mismatch. On the other hand, the ¢ parameter
does not follow a linear trend, but already seems to reach
a "‘minimum of compressibility’” for the europium deriva-
tive (Fig. 11a). This behavior is similar to what 1s found
for the LrnBa,Cu,0,_; series for Ln = La, Pr, Nd, Sm,
Eu, Gd, Dy, Ho, Er, Tm, Yb, and Lu (57). Finally, the
degree of tetragonal distortion, as indicated by the c/a
ratio, increases as the lanthamde radius decreases (Fig.
11b), thus following the trend observed in the previous
calculation of the r factors.

Among the structural correlations derived from X-ray
Rietveld analyses of several oxides, we must remark upon

TABLE 1
Cell Parameters (from X-Ray Data) for the Series
Ln,Ba,Cu,Ti,O
Ln a (A) ¢ (A) cla
La 3.9348(2) 15.791(2) 4.413
Nd 3.9106(2) 15.741(2) 4.025
Eu 3.8889(3) 15.726(2) 4.044
Gde 3.8873(2) 15.7335(7) 4.047
Tb 3.8795(5) 15.744(3) 4.058

Note. The degree of tetragonality is given by the ratio
ela.
? From Ref. (35).

the relation between the lanthanide ionic radii and
Cu~O,quaroria bOnd lengths, given the central effect of these
on superconducting properties of layered cuprates. Thus,
Fig. 12 shows a clear overall correspondence between
this bond length and the lanthanide size. A comparison
of the above data for Ln = La with the Cu-O,, bond
length of 2.007(1) A reported for the Cu—Sn perovskite
shows the significant decrease in this important parameter
attained in going from the tin to the titanium cuprates.
Furthermore, within the series of titanium cuprates, the
shortest Cu-0O,, bond of 1.947(3) A (combined with a
larger Cu—-O,, —Cu angle of 169(1)°) found in the case of
the terbium derivative makes that system the best candi-
date for high-T, superconductivity provided adequate p
doping is achieved. In principle, an extension to smaller
lanthanide (down to yitrium) would be desirable, but ac-
cording to our results is not possible.
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FIG. 12. Plot of Cu-0,, bond distance versus the ionic radius of

the lanthanide for Ln,Ba,Cu,11,0,,_;. Empty symbols correspond to
neutron diffraction and filled symbols to X-ray diffraction data,
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FIG. 13. Plot of the inverse of the susceptibility versus T for Ln,Ba,

Cu,Ti,04;—5. The inset shows an expanded plot where irregular behavior
at low temperatures can be seen in the case of Ln = Nd, Eu, and Tb.

Magnetic Properties

Susceptibility data for La,Ba,Cu,Ti,0, _; (Ln = La,
Nd, Eu, and Tb) at high temperatures can be fitted with
good agreement to a Curie~-Weiss law. Figure 13 shows
the graphics of 1/y vs T, where linear behavior at high
temperatures is observed. However, at low temperatures
curvatures do appear in the case of Ln = Nd and Eu,
which are more clearly seen in expanded graphs (see inset
of Fig. 13). This complex behavior is due to the magnetic
moments of neodymium and europium that present a com-
plex dependence on temperature (58). On the other hand,
in the case of the lanthanum derivative the behavior of
1/x vs T is simpler and closer to a Curie—Weiss law due
to the fact that all magnetic contributions come from
Cu(Il) ions and hence the values of the effective magnetic
moment are the lowest of the whole family. The values
of the effective magnetic moment per copper atom at
room temperature for Ln,Ba,Cu,Ti,0,,_; are: p.4 per Cu
(ug) 0.81 (Ln = La), 3.07 (Nd), 3.52 (Eu), and 8.59 (Tb).

The magnetic susceptibility data for La,Ba,Cu,Ti,
0,,_; and La,CuTiO, are directly comparable once nor-
malized with respect to the number of copper atoms per
formula unit. Figure 14 shows the plot of 1/y vs T for both
oxides. La,Ba,Cu,Ti,0,,_, shows a smaller curvature lo-
calized at lower temperatures whereas for La,CuTiOy the
curvature is extended to the whole temperature range and
does not correspond to a simple Curie—Weiss law (28).
For La,Ba,Cu,Ti,0,,_;, data above 50 K can be fitted to
a Curie-Weiss law (y = C/8 + Ty with C = 0.1752 emu - K/
mole (C = 0.088 emu K/mole per copper atom) and 8 =
31 K with R = 0.9971 (see Fig. 14). These parameters do
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not change significantly when the fit is constrained to data
above 100 K. The fact that u. per copper atom (ug) for
La,Ba,Cu,Ti,O,_; is lower than for La,CuTiO¢ in the
whole temperature range indicates that the former exhib-
its a stronger antiferromagnetic coupling. The comparison
of the values of the effective magnetic moment obtained
for this compound and for other perovskite-type oxides
with different degrees of order between copper and tita-
nium also indicates the presence of this strong coupling
which is consistent with the presence of CuO, planes and
hence with the ordering of copper and titanium. As an
example the magnetic moment of the layered oxide
Y,sCay »,Sr,Cu,GaQ; which contains CuQ, planes is 0.8
pg (11), very close to the value of 0.81 obtained for our
La derivative, and clearly smaller than the spin-only value
corresponding to ideally isolated Cu(ll) ions (kg oy =
1.75 up) or to the value of 1.14 u;, found for the disordered
perovskite La,CuTiO, (28, 29).

Doping of the Series Ln,Ba,Cu,Ti,0,,

The final stage of our study of these layered titanium
cuprates is the preparation of doped derivatives in order
to induce conductivity or superconductivity. In spite of
the several doping strategies possible this process is prov-
ing not trivial in these oxides. The first and most elemental
approach for preparing solid solutions of the type
Ln,_Ba,. CuTi,0,, or doped derivatives such as
Ln,_ A Ba,Cu,Ti,0,, (A = Sr, Ca) were not successful.
Similarly to the analogous Cu~Sn quadruple perovskite,
these phases seem to occupy just a point (or a very narrow
area) on the corresponding phase diagram. On the other
hand, we have tried with some success to substitute alio-
valent ions for titanium in these oxides and are presently
working in this direction.
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FIG. 14. Plot of the inverse of the susceptibility versus T for La;,Ba,
Cu,Ti;0,_5 and La,CuTiO4. The data above 50 K for the former can
be fitted to a Curie-Weiss law.
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CONCLUSIONS

Extensive research on the synthesis of layered titanium
cuprates in the system La—(Ba/Sr)-Cu-Ti-0O has led to
the discovery of several new interesting phases. On the
one hand, samples with nominal compositions La(Ba/Sr),
Cu,TiO4_; do not yield pure products, presumably due to
the high formal oxidation state required for copper in the
hypothetical perovskite structure. As part of this research
though, and confirming previous reports, a bulk supercon-
ducting oxide (T. onset of 26 K, 80% Meissner fraction)
with composition YSr,Cu, ;Tiy404_sand an a, X a, X 3a,
superstructure was isolated and characterized.

On the other hand a whole new family of oxides of
formula Ln,Ba,Cu,Ti,0,,_; has been characterized and
its range of existence for lanthanides between La and Tb
determined. For smaller lanthanides, mixtures containing
Ln,Cu,0O4 and BaTiO; were obtained. Thus, this remark-
able structure proves to be stable for a relatively wide
range of Ln ionic radii. These oxides present a tetragonal
distortion that increases as the size of the lanthanide de-
creases; a major a, X a, X 4a, superstructure is also
present in all cases, though for the La derivative the super-
structure peaks are weaker. An additional minor super-
structure (\/iaP X \/iap % 8a,,) is observed for the smaller
lanthanide derivatives.

Concerning structural parameters relevant to supercon-
ductivity, the Cu-O,, bond distance decreases along the
series and a minimum value of 1.947(3) A is found for the
terbium derivative. This value represents a substantial
shortening with respect to that found for the related cop-
per—tin quadruple perovskite La,Ba,Cu,Sn,0,, (2.007(1)
A) and therefore represents a further step in the optimiza-
tion of the quadruple perovskites structure toward super-
conductivity.
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