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A series of compounds LaBa;Cu;_ NiO,.5(0.0 < x < 0.3) and
LnBa,Cu;_,Ni 0,_; (Lr123; Ln = Pr, Nd, Sm, Gd, and Er; x =
0.1, 0.2) has been synthesized by a ceramic method and their
structure characterized by X-ray and electron diffraction. The
substitution of nickel in LaBa,Cu,0,, {Lal23) induces an ortho-
rhombic to tetragonal structural transition as well reducing the
activation energy for oxygen desorption. Orthorhombicity
increased with decreasing lanthanide iom radius in the
LnBa,Cu, ¢Niy (O,. 5 system. Electrical resistivity measurements
show metallic behavior down to 4.2 K for LaBa,Cu;_,Ni, O,
(0.1 < x < 0.3). The superconducting transition temperatures of
Ni-doped Ln123 decreased with increasing rare earth ion radius,
for the same nickel content. These properties are discussed in
terms of the Ni** jon occupying the Cu(1) sites in La123 stabilized
by a larger La** ion and Ni** ion occupying the Cu(2) sites in the
Ln123 system of oxides. © 1994 Academic Press, Inc.

1. INTRODUCTION

An extensive literature exists on the substitution
of transition metals for copper in the superconducting
YBa,Cu,0,_; (Y123) system (1-6). Huang et al. (7) have
classified the transition metal substitution for Cu in the
Y123 system into three categories: (a) those with only
partial replacement of Cu(l) and/or Cu(2) sites; (b) those
in which Cu(l} is replaced completely; and (c) those in
which all three Cu are replaced by other metal ions. All
such studies were aimed at understanding the mechanism
responsible for superconductivity and the structural
chemistry of the Y123 system. The substitution of transi-
tion metal ions for copper gained importance due to the
fact that the replacement of yttrium by rare earths with
larger magnetic moments has a refatively smaller effect
on the superconducting transition temperature or other
physical properties. This observation has led to the gen-
eral idea that the metallic and superconducting properties
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of these materials are governed mainly by the Cu-34 and
0-2p band overlap (8). One of the interesting problems
encountered with the transition metal substitution was to
precisely assign the position of the substituted metal ion
either at the chain Cu(1) site or at the sheets Cu(2) sites.
This becomes important as the position of the transition
metal ion can bring about dramatic changes in the struc-
ture and physical properties of the system. Neutron Riet-
veld refinement, anomalous X-ray scattering studies, and
a single-crystal X-ray study have shown that Fe, Co,
and Al are known to partially substitute the Cu(l) site,
whereas Zn and Ni prefer to occupy the Cu(2) sites in
Y 123 (9—11). The above site preferences for these particu-
lar ions in the Y123 system are almost independent of
the method of preparation, for example, postannealing.
However, the effect of various rare earth ions on the site
preferences of these cations and hence on the structural
and related properties of the system has not been investi-
gated thoroughly. For example, iron has been shown to
preferentially occupy the Cu(2} sites in LaBa,Cuy0.4
(La123) (12) versus the Cu(l) site preferred in Y123.

We have recently investigated the cobalt substitution
in L.nBa,Cu,0, ; (L.rn = La, Pr) and have shown by X-ray
diffraction, electron microscopy, and chemical reactivity
studies that cobalt prefers to occupy the Cu(2) sites (13,
14). Lanthanum, owing to its larger ionic size, lesser acid-
ity, and smaller electronegativity compared to other rare
earth ions, e¢xhibits different chemistry in these oxides.
In an attempt to elucidate further the structura} trends
and physical properties in these materials we have in-
vestigated the substitutional effects of Ni for Cu in
LnBa,Cu;0,,; (Lrn = La, Pr, Nd, Sm, Gd, Y, and Er)
system of oxides. In the present paper we present the
structural chemistry, oxygen mobility, and electrical
properties in the LnBa,Cu;_ Ni,O;.; (0 <<x < 0.2} system
of oxides. When Ni was substituted for Cu in YBa,Cu,
0,_;, the oxide was metallic and superconducting (2}. We
find that Ni in LaBa,Cu;_ Ni O, for 0.1 < x < 0.3 is
non-superconducting but metallic, which is unique among
the cation-substituted Y123 system of oxides.
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2. EXPERIMENTAL

The samples LaBa,Cu, NiO;., (0 < x < 0.3),
LnBa,Cu, ¢Nij ;07,4 (Ln = Pr, Nd, Sm, Gd, and Er}, and
LrBa,Cu, gNiy,0,_; (La = Nd, Sm, and Y) were prepared
by a ceramic method. The synthesis was carried out by
grinding stoichiometric amounts of component oxides
Ln,0, (Pr0,)), CuO, Ba0,, and Ni(C,0,) - 2H,0 (chemi-
cally analyzed) and heating them at 950°C for 48 hr with
three intermittent grindings. The calcined powders were
compacted info 3 X 10-mm discs and sintered at 950°C
for 10 hr. The sintered samples were cooled from 700 to
350°C in a stream of oxygen at the rate of 1°C/min and
then annealed at 350°C for 24 hr prior to further cooling
to room temperature.

The polycrystalline materials were examined for phase
purity and cell parameters by the X-ray diffraction tech-
nique employing a JEOL-JDX 8P powder diffractometer
with CuKea radiation. The oxygen content in the samples
was analyzed by an iodometric titration method (15). The
structure of the typical LaBa,Cu;¢Ni, ;0,.; oxide was
also examined by an electron microscopic technique using
a JEOL 200 CX transmission electron microscope.

Oxygen desorption experiments were carried out em-
ploying a homebuilt desorption apparatus (16). A typical
desorption run was carried out by heating 250 mg of the
powder sample in an evacuated silica reactor at a rate of
15°C/min at 107° Torr vacuum. The emanating oxygen
gas was monitored by an on-line quadrupole mass spec-
trometer. Electrical resistivity measurements as a func-
tion of temperature were carried out on the well-sintered
and oxygen-annecaled pellets by the standard four-probe
method down to 15 K. The LaBa,Cu,_,Ni,O,,, samples
were also tested for superconductivity down to 4.2 K
by a nonresonant microwave absorption technique (17)
employing a Bruker ESR spectrometer ER-300D,
equipped with an Oxford helium flow cryostat.

3. RESULTS

3.I. X-Ray Diffraction

Single-phase solid solutions of LaBa,Cu,_ NiO,.;
were obtained in the concentration range 0 < x < 0.3,
Figure | shows the X-ray diffractograms of the LaBa,
Cuy_ NiO;.5 (0.0 < x < 0.3). The orthorhombicity of the
parent Lal23 is evident from the splitting of (020) and
(200) reflections. Nickel-substituted samples showed no
such splitting (curves b to e), unlike YBa,Cu, (Ni, O _;
(curve f) shown in the figure for comparison. The synthe-
sis of single-phase LaBa,Cu,0, with a superconducting
transition temperature (7,) of 90 K has been found to
be difficult by the normal ceramic method. High-quality
phases of Lal23 have been made by sintering in N, atmo-
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FIG. 1. X-ray diffractograms of (a) LaBa,Cu;0;.5, {b) LaBa,

Cuyg:NipOrs5.  {€) LaBayCusgNig (075, (d) LaBayCuy Nig;07.5.
(e) LaBa,Cu, sNi; ;07-;5, and (f) YBa,Cu, 4Nij ;05,5 for comparison.

sphere and postannealing under flowing oxygen at 300°C
(18, 19). The parent Lal23 prepared in the present study
contained a small amount (=3%) of BaCu0Q, impurity.
However, the Ni-doped samples were obtained without
any BaCuQ, impurity up to a composition of x = 0.3,
Higher compositions of nickel (x > 0.3), however, started
yielding multiphasic materials. The iattice parameters and
oxygen contents of these oxides are summarized in Table
1. There was a gradual increase in the oxygen content
with an increase in Ni conlent, and it exceeded 7 in the
case of Ni-doped samples. The variation of the a, b, and
¢/3 parameters for the LaBa,Cu;_ Ni,O;., system is
shown in Fig. 2. The transition from orthorhombic to
tetragonal symmetry occurred with a relatively lower con-
tent of Ni (x = 0.06).

CuKa x-ray diffraction patterns of the LnBa,
Cu, ¢Niy ;0,5 (Ln = La, Pr, Nd, Sm, Gd, and Er) samples
are shown in Fig. 3. The tetragonal to orthorhombic transi-
tion is clearly evident as the cationic radii decrease.
LnBa,Cu, ¢Niy ,0,_5 (Lr = Nd, Sm, and Y) were also
synthesized without any impurity phase. The a, b, and ¢
parameters, cell volume, and oxygen content are listed
in Table 2. It is important to note that the oxygen content
is less than 7 in all these oxides except in Ni-doped Lal23,
Figure 4 gives the variation of a, b, and ¢/3 as a function of
the rare earth radius. All the unit cell parameters decrease
with decreasing rare earth ion radius. Among this series,
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TABLE 1

Lattice Parameters® and Oxygen® Contents of the LaBa,Cu,;_,Ni,0,+, System

Lattice constants (A)

Cell Oxygen

System Structure a b c volume (A" content
LaBa,Cu,05.5 O 3.902 3.918 11.754 179.42 6.99
LaBayCu, ¢yNig 400725 T 3919 3.919 11.744 180.37 7.03
LaBazcul_gNig'IO';:ﬁ T 1917 31.917 11.752 180.30 7.05
LaBa2Cu2_gNiu‘207:5 T 1.912 3,912 11.740 179.66 7.12
LaBa;Cu, 4Niy ;07,5 T 1913 3913 11.744 179.82 7.15

Noate. Q, orthorhombic; T, tetragonal.
4 Accurate within =0.004.
b Accurate within £0.03.

only the lanthanum compound obeys the relation g = b
= ¢/3. The degree of orthorhombicity defined as (b — a)/
(b + a) increased systematically with decreasing lanthan-
ide ion radius as shown in the inset of Fig. 4. A similar
behavior has been observed when yttrium ion is replaced
by different rare earths in Y123 (20).

3.2, Electron Microscopy

The parent Lal23 sample showed a twinned microstruc-
ture characteristic of the orthorhombic structure in the
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FIG. 2. Variation of the &, b, and ¢ parameters as a function of
nicke! content x in the LaBa,Cu; Ni 0.5 system.

123 system (21). The selected area diffraction patterns for
the LaBa,Cu, ¢Ni, 07, are given in Fig. 5. The diffraction
pattern along the [0 0 1] zone axis shown in Fig. 5a with
the relation g* = b* is indicative of the tetragonal structure
of the sample. The diffraction pattern for the same compo-
sition along the [0 1 0] zone axis is shown in Fig. 5b. The
relations 3¢* = 4™ exhibited by this pattern confirms the
layered triple perovskite structure. Figure 5¢ shows the
high-resolution lattice image indicative of the 11.7-A peri-
odicity. Thus, the electron microscopic results confirm
the tetragonal structure of LaBa,Cu, Niy ,05,5.
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FIG. 3. X-ray diffractograms of the LrBa,Cu,¢Niy 0.5 system of

oxides (L» = La, Pr, Nd, Sm, Gd, and Er).
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TABLE 2

Cell Parameters” and Oxygen Content” of Oxygen-Annealed LnBa,Cu, oNij ,0;, 5

Lattice constants (A) Cell
volume Oxygen 7,
System a h ¢ (A% content (K)
LaBayCu, (Ni 0115 3.917 3917 11.752 178.47 7.05 Metal
PrBa,Cu, yNig 075 3.895 3.912 11.778 179.46 6.75 Semic
NdBa,Cu, yNig Ores 3.896 3.896 11.698 177.59 6.72 55
SmBa,Cu; gNig 0725 1.842 3.903 11.704 175.50 6.77 65
GdBa;Cu, gNig (07 1.854 3.895 11.698 175.62 6.75 7
ErBa,Cu, oNig ;Or 3.823 3.885 11.663 173.22 6.78 71
LaBa,Cus gNig 1075 3.912 1.912 11.740 179.66 7.12 Metal
NdBa,Cu, ¢Nig ;075 3.908 3.508 1.721 179.10 6.93 20
SmBa,Cu, ¢Nip :0725 3.836 3.890 (1.624 173.45 6.89 35

% Accurate within =0.004.
b Accurate within +0.03.
¢ Semiconducting.

3.3. Thermal Desorption Studies

The oxygen desorption thermograms for the series
LaBa,Cu,_,Ni 0,., are given in Fig. 6. The activation
energies (£,) for oxygen desorption were obtained from
the Arrhenius plots (In(/) vs 1/T). The inset of Fig. 6 shows
the variation of E, as a function of nickel content x. The
activation energy as well as the peak temperature for
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FIG. 4. The variation of lattice parameters a, b, and ¢/3 as a function
of decreasing rare earth ion radius in the LaBa,Cu, ¢Nij ;0.5 System of
oxides. Inset shows the degree of orthorhombicity as a function of
lanthanide ion radius.

oxygen desorption decreased with increase in nickel
content.

3.4. Electrical Conductivity

The variation of the resistance of the samples LaBa,
Cu,_,Ni,O,.; is shown in Fig. 7. The inset shows the
variation of the room temperature resistivity of the sam-
ples as a function of nickel content. The sample with Ni
content x = 0.06 shows a T, of I8 K, whereas x = 0.1, 0.2,
0.3 members are all metallic down to 13 K. Nonresonance
microwave absorption studies confirmed the absence of
superconductivity in the samples with x = 0.1, 0.2, 0.3,
down to 4.3 K. The room temperature resistivity of the
samples increased with increasing nickel content. The
temperature variation of resistance of the LaBa,
Cu, gNiy ,0,_; system of oxides is given in Fig. 8. But for
LaBa,Cu, (Ni, ;05 and PrBa,Cu, ¢Ni, O;_;, which are
metallic and semiconducting, respectively, all the com-
pounds showed a superconducting transition fempera-
ture. The rare earth ion exhibits a marked influence on
the superconducting transition temperature; as the ionic
radius increased, T, decreased for the same Ni (x = 0.1)
concentration. The inset of Fig. 8 shows the variation of
T, of this series of compounds as a function of radius of
the lanthanide ion. Superconducting transition tempera-
tures of LnBa,Cu, ¢Ni, ,0,_;(Ln = Nd, Sm, and Y} indeed
confirmed such a trend, as can be seen from Table 2.

4. DISCUSSION

The orthorhombic to tetragonal structural transition in
Y123 can be induced by two effects: (a} the occupancy
of oxygen ions at the normally vacant O(5) (2 0 0) sites,
which can be achieved by substitution of a transition metal
ion preferring an octahedral coordination in the place of
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FIG. 5. Selected area dilfraction patterns for tetragonal LaBa,
Cu, gNig 0. along the (a) [0 0 1] zone axis and {b) [0 1 0] zone axis.
(¢} High-resolution lattice image showing the 11.7-A periodicity.

Cu(1), otherwise stabilized in a square planar configura-
tion. Such substitutional effects causing an orthorhombic
to tetragonal structural transition are generally observed
with the substitution of cobalt, iron, and aluminium in
Y123 (9-11). (b} Systematic removal of oxygen from the
b/2 (0 % 0) site associated with a plateau in the variation
of transition temperature against the oxygen deficiency.
This phenomenon has been extensively studied and is
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FIG. 6. Oxygen desorption thermograms for the LaBa,Cu;_ Ni 05,4
system of oxides. Inset shows the variation of oxygen content and
activation energy for oxygen desorption (E,) as a function of nickel
content x.

well understood (22). Going by the above arguments, if
the O-T structural transition is effected by the former
method, gradual substitution of a trivalent metal ion at
the Cu(1) site will lead to a corresponding increase in
the total oxygen content. This has been observed in the
present study in the Ni-substituted Lal23 as can be seen
in Table 1. Contrary to this, the oxygen content did not
exceed 7.00 in the case of nickel-substituted LnBa,Cu,_,
Ni,O;_; (Ln = Nd, Sm, Gd, and Er; x = 0.1, 0.2).
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FIG. 7. Temperature variation of resistance of the LaBa,Cu,_,
Ni,O;.;. Inset shows the variation of room temperature resistivity as a
function of nickel content r.
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FIG. 8. Temperature variation of resistance of the LnBa,
Cu, gNig 0.5 system of oxides. Inset shows the variation of the super-
conducting transition temperature T, as a function of the lanthanide
ion radius,

The site preference of nickel could be understood only
in terms of the influence of the rare earth ion in controlling
the oxygen chemistry and hence the stabilization of the
coordination polyhedra (of oxygens) preferred by the 3d
transition metal ions in variable valence states. In this
connection the control exhibited by the rare earth ion on
the diffusivity of oxygen in the @ — b basal plane of the
123 system can be accounted for by oxygen mobility, viz.
the ease with which oxygen could be reversibly interca-
lated in the system. So the [anthanum ion with a larger
ionic radius is expected to increase the size of the lattice
cage and hence enhance free diffusion of oxygen in the
basal plane, resulting in the filling up of vacant O(5) sites
to ultimately provide the octahedral environment required
by a transition metal ion at the Cu(l) site. The enrichment
of diffusivity of oxygen in the 123 system by a larger rare
earth ion in the place of yttrium has been recently verified
by relaxation studies on the longitudinal modes by ultra-
sonic composite oscillator measurements (23), where lan-
thanum has been shown to increase the diffusion coefTi-
cient (of O,) by about two orders compared to its yttrium
analogue. In the present study, excess oxygen due to Ni
substitution is nearly half of the Ni content (see Table
1}, indicating an oxidation state of Wi in the 3+ state,
analogous to Co substitution for Cu in Y123 (24). Such a
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modification of chemical pressure within the cell to stabi-
lize the 123 structure has been observed in the case of
the YSr,Cu;. M. 0O,,; (M = Co, Fe, Ga, Al, Mo, etc.)
system of oxides, where the substituent ion is known to
occupy the Cu(l) site (25-27). The gradual decrease in the
peak temperature, and the activation energy for oxygen
desorption with increasing nickel content in LaBa,Cu,_,
Ni, 0,5, Is consistent with this picture.

The effect of the rare earth ion size on the oxygen
diffusivity and hence the directivity on a particular substit-
uent ion to prefer a chain or a sheet site cannot be ascer-
tained without a detailed investigation involving different
rare earth ions. So our objective of varying the rare earth
ion in LnBa,Cu,_,Ni O,_; (x = 0.1, 0.2) was to study the
influence of rare earth ioens in modifying the chemical
pressure in the unit ceil. ANl the LnBa,Cu,_ Ni O,_; series
of oxides, except Ni-doped Lal23, crystallized in ortho-
rhombic structure, analogous to the doping of Niin Y123,
Properties of the LnBa,Cu,yNi, 0,5, system are similar
to those of the Ni-substituted Y123 system. T, of these
samples decreased with an increase in the lanthanide ion
radius for the same nickel content (see Table 2). This
behavior could be attributed to the influence of the rare
earth size as observed in the Ln,_ Pr.Ba,Cu;0,.; system
of oxides (28, 29). : :

The non-superconducting, metallic nature exhibited by
the higher nickel compositions in Lal23 are distinctly
different, since the transition metal substitutions in the
Y123 system studied hitherto showed mostly a gradual
transition from a superconducting to semiconducting state
without passing through an intermediate metallic state (2).
To our knowledge this type of behavior is unique among
the analogous systems, which can be attributed to the
presence of nickel ions in a 3+ oxidation state in the
Cu(l) site.

5. CONCLUSIONS

In conclusion we have shown that

(a) Due to the larger La®*" ion size, and an increase in
oxygen diffusivity, the LaBa,Cu;_ Ni O, system crys-
tallizes in tetragonal structure, where Ni*" ion is sug-
gested to occupy the Cu(l) sites,

{b) The LaBa,Cu, Ni O, (0.1 < x < 0.3) oxides are
metallic and non-superconducting down to 4.2 K, which
is attributed to the presence of Ni** ion at the Cu(l) site.

(¢) The structural and superconducting properties of
the LnBa,Cu;_ Ni, O, ; (Lr other than La) system of ox-
ides are analogous to those of nickel-substituted Y123.
The superconducting transition temperature decreases
with increasing rare earth ion radius. This behavior is
suggested to arise from the stabilization of the Ni** ion
at Cu(2) sites.
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