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Abstract

A novel series of the formula NdSrNi,_,Cu,O4_s were synthesized for various values of x ranging from 0 to 1 in 1 atm of O, gas
flow using conventional solid-state methods and were characterized by powder X-ray diffraction and electrical resistivity
measurements. The compounds have been shown to adopt the K,NiF-type structure. The oxygen stoichiometry of the compounds
was determined from thermo-gravimetric analysis (TGA). An analysis of the micro-structure of the neodymium strontium nickel
copper oxide is described. All the samples were semi-conducting from room temperature down to 77 K. The effect of Cu®”"
incorporation on the structural and electrical properties of NdSrNi;_,Cu,O4_s5, 0<x<1, are discussed in terms of Jahn—Teller
distortion of the (Ni/Cu)O¢ octahedra and mixed valence character of copper.
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1. Introduction

Many mixed oxides of the type 4,BO,4 (A =rare earth,
alkaline-earth; B=transition metal) crystallize with the
tetragonal K,NiF4-type structure (space group 14/
mmm). As shown in Fig. 1, the structure of 4,B0,4 can
be described as an ordered intergrowth of alternating
perovskite (4BO3) and rock salt (40) layers stacked
along the tetragonal c-axis. The BOg octahedra share
corners in the ab plane forming a two-dimensional array
of B-O-B bonds which is responsible for a variety of
interesting physical phenomena, as for example, the
anisotropic electrical transport and magnetic exchange
interactions [1,2].

Rare earth nickel oxides with the general formula
Ln,NiOy. s (Ln=La, Pr or Nd) are known to crystallize
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with K,NiF4-type structure. It is reported that
Nd,NiOy4 5 can have either monoclinic [3] or ortho-
rhombic symmetry [4]. The source of the structural
difference is unclear, it may be due to the
oxygen content or structural defects. It has also
been reported that NdSrNiOy4 has tetragonal symmetry
[5,6]. It was thought that the substitution of Nd by
Sr in Nd,NiO44s might induce a structural phases
transition from orthorhombic to tetragonal symmetry
leading to a mixed valence for the transition metal ion,
which would in turn induce interesting electrical and
magnetic properties in this system. The high tempera-
ture structural phase transition observed for
Nd,NiOy4 s at 847K was suppressed rapidly with the
incorporation of Sr*" in the structure. All the members
of the solid-solution series of Nd,_  Sr,.NiO4s5, 0<x<1
are semi-conducting down to 10K, except for
NdSrNiOy4, which undergoes a metal to semi-conductor
transition at 190 K [7].


www.elsevier.com/locate/jssc

4068 H. Chaker et al. | Journal of Solid State Chemistry 177 (2004) 4067-4072

Fig. 1. Tetragonal K,NiF,-type structure of NdSrNi;_,Cu,O4_s,
0<x<l.

New interest in compounds of the formula Ln,CuO,
(Ln=1lanthanide) has been generated by the discovery of
high-temperature superconductivity in doped La,CuOy,
[8]. The superconducting properties of this compounds
generally have been considered to be dependent on the
oxygen stoichiometry of the material and/or a varia-
bility of valencies of the Cu atoms [9].

Because of the isotypies in the structures of La,NiOy4
and La,CuO, (the parent compound of the discovered
high temperature superconducting cuprate family), as
well as reports of possible superconductivity in
La,_,Sr.NiOy4s [10], recently several studies have been
carried out on the structural and physical properties of
Nd,_,Sr,NiO4,5 in order to better understand the
nature of these rare earth nickelates, in addition to the
structurally related superconducting cuprates [7,11-15].
A systematic substitution of Ni by Cu has not yet been
reported. The aim of this work is to investigate the effect
of cupper incorporation on the structural, micro-
structural and physical properties of NdSrNi;_,
Cu,O4_s, 0<x<1 system.

In this work, we have synthesized new compounds in
the NdSrNi;_,Cu,O4_s5, 0<x<1, system. We report
here some preliminary results of powder X-ray diffrac-
tion, thermo-gravimetric analysis (TGA) and resistivity

measurements. In addition, a short description of the
mean crystallite sizes and anisotropy is given.

2. Experimental

Solid solutions of NdSrNi;_,Cu,O4_s, 0<x <1, were
prepared in polycrystalline form by conventional solid-
state methods. Prior to use, Nd,O3 (Aldrich 99.99%)
was calcined at 1100°C for 9h in air to remove any
hydrogeno-carbonate impurities. NiO and CuO (Al-
drich 99.99%) were used as obtained. Stoichiometric
amounts of Nd,O;, SrCO;, NiO and CuO were
thoroughly ground together and calcined at 950 °C for
24-36h in 1 atm of O, gas flow in order to reach oxygen
stoichiometry. The powders were finally uniaxially cold
pressed into pellets and sintered at 1150°C for an
additional period of 4 days usually with two intermittent
grindings. The samples were cooled to 600°C in the
furnace before being quenched to room temperature.
Powder X-ray diffraction data for the six samples
(x=0,0.2,04, 0.6, 0.8, and 1) were collected at room
temperature using a Siemens D500 diffractometer, with
a monochromatic CuKo; radiation (1= 1.54056A)
obtained with an incident-beam curved germanium
monochromator. Data were collected with a 0.02° step
260 width and 50s counting time per point over a 26
range from 12° to 62° and for 100s over a 20 range from
62.02° to 114°. Data are then normalized to a constant
acquisition time and count e.s.d.’s calculated conse-
quently. The pattern matching and Rietveld refinements
were performed with FULLPROF [16].

Micro-structural features have been evaluated from a
whole diffraction pattern profile analysis, using recent
developments implemented in the Fullprof program
[17]. Describing instrumental and intrinsic profiles by
normalized Voigt function (convolution of Gaussian
and Lorentzian functions), size and strain effects are
separated from a whole profile pattern analysis based on
different angular dependence of the Gaussian and
Lorentzian full-width at half-maximum (Hg and Hp,
respectively) of the sample profile, following these
equations [18]:

Gsize—iso

2 2 2
HG = (US“’aiﬂ'iSO + (1 - g)Dstrain-aniso)lg 0+ cos2 0’

Hi, = (X strain-iso + éDstrain-aniso)lgo
Ysize-iso + Fsize-aniso

cos 0

>

where U, X, &, G and Y are refinable parameters, and D
and F are analytical functions, depending on a set of
additional refinable parameters, to model %k /-depen-
dent line broadening due to strain and size effects,
respectively. NIST reference LaBs powder was used as
standard to determine the instrumental resolution
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function (IRF) of our diffractometer, obtained using
single line profile fitting facility implemented in Win-
PLOTR [19].

The total oxygen content of the samples was
determined by hydrogen reduction in a TGDTA 92-
SETARAM thermo-gravimetric analyser (TGA). The
sample was heated in an alumina pan, in flowing 5% H,
in N, gas (flow rate=1.5L/h) from room temperature to
1100 °C at a rate of 10 °C/min.

Electrical direct current resistivity measurements were
carried out on sintered pellets in standard four-probe
configuration using Van der Pauw method [20]. Mea-
surements were performed in the temperature range
77-300 K during cooling the sample in liquid nitrogen.

3. Results and discussion
3.1. Structural study and oxygen stoichiometry analysis

The preparation of the solid solution NdSr
Ni;_Cu,0O4_s was attempted in the range 0<x<I.
Particular compositions have been synthesized: x = 0.0,
0.2, 0.4, 0.6, 0.8 and 1.0 leading to X-ray single phase
specimens.

In order to study the wvariation in the oxygen
deficiency as function of copper content we have carried
out TGA studies in hydrogen/nitrogen atmospheres. A
common feature in the reduction curves for all
compositions was the observation of a step-like beha-
vior. This kind of broad plateaus in the weight-loss
curves are generally associated to the stabilization of
several phases with varied oxygen stoichiometry during
the reduction process [21]. Oxygen contents are calcu-
lated for all compositions from the weight loss values,
assuming Nd,Os3, SrO, and metallic Ni/Cu as final
products. A representative relative weight loss curve for
NdSrNig §Cug,04_s is illustrated in Fig. 2. As can be
seen, the reduction phenomena consists of three steps.
Same behavior is observed for all mixed neodymium
strontium nickel copper oxides. To assign the weight
loss accompanying each cation reduction, limit compo-
sitions of the solid solution NdSrNiO4_s and
NdSrCuO4_; have been also studied. This relative
weight loss is additionally represented in Fig. 2. In the
case of NdSrNiO,4_s, the reduction process is repre-
sented in two steps and interpreted as reduction of Ni* "
to Ni*" in a first step and then Ni*" to Ni” in a second
one. It is in contrast to the case of NdSrCuQO,_; in which
the reduction phenomena is characterized by one step in
the weight loss curve. Moreover, the measurement of the
thermal signal indicates for NdSrNiOy4_s the presence of
exothermic phenomena at the first step and endothermic
phenomena at the second one. On the contrary, the
reduction of NdSrCuO,4_; was characterized by only
one endothermic phenomena. Considering the bi-sub-
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Fig. 2. Relative Weight-loss curves for NdSrNiggCuy,04_s,
NdSI'NiO4,(5 and NdSrCuO4,5.

stituted compound NdSrNi, gCug »,04_s, the first step of
reduction is accompanied by an exothermic phenomena
(AH <0), which can be attributed to the Ni*" - Ni**
reduction. The two others steps are associated with two
endothermic phenomena (AH > 0) without possibility to
attribute the corresponding reduction phenomena to
Ni?* - Ni” or Cu?" - Cu® reductions.

In addition, we note that the temperature of the
reduction thresholds is systematically lowered for the
bi-substituted compound compared with those of
NdSrNiO4_; and NdSrCuO,4_;. This behavior can be
related to an effect of mixed cation.

The relative weight loss, oxygen content and the
copper valence calculated assuming nickel in trivalent
state are given in Table 1 for all compositions. As shown
in Fig. 3, the oxygen deficiency (J) is increasing quiet
linearly with increasing copper content.

Profile analysis of X-ray diffraction patterns for all
compositions has been performed on the basis of a
tetragonal system (space group I4/mmm).

The lattice parameters deduced from this whole
pattern profile refinement (“‘pattern matching” mode
in FULLPROF) of the X-ray data are presented in
Table 2. The unit cell parameters for the end members
(x=0 and 1) agree well with those reported in the
literature [14,22]. A final fit for NdSrNij gCug,04_s is
displayed in Fig. 4.

The evolution of the cell parameters with the copper
content x, shows the presence of a change in behavior
both for a and ¢. The major one occurs with the ¢
parameter, which increases from 12.2971(2) to
12.8641(2)A versus increasing copper content. These
trends in the ¢ cell parameter can be attributed to the
Jahn—Teller distortions of the Cu?" ion. According to
S.C. Chen et al. [23], Ni'" adopts the £ d\_,d%
configuration in the NdSrNiO, compound. Partial
substitution of Ni** by Cu®", which presents usually



4070 H. Chaker et al. | Journal of Solid State Chemistry 177 (2004) 4067-4072

Table 1
Relative weight loss, oxygen content and copper valence for all
compositions

Copper content Relative weight Oxygen Cu
(x) loss (%) content valence
0.0 6.75(1) 3.995(8) —
0.2 6.55(1) 3.951(7) 2.51(7)
04 6.25(1) 3.885(9) 2.43(4)
0.6 5.98(1) 3.826(6) 2.42(2)
0.8 5.70(1) 3.764(7) 2.41(1)
1.0 5.43(1) 3.703(8) 2.40(2)
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Fig. 3. Variation of oxygen deficiency () as a function of x in
NdSrNi;_,Cu,O4_s. Continuous line is a guide for the eye.

the tggdgzdi,z_yz configuration in tetragonal symmetry,
causes an increase only of the ¢ parameter due to the
increase on electron quantity in the ¢ direction. The
slight decrease in the ¢ parameter is well explained by
the mixed valence of copper. Indeed the Cu®" adopts

6 72 40
the 1§,d%.d

w2 with deficiency of one electron in the @

and b directions comparing with Cu®?" cation. This

result is in good agreement with the assumption of Ni**
oxidation state and the Cu®* /Cu® " mixed valence when
analyzing the content of oxygen.

The stability of the NdASrNi;_,Cu,O4_s5, 0<x<1,
compounds having K,NiF4-type structure can be
discussed in term of the value of the tolerance factor
defined by Goldschmidt [24,25] as

(rag+ F 72+ )/(2) + Fo-

t= .
V2[(1 — X+ + Xreger + For-]

The K,NiF4-type structure is stable over the range
0.866<t<1. The T (tetragonal) structure exists for
0.88<¢<0.99 and the T/O (tetragonal/orthorhombic)
structure is present for 0.866<7<0.83. Based on
Shannon’s ionic radii [26], (ryg+ = 1.163A, rgor =

Table 2

Unit cell parameters for mixed oxides in NdSrNi;_,Cu,O4_s, 0<x<1

Copper a parameter ¢ parameter  Tolerance Structure

content (x) (A) (A) factor

0.0 3.7963(1) 12.2971(2) 0.951 T

0.2 3.7754(3) 12.4720(4) 0.935 T

0.4 3.7745(1) 12.5893(3) 0.919 T

0.6 3.7639(3) 12.6933(1) 0.904 T

0.8 3.7584(2) 12.7541(1) 0.889 T

1.0 3.7441(2) 12.8641(2) 0.875 T/O

NdSrNi0.8Cu0.204
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Fig. 4. Observed (crosses), calculated (continuous line) and difference
X-ray diffraction patterns for NdSrNiygCu,04_s. Vertical tics are
related to the Bragg angles positions in [4/mmm space group
(R, =3.9%, Ryp =4.9% and 3> = 1.9).

1.31A for CN=9 and r+ = 0.56 A, in low spin case,
Fer = 0.73A for CN=6), the calculated tolerance
factors of NdSrNi;_,Cu,O4_s are = 0.951, 0.935,
0.919, 0.904 and 0.889 for x =0.0, 0.2, 0.4, 0.6 and
0.8, respectively. All these values are included in the
tetragonal symmetry stability range. At this opposite, for
the NdSrCuOy4_s compound (¢ = 0.875), one can deduce
structural distortion from the ideal tetragonal symmetry.

Rietveld refinements for x = 0.2 have been realized
and confirm the K,NiF4-type structure. Structural
refined parameters are summarized in Table 3. Oxygen
stoichiometry has been fixed to the value previously
determined from TGA, with oxygen deficiencies ran-
domly distributed in both anionic sites.

3.2. Micro-structure

Detailed examination of the diffraction profile for all
composition evidenced some anisotropic line broad-
ening, i.e., ik/ dependent broadening. Whole pattern
refinement method implemented in Fullprof has been
applied to take into account these line expansion.
First refinements have been realized, modeling these



H. Chaker et al. | Journal of Solid State Chemistry 177 (2004) 40674072 4071

Table 3
Refined atomic parameters for NdSrNig gCug 03 95

NdSrNiO.gCLl(u)lO:;.gS 14/)’}1}’}’"7’2;c
a=3.775403)A, ¢=12.4721(2)A

Atoms Wyckoff x y z Biso (Az) Occupation
positions

Nd/Sr 4e 0 0 0.3608(1) 0.46(3)  0.5/0.5

Ni/Cu 2a 0 0 0 0.48(6)  0.8/0.2

Ol 4c 0 12 0 0.8* 0.988

02 4e 0 0 0.1695(6) 0.8* 0.988

R factors %

Ry 7.7

R, 4.6

Ryp 6

Rexp 3.6

2 2.7

=X

“Fixed parameter.

Table 4
Mean crystallite size and size anisotropy for x = 0.0, 0.2, 0.4, 0.6, 0.8
and 1.0, as determined from whole profile analysis

Mean apparent size (nm)

x=0.0 29 (18)*
x=02 68 (23)*
x=04 102 31)*
x=0.6 127 (54)
x=08 155 (68)"
x=10 229 (74)*

4Size anisotropy.

anisotropic line broadening by size effects, described by
linear combination of spherical harmonics. Table 4 give
the mean apparent size calculated by this approach, and
the corresponding size anisotropy. A general trend can
be extracted from these values, i.e., a particles size
increase with increasing copper content. The same
tendency was observed with scanning electron micro-
scopy (SEM). Fig. 5 shows SEM micrographs of the six
samples with the same scale. The study of the micro-
structural features of NdASrNi;_,Cu,O4_s5, 0<x<]1,
oxides obtained by solid-state reaction, has demon-
strated the usefulness and consistency of the two
methods for micro-structural characterization.

3.3. Electrical properties

Electrical  resistivity =~ measurements of NdSr
Nij_,Cu,O4_s5, 0<x<1, show that all the members
of the solid solution are semi-conducting in the
studied 77-300K temperature range. The resistivity p
has been fitted wusing the Arrhenius equation
(1/p) = (1/py)exp(—Eg/2kgT), which can describe a
simple semi-conducting behavior. The variation of
Logp versus 1/T for all compositions, is plotted in

NdSrNip,Cug 04 5 NdSrCuQ, 5

Fig. 5. SEM for NdSrNi;_,Cu,O4_s (x = 0.0, 0.2, 0.4, 0.6, 0.8 and
1.0).

—r=NdSENIO |
—»=NdSrNi, Cu, O,

i NdSINi, Cu, 0,

s —r=NdSeNi, Cu, O

] NdSeNi, Cu, O,
—«—NdSrCuO,,

Log Resistivity (ohm.cm)
FS @
1 L

e ————

___.._-.-—..-.._....-—---

L) . L L L hd T ¥ L) ¥ T v’ T
2 4 6 8 10 12 14 16 18
1000/T(K)

Fig. 6. Temperature dependence of Log p for x = 0.0, 0.2, 0.4, 0.6, 0.8
and 1.0 in NdSrNi;_,Cu,Oy4_;.

Fig. 6 and shows that the electrical resistivity increases
with increasing copper content.

The room temperature resistivity (pr) values as a
function of copper content x are presented in Fig. 7. As
can be seen, the room temperature resistivity is constant
up to x ~ 0.4, then increases rapidly with x, i.e., when
the formal valence of copper decreases. According to
Arbuckle et al. [7], the half-filled 6%, ,band is respon-
sible for the metallic behavior of) the NdASrNiO4
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Fig. 7. Room temperature electrical resistivity as a function of Copper
content in NdSrNi;_,Cu,O,4_;s. Continuous line is a guide for the eye.

compound. In the present work, when substituting Ni* "
by Cu?*/Cu®" (electronic configuration zggd; d',l(z,yz/
tqufzdngyz) the half-filled 07, , band changed progres-
sively to a filled o7, band due to the presence of Cu’*
cation and consequently the resistivity increases with the
incorporation of the Cu?"/Cu’®* cation.

4. Conclusion

In summary, we have synthesized by solid-state
reaction a new solid solution of NdSrNi;_,Cu,O4_s,
0<x<1, compositions, and studied their structural and
electrical properties. Refinements of powder X-ray
diffraction data show that these phases crystallize in
the tetragonal K,NiF4-type structure (/4/mmm space
group) as predicted from tolerance factor consideration.
Oxygen content deduced from TGA under reducing
atmosphere indicated substantial deviations from the
ideal values with the incorporation of Cu?*/Cu’”"
cation in the structure. A neutron powder diffraction
study is now in progress to determine accurately oxygen
positions and stoichiometry. The a and ¢ unit cell
parameters values displayed variations with increasing
copper content, suggested from the Jahn—Teller distor-
tions and presence of the mixed valence of the
Cu?t/Cu’®" ions.

An analysis of the micro-structure of NdSrNi;_,
Cu,0O4_;5, 0<x<1, has been studied, and the crystallites
sizes were deduced from X-ray diffraction profile
refinement. The results mentioned that the crystallite
size increases with copper content. The micro-structural
results obtained from profile analysis of diffraction
patterns are in agreement with those observed by
scanning electron microscopy.

Electrical resistivity measurements indicated a gra-
dual change in the transport properties from metallic in

NdSrNiQO4_; to semi-conducting behavior with progres-
sive increase of Cu®*/Cu®" content.
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