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A STRUCTURAL STUDY OF Ni-SUBSTITUTED Pb,Sr,YCu;05, 5
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Novel Pb,Sr,YCu;_,Ni, Oy materials have been obtained. By means of powder neutron diffraction a structural study of a sam-
ple with x=0.8 was performed. Ni cation substitutes approximately 27% of copper ions scattering entering the Cu(2) positions
and forming (Cug ¢Nig 4)O; planes. The crystal structure is described in the space group Cmmm.

1. Introduction

Cava et al. [1] and Subramanian et al. [2] have
reported the discovery of a new family of “layered”
copper oxides showing a superconducting transition
at about 70 K and general formulae
Pb,Sr,A, _,Ca,Cu;035,.5 (A: rare-earth, 0<x<0.5).
Superconductivity is acquired in Pb,Sr,ACu;04., s
by partial substitution of a divalent ion (Ca or Sr)
on the rare-earth site.

These compounds have a great interest due to the
wide range of possible metal substitution and oxygen
stoichiometry which is similar to that observed in
the YBaCuO family. Moreover the presence of a lone
pair on the Pb ion originates structural distortions.

The structure has been analyzed by both X-ray
single crystal data and neutron powder diffraction.
Cava et al. [1,3] have refined the structure on the
C-centered group Cmmm and unit cell ﬁapx
\/5 a, Xc; however, the non-centered tetragonal
group P4/mmm and the unit cell a,Xa,Xc¢ (ob-
tained by rotating 45° around c¢) was used by Sub-
ramanian et al. [2].

Although these refinements yield essentially the
same structure, the origin of the orthorhombic dis-
tortion is not yet clear. Cava et al. [3] propose as an
explanation the irregular coordination of the Pb(II)
cation due to the lone pair. However on such a basis
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it is not obvious why the a- and b-axes are not equal.

More recently electron diffraction and high reso-
lution electron microscopy  studies on
Pb,Sr,Y,_,Ca,Cu;0;., s samples [4,5,6] have shown
both a complex microstructure (intergrowth, stack-
ing faults, antiphase boundaries, etc.) and a system-
atic violation of the C-centering (very weak but well
defined (4k0) spots with h+k=o0dd); this suggests
that regular, well ordered, atomic displacements
could be the origin of the orthorhombic distortion.

In order to understand more deeply the structural
features of this material, we have started a system-
atic study of metal substitutions. In this connection,
nickel appears as an interesting first choice since in,
for example, Ba,YCu;0, it appears to be one of the
cations whose substitution is less damaging for the
superconducting properties [7].

We report in this paper the results of a neutron dif-
refinement for the - composition
Pb,Sr,YCu, ;NigsOs. This was the composition
having the maximum amount of nickel under the
synthesis conditions employed.

2. Experimental

Samples with nominal compositions
Pb,Sr,YCu;_ Ni,Og (0<x<1) were prepared us-
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ing the two-step procedure described by Cava et al.
[1]. The appropriate quantities of Sr(CH;COOQ), 1/
2H,0, PbO, CuO, NiCO;-Ni(OH), -H,O (Merck
a.r.) and Y,0; (Research Chemicals) were fired at
890°C in flowing pure N, or O,/N, (1% O,) gas
stream.

Magnetic susceptibility down to 4.2 K was mea-
sured using an ASMI magnetometer at minimum
magnetic field 14 kG, HdH/dz=29 kG?/cm.

X-ray powder diffraction was performed on a Sie-
mens D-500 apparatus, using Cu Ko radiation.

Neutron powder diffraction measurements were
made at 255 K and at 1.5 K with the high resolution
D2B Diffractometer at the Institute Laue-Langevin
(Grenoble). Neutrons of wavelength 1.5945 A were
selected for the experiments. The sample container
was a vanadium can of about 1 cm in diameter and
5 cm length, and the data were collected in the an-
gular range 3°-140° (26 angles) in steps of 0.05°.
The structure was refined using the Rietveld method
[8] with a modified version of the DBW 3.2 Wiles
and Young program [9], which allows simultaneous
refinement (and quantitative phase analysis [10])
of eight structures and the background. Neutron
scattering amplitudes employed were [11]:

H(Pb) =0.9400X 10~'2 cm b(Sr) =0.7020% 10~'2 cm
B(Y) =0.7750X 102 cm b(Ni)=1.0300x 102 cm
B(Cu)=0.7718X 10~ "2 cm b(0) =0.5805% 10~'2 cm

The peak shape function used was a pseudo-Voigt
one with an asymmetry correction for 26 angles be-
low 50°. In the final step of the refinement, all struc-
tural and profile parameters were refined simulta-
neously. Refinement was terminated when the shifts
for all parameters were less than 0.30.

3. Results and discussion

The purest sample containing a significant amount
of Ni, with nominal composition Pb,Sr, YCu,NiOs. 5,
was chosen for the neutron experiment. Powder X-
ray diffraction showed that this sample contained a
small amount of unreacted NiO. Magnetic suscep-
tibility measurements of the same sample did not
show any superconducting transition down to 4.2 K.
The lattice parameters obtained from X-ray diffrac-

tion experiments are a=5.404(5) A, b=5.436(4) A
and ¢=15.697(7) A. As the orthorhombic distor-
tion is very small (200(a—>b)/(a+5b)=0.59) the
tetragonal group P4/mmm with the unit cell
a, X a, X ¢ was attempted. The starting structural pa-
rameters used in the neutron diffraction refinement
were those reported by Cava et al. [3]. In three suc-
cessive refinements the Ni atoms were located in the
Cu(2), in the Cu(1) planes and randomly distrib-
uted among them (see fig. 1), respectively. The re-
sults of this refinement suggest that Ni replaces the
Cu(2) ions, i.e. it is located in the Cu-O, planes.
On the other hand, the thermal parameter for the
oxygen in the Pb-O plane is rather high (7.2 A?):
this could indicate disorder of these atoms. Never-
theless, if the refinement is made with the oxygen
atoms split, although the thermal parameter gets
lower, the R-factors are not better. Moreover the
peaks are abnormally wide suggesting that the sym-
metry may be lower than tetragonal. Therefore the
Cmmm group with O(2) in the (00Z) special site
was attempted. With this model, the O(2) thermal
parameter is still high, but it decreases (0.42 A?)
when oxygen atoms are split. Hence, the displace-
ments of O(2) atoms from the ideal positions ap-
pear to be an essential feature of this material, yet
the Pb-ions are located in their ideal positions.
Figure 2 shows the experimental and calculated

Fig. 1. Schematic representation of the structure of
Pb,Sr,YCu30;., 5 Ytrium and strontium ions have been omitted
for clarity.
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Fig. 2. Experimental and calculated neutron diffraction patterns of Pb,Sr,YCu, ;NigOg at 1.5 K. Peaks corresponding to NiO ahd

unknown impurities are also indicated.

Table I

Structure parameters for Pb,Sr,YNig sCu, ;05 at 1.5 K and 255 K.

(a) T=1.5K, SG: Cmmm, Z=2, a=5.3956(2) A, b=5.4310(2) A, c=15.6573(7) A.

Atom Site x/a y/b z/c B(A?) occ.
Pb 4 1/2 0.0 0.3881(3) 0.67(6) 1/4
Sr aK 0.0 0.0 0.2199(2) 0.31(8) 1/4
Y 2a 0.0 0.0 0.0 0.14(7) 1/8
Cu(1) 2d 0.0 0.0 1/2 0.60(6) - 1/8
Cu(2) 4 1/2 0.0 0.1072(3) 0.41(5) 0.15(1)
Ni 41 1/2 0.0 0.1072(3) 0.41(5) 0.10(1)
o(1) 4 1/2 0.0 0.2489(6) 1.11(8) 1/4
0(2) 16r 0.050(2) 0.064(2) 0.3816(6) 0.13(6) 1/4
0Q3) 8m 1/4 1/4 0.0924(3) 0.60(7) 1/2
Ry=7.22, Ryp=9.18, Rg=10.6, R.,,=2.61, x?=12.3.
(b) T=255K, SG: Cmmm, Z=2, a="5.4035(3) A, b=5.4386(3) A, c=15.6965(8) A.
Atom Site x/a y/b z/c B(A?) occ.
Pb 4 1/2 0.0 0.3868(3) 1.14(8) 1/4
Sr 4k 0.0 0.0 0.2193(3) 0.39(9) 1/4
Y 2a 0.0 0.0 0.0 0.40(9) 1/8
Cu(l) 2d 0.0 0.0 1/2 1.10(8)  1/8
Cu(2) 41 1/2 0.0 0.1092(3) 0.74(7) 0.15(1)
Ni 4l 1/2 0.0 0.1092(3) 0.74(7) 0.10(1)
o(1) 41 172 0.0 0.2504(6) 1.11(8) 1/4
0(2) 16r 0.047(2) 0.071(2) 0.3846(6) 0.42(6) 1/4
0(3) 8m 1/4 1/4 0.0937(2) 0.82(5) 1/2

R,=7.64, R,,=9.74, Rg=9.68, Rerp=5.27, x?=3.41.
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neutron diffraction patterns at 1.5 K and 255 K. Both
“Pb,Sr,YCu,NiOg, 5~ and small amounts of NiO are
present. Magnetic ordering has not been observed.
The only effect of the temperature is that the thermal
expansion is more important along the c-axes than
on the ab-plane, as expected in view of the “lamel-
lar” nature of this structure.

Structural parameters are collected in table I. The
calculated composition is Pb,Sr,YCu, ,NiggOs0.
Neither cationic nor anionic vacancies are detected.
On the other hand, no extra oxygen has been de-
tected in the (4, 0, 0) sites, so that the Ni atoms do
not appear to be in octahedral coordination as is the
case in, for example, La,NiQO,. There is no extra ox-
ygen in the Cu(1) planes either, so that the oxygen
content is close to eight. The Ni content is in agree-
ment with the quantitative phase analysis, 20% of
the initial NiO remaining unreacted. If we consider
the formal valences Y3+, Cu(1)™*, Cu(2)%*, Pb**
and O?-, the oxidation state of Ni becomes (+2).
This is in agreement with the calculation of the ef-
fective valence of the Ni ion from the Ni-O dis-
tances. Using the Brown and Altermatt method [12]
the value found is 2.07. In the Pb site the corre-
sponding value is 1.96, but for Cu(1) and Cu(2) the
calculated values are higher than 1 and 2, respec-
tively, 1.19 and 2.21; whether this is the reason for
the material not being a superconductor remains to
be seen. These values are similar to those reported
by Cava et al. [3] which are in fact not consistent
with the oxygen content obtained in the structural
refinement. Obviously, the effective valence calcu-
lation is often not more than a crude approximation.

Table II shows the main interatomic distances and
angles. It can be deduced that the yttrium ions are
surrounded by eight oxygen atoms located at the cor-
ners of a tetragonal prism. Both Cu(2) and Ni are
located in elongated, square-based pyramids. These
coordination polyhedra are a common feature of
most copper oxide based superconductors. Sr atoms
are coordinated to nine oxygen atoms forming a dis-
torted polyhedron. The displacement of O(2) in the
ab-plane from the ideal position (00Z) produces a
strong distortion on the local neighborhood. In the
coordination polyhedron of Pb there are three shorter
distances. Cava et al. have suggested that the lone
pair of Pb?* pointing towards the plane defined by
the three nearest oxygens is responsible for the dis-

Table II
Bond length (in A units) and angles for Sr,Pb,Y Cu, ,Nig ¢;05 at
1.5K and 255 K.

T=15K T=255K

Pb-O(1) 2.18(1)x1 Pb-O(1) 2.14(1)
~0(2) 2.46(1)x1 -0(2) 2.48(1)
~0(2) 2.99(1)x1 -0(2) 2.98(1)
~0(2)  2.384(8)x1 -0(2)  2.365(9)
~0(2) 3.078(8)x1 -0(2) 3.138(9)
Sr-O(1)  2.736(2) X2 Sr-O(1)  2.746(2)
~0(1)  2.753(2)x2 -0(1) 2.783(2)
-0(2) 2.57(1)x!I ~0(2) 2.636(1)
~0(3) 2.766(8)x4 -0(3) 2.755(8)
Y-O(3) 2.399(6)x8 Y-0(3) 2.422(6)
Cu(1)-0(2) 1.905(9)x2 Cu(l)-O(1) 1.87(1)
Cu(2)-O(1) 222(2)x1  Cu(2)-O(1) 2.216(1)
-0(3)  1.928(2)x4 -0(3) 1.939(2)

Angle O(2)-Cu(1)-0(2) 153.3(2)  151.4(4)

158.9(4)  156.1(4)

163.9(3)  164.5(4)

180.0(1)  180.0(1)

torted coordination. The displacements of the oxy-
gen atoms in the Pb-O planes could produce an av-
erage linear or angular coordination on Cu(l).
However, a probably linear randomly oriented co-
ordination appears more likely since an angular ox-
ygen di-coordinated copper seems to be unusual
[13], while linearly coordinated copper has previ-
ously been observed in other related materials (e.g.
YBa,Cu;0¢ [14], Ba,Y.CusOy5 [157).

In order to clarify the coordination of Cu(1) and
to explain the C-centering violation (closely related
to the orthorhombic distortion ), we have also tested
the models proposed by Zandbergen et al. [5]:

1) Tilt of the CuOs pyramids. Two space groups
(Pmam(standard Pmma) and Pman(standard
Pmna)) can be used for describing the structure
originated by the tilt (fig. 3). The refinement on both
space groups using the unit cell ( ﬁap x\/iap Xc)
yields too high values of R-factors. Oxygen thermal
parameters for the CuOs pyramid are also abnor-
mally high. This indicates that the CuO; pyramids
are not tilted, so that this cannot be the origin of the
orthorhombic distortion.

ii) Shift of the oxygen atoms in the Pb—O layer.
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Fig. 3. Structural models originated by tilting of CuO, pyramid. (a) Space group Pmma, (b) space group Pmna.

The ordered displacement of the oxygen in the Pb~
O layer and the structural model proposed by Zand-
bergen et al. (\/Eap X ﬁap X ¢) are shown in fig. 4.
The structural refinements of this model on the
Pmam(Pmma) and Pman(Pmna) groups with the
oxygen displacements restricted to the (} Y Z) and
(0 Y Z) planes, respectively, are not better than the
ones obtained using the Cava et al. model. The same
oxygen displacements can be described with a C-cen-

o © O O

Fig. 4. Structural models originated by oxygen ordered displace-
ments in the Pb-O layer.

tered unit cell (2a,%X2a,Xc), see fig. 4) and Cmmm
and Cmma space groups. Using these space groups
does not improve the refinement.

4, Conclusions

The introduction of Ni ions substituting copper
cations in Pb,Sr,YCu,0s, s takes place in the Cu(2)
positions. No ordering between Ni and Cu ions in
these planes has been observed. The oxidation state
of Ni appears to be (+2); correspondingly, the ox-
ygen content is not altered by such a substitution.
The only way for changing the oxygen content using
Ni introduction would be to achieve a substitution
degree higher than 60%, since then the Ni(II) ions
would have to be introduced in the Cu(1) positions
and this may force a higher oxygen content. Alter-
natively, an oxidation in flowing oxygen could be
done, but the treatment conditions have to be well
defined to avoid the oxidation of lead.

Although the displacement of oxygen atoms in the
Pb-O planes could be ordered, this ordering is prob-
ably short range. The size of the domains is, how-
ever, large enough to be observed by transmission
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electron microscopy like a violation of the C-cen-
tering. Disordering of these domains forces the
structure to be described in the Cmmm group with
the O(2) split among the (XYZ) site.

This new Ni-doped material does not show a su-
perconducting transition; yet this compound ap-
pears to be worth further study for a number of rea-
sons. The Pb,Sr,YCu;_ ,Ni Oz, s family has indeed
good qualities for studying both differences and sim-
ilarities between Cu and Ni compounds. Introduc-
tion of oxygen in the Cu(1) planes, oxidation of Ni*?
to Ni*3, Cu*? to Cu*?, ..., would be an interesting
test of the capabilities of this system. Studies in this
way are in progress.
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