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Structural phase transition of La2−xNdxNiO4+δ (0.0≤ x ≤ 2.0)
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Abstract

Crystal phases, crystal systems, lattice constants, and thermal properties of La2−xNdxNiO4+δ (0.0≤ x ≤ 2.0, 0.11≤ δ ≤ 0.22) have been
studied up to 1073 K to examine the orthorhombic–tetragonal phase transitions of La2NiO4+δ and Nd2NiO4+δ. The crystal phase at room
temperature of La2−xNdxNiO4+δ is settled by thex-value and the thermal history of the sample. A tetragonal phase is found atx ≤ 0.75 for a
quenched sample and atx ≤ 0.50 for an annealed one, and an orthorhombic phase is, respectively, found atx > 0.75 and atx > 0.50. The (b–a)
and theδ values at room temperature of La2−xNdxNiO4+δ are also settled by thex-value and the thermal history of the sample. Both (b–a)
andδ values of an annealed sample are larger than the values of the corresponding quenched one. Although theδ-value at room temperature
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aries according to thex-value and the thermal history of the sample, theδ-value at phase transition temperature is∼0.15. A sample is in th
rthorhombic symmetry atδ > 0.15 and in the tetragonal one atδ ≤ 0.15. The orthorhombic–tetragonal phase transition of La2−xNdxNiO4+δ is
aused by the decrease of theδ-value due to the increase of temperature. No phase transition is expected for La2NiO4+δ, because theδ-value of
a2NiO4+δ at room temperature is less than 0.15. Because a length ofa-axes of the orthorhombic phase decreases with increasing theδ-value,

he orthorhombic phase is expected to be formed by a tilt of the NiO6 octahedra parallel to thea-axis induced by the interstitial oxygen.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Only three compounds are now available as Ln2NiO4+δ

Ln = La, Pr, or Nd). At room temperature, La2NiO4+δ is in
he orthorhombic symmetry[1] or in the quasi-tetragonal
ymmetry [2,3], while Pr2NiO4+δ and Nd2NiO4+δ are in
he orthorhombic symmetry[3]. A phenomenon commonly
ound in these compounds is the existence of the excess
xygen, that is,δ in Ln2NiO4+δ [4]. The crystal system
f Ln2NiO4+δ will be settled by theδ-value and the ionic
adius of the lanthanide ion. In Ln2NiO4+δ, La and Nd exist
s Ln3+, but Pr exists as Pr3+ or Pr4+. The properties of
r2NiO4+δ [5] are differing from the properties of La2NiO4+δ

nd Nd2NiO4+δ, because Pr4+ is in the crystal. For discussing
he effects of theδ-value and the Ln3+ radius on the crystal
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system, the existence of Pr4+ in the crystal will complicat
the discussion.

In this study, solid solutions of La2−xNdxNiO4+δ

(0.0≤ x ≤ 2.0) were prepared, and the crystal phases o
solid solutions were examined. The effects of theδ-value and
the Ln3+ radius on the crystal system of Ln2NiO4+δ are dis-
cussed with the successive data of the solid solutions
orthorhombic–tetragonal phase transition of La2NiO4+δ is
considered in the paper.

2. Experimental

Polycrystalline samples of La2−xNdxNiO4+δ (x = 0.00,
0.25, 0.50, 0.75, 1.00, 1.25, 1.50, 1.75, 2.00) were
pared by the solid-state reaction of La2O3 (99.5%, Wako
Chem. Indus.), Nd2O3 (99.9%, Wako Chem. Indus), and N
(99.97%, High Purity Chemicals). A stoichiometric mixt
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of the chemicals was ground and pressed into pellets, and the
pellets were heated in air at 1073–1473 K with intermittent
grinding and pelletizing until a single phase was obtained.
The obtained sample was powdered again for a continuing
heat treatment.

Either of two heat treatments was done for the sample
powder. (1) The powder was heated in air at 1073 K and
rapidly cooled to room temperature. (2) The powder was
heated in air at 1073 K and slowly cooled to room tempera-
ture at 0.143 K/min. In this paper, the rapidly cooled sample
is called a quenched sample and the slowly cooled sample is
an annealed sample.

Theδ values of the heat-treated samples were evaluated by
hydrogen reduction. A sample powder (∼2 g) was contained
in a weighed Pt boat (5–9 g), and the Pt boat was repeatedly
heated in air at 393 K until a constant weight is given. The
Pt boat was also repeatedly heated in a dry hydrogen flow
(650 Pa) at 1073 K for 2 h until a constant weight is given.
Theδ-value of the sample was evaluated from the weights of
the sample before and after hydrogen reduction. Since La, Nd,
and Ni of the sample heated in hydrogen above 800 K exist
as La3+, Nd3+, and Ni0 [1], the following nominal reaction is
used for theδ-value evaluation:

La2−xNdxNiO4+δ
H2−→

(
1 − x

2

)
La2O3+

(x

2

)
Nd2O3+Ni.
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located at (0,0,z; z ≈ 0.36), (0,0,0), (1/4,1/4,0), and at (0,0,z;
z ≈ 0.175) in theFmmm structure. The validity of the space
group employed for the lattice constant evaluation is recon-
sidered in Section3.

X-ray powder diffraction data at high temperature up to
960 K were also collected with the same diffractometer for
finding the structural phase transition temperatures of the
samples. Non-heat-treated samples were used for the mea-
surements, because theδ-value changes above 570 K and the
phase transition temperature is above 570 K. The X-ray mea-
surements were done in an air or oxygen flow, because the
δ-value and the phase transition temperature of the samples
change with oxygen partial pressure of the atmosphere.

TG–DTA data of the heat-treated samples were measured
in an air or oxygen flow up to 1073 K at a heating or cool-
ing rate of 5 K/min. A thermobalance Rigaku Thermo Plus
TG8120 was used for the measurements. Theδ-value at the
phase transition temperature was evaluated from theδ-value
at room temperature and the TG–DTA data.

3. Results and discussion

TG–DTA data of the quenched or annealed samples of
Nd2NiO4+δ are shown inFig. 1 (A), and TGA data of the
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X-ray powder diffraction data of the heat-treated sam
ere collected at room temperature for Rietveld analyse
diffractometer Rigaku RINT1200 with a Cu K� radiation

ource. The lattice constants of the samples were eval
y fitting the data with a crystallographic program RIETA
000[6]. A structure model of La2NiO4+δ proposed by Jo
ensen et al.[1] was used for the lattice constant evaluat

hat is, La and Nd, Ni, O(1), and O(2) were, respectiv

ig. 1. TG–DTA curves of the quenched or annealed samples of Nd2NiO4+δ

n airflow at the heating or cooling rate of 5 K/min. The quenched sam
he annealed sample (b) was a sample slowly cooled from 1073 K to r
e) x = 1.75 (53.333 mg); (f)x = 1.50 (36.332 mg); (g)x = 1.00 (50.966 mg)
uenched samples of La2−xNdxNiO4+δ are shown inFig. 1
B). In the heating curves of the TGA data of the quenc
amples (a, d–h), weight gains due to the absorption of
en from the atmosphere are found at 570–650 K. How
o weight gain is seen in the heating curves of the anne
nes as an example is shown for Nd2NiO4+δ (b).

The weight gains for the quenched samples and the
eight gain for the annealed samples at 570–650 K an
hapes of the TGA curves below 700 K bring the follow
onclusions. (1) The absorption of oxygen to and the

d the quenched samples of La2−xNdxNiO4+δ (B). Measurements were do
, c–h) were samples rapidly cooled in air from 1073 K to room temp

mperature at 0.143 K/min. (a, c, d)x = 2.00 (29.425 mg); (b)x = 2.00 (33.809 mg)
.25 (44.975 mg).
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Fig. 2. X-ray powder diffraction patterns of La2−xNdxNiO4+δ at x = 1.75 (A) and atx = 1.0 (B) measured in an airflow at high temperature.

orption of oxygen from the quenched or annealed samples
begin at 570 K. (2) Theδ values at room temperature of the
quenched samples are the equilibriumδ values of the samples
in air at∼700 K. (3) Theδ values at room temperature of the
annealed samples are the equilibriumδ values of the samples
in air at or below 570 K. (4) Theδ values of the quenched
samples are smaller than theδ values of the corresponding
annealed ones at room temperature.

In the TG–DTA data of the samples atx ≥ 1.5 (a–f) above
700 K, abrupt weight losses with endothermic peaks and
abrupt weight gains with exothermic peaks are found. These
weight changes and the peaks above 700 K are concerned to
the phase transitions of the samples.

The structural phase transition temperatures of the sam-
ples are determined not from the TG–DTA data but from the
high temperature X-ray diffraction data. Examples of the X-
ray diffraction data are shown inFig. 2. Since the difference
between the peak positions of the (2 0 0) and (0 2 0) peaks
decreases with decreasing thex-value, the phase transition
temperatures are successfully determined only for the sam-
ples atx ≥ 1.25. Evaluated phase transition temperatures in
air are given inFig. 3. The phase transition temperatures
of the samples atx ≥ 1.25 are higher than 570 K, which is
the beginning temperature of theδ-value fluctuations of the
quenched or annealed samples.

Lattice constants at room temperature of the quenched
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samples increases with increasing thex-value. Theδ-value of
an annealed sample is 0.022–0.028 larger than the value of the
corresponding quenched one at room temperature. However,
at the respective phase transition temperatures, theδ-value is
∼0.15.

The crystal phases of La2−xNdxNiO4+δ are as follows. At
δ < 0.15, the samples are in the tetragonal (I4/mmm) or in the
quasi-tetragonal symmetry (Fmmm). Since the (b–a) value
at room temperature (0.36∼ 0.72 pm) is larger than the sum

F s of
La2−xNdxNiO4+δ measured in an airflow by high temperature X-ray
diffraction technique.
r annealed samples are shown inFig. 4. The values of th
attice constants are apparently influenced by the the
istories. Atx ≥ 0.75, the (b–a) value, which is an inde
f the orthorhombic distortion, of the annealed sample

arger than the value of the corresponding quenched
he annealed samples are in the orthorhombic symme
≥ 0.75 and the quenched samples are in the orthorho
ymmetry atx ≥ 1.00.

The δ values at room or phase transition temperatur
he quenched or annealed samples are shown inFig. 5. At
oom temperature, theδ-value of the quenched or annea
ig. 3. Orthorhombic–tetragonal phase transition temperature
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Fig. 4. Lattice constants of the quenched or annealed samples of
La2−xNdxNiO4+δ at room temperature.

Fig. 5. Excess oxygen concentrations of the quenched or annealed samples
of La2−xNdxNiO4+δ at room temperature and at phase transition temperature
in an airflow.

of 3σ of the lattice constantsa and b (0.06–0.08 pm), the
samples atδ < 0.15 are in the quasi-tetragonal symmetry. In
theFmmm space group, the (b–a) value of La2−xNdxNiO4+δ

is small and does not very change with theδ-value, since the
NiO6 octahedra cannot tilt in theFmmm structure. The small
orthorhombic distortion should be caused by the distortion
of the NiO6 octahedra.

At δ ≥ 0.15, the samples are in the orthorhombic symme-
try. The space group of the samples atδ ≥ 0.15 should not
be Fmmm, because the (b–a) value at room temperature is
large (2.8–9.3 pm) and increases with increasing theδ-value
(Figs. 4 and 5). This orthorhombic distortion of the (b–a)
value will be caused by the tilt of the NiO6 octahedra paral-
lel to thea-axis induced by the interstitial excess oxygen. In
this model, lengths of thea- andb-axes are determined by
the projection of the NiO6 octahedra onto theab-plane, and
the tilt of the NiO6 octahedra parallel to thea-axis shortens
the length ofa-axis but does not change the length ofb-axis.
This model can explain the reason that the (b–a) value at
room temperature is large and increases with increasing the
δ-value. The space group of the model isAbma. Results of
the Rietveld analyses for Nd2NiO4.223with spaceFmmm and
Abma groups are given in Ref.[7].

4. Conclusions

The orthorhombic–tetragonal phase transition of
La2−xNdxNiO4+δ is explained as follows. A sample is in
the orthorhombic symmetry (Abma) at δ > 0.15 and in the
quasi-tetragonal one (Fmmm) at δ ≤ 0.15. Below 570 K,
the δ-value of a sample does not change with temperature.
At 570–650 K, theδ-value increases or decreases with
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f the sample. Above 650 K, theδ-value decreases wi

ncreasing temperature. At the temperature atδ = 0.15, the
rthorhombic–tetragonal phase transition is observed
hase transition is expected for La2NiO4+δ, because th
-value at room temperature is less than 0.15. Theδ-value a
oom temperature is settled by thex-value and the therm
istory of the sample. The reason that theδ-value at room

emperature increases with increasing thex-value is as fol
ows: The excess oxygen O(3) locates near at (1/4,1/4
ite between two Ln–O layers of La2−xNdxNiO4+δ [1].
ince the ionic radius of Nd3+ is smaller than the ion

adius of La3+, a space that the excess oxygen can lo
ncreases and theδ-value increase with increasing the
oncentrationx.
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