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A microstructural characterization by means of high resolu-
tion transmission electron microscopy has been performed in
La2NiO41d in order to confirm the distribution of the oxygen
excess. A structure commensurately modulated along [010] with
modulation period aSS 5 3a, and another with bSS 5 4b along
[100] were found. The origin of such modulations is discussed
in terms of the irregular distribution of interstitial oxygen atoms
within the crystal lattice. Although the structural changes may
be electron beam induced and these new phases are minorities
and possibly metastable, the results contribute new information
about how the interstitial oxygen can be accommodated.  1996

Academic Press, Inc.

INTRODUCTION

La2NiO41d oxide belongs to the K2NiF4 structural type,
which is isostructural with La2CuO41d where high Tc super-
conductivity was first discovered in 1986 (1). Since then,
a considerable amount of work has indicated that super-
conductivity in this system is related directly to oxygen
content. La2NiO41d exhibits a wide range of oxygen stoichi-
ometry which has been attributed to the presence of in-
tergrown phases or deviation in the metal-atom ratio (2).

The structural changes introduced by the oxygen excess
have been widely studied by neutron diffraction and X-
ray diffraction techniques in both La2NiO41d (3, 5) and
La2CuO41d (6, 7) oxides, showing that the oxygen excess
is incorporated as an interstitial oxygen defect (OI), leading
to an orthorhombic Fmmm structure (3), the (OI) occu-
pying the (1/4, 1/4, 1/4) sites of such a cell.

In an earlier publication (8) we presented an electron
diffraction study of La2NiO41d , which apparently contra-
dicted results obtained by other authors (9–12). However
no high resolution transmission electron microscopy

(HRTEM) study has been performed, probably due to the
fact that the oxygen interstitial can be reduced under the
high vacuum conditions required to carry out the exper-
iment.

The correlation between the structure and the micro-
structure of materials and their physical properties is a
point of vital interest in solid state chemistry and HRTEM
has played an important role in studying crystals, micro-
structure, defects, and modulated structures in various
types of inorganic oxides. In this paper, we present such
a study of La2NiO41d .

EXPERIMENTAL

La2NiO41d oxide was synthesized from stoichiometric
amounts of La2O3 and NiO. The mixed powder was heated
in air at 12508C with intermediate grindings. The absolute
oxygen content was determined by reducing the sample
under pure H2 at 7008C by means of TGA developed on
the basis of a Cahn D-200 electrobalance, with a vacuum
and a gas blending system. The oxygen composition ob-
tained was La2NiO4.14 . The La : Ni ratio (2 : 1) was con-
firmed by emission spectroscopy using the Inductive Cou-
pling Plasma method (ICP).

The HRTEM study was performed with a JEOL JEM
4000 EX (II) electron microscope operating at 400 kV and
equipped with a top entry 6208 tilt specimen holder.

RESULTS AND DISCUSSION

The powder X-ray diffraction pattern shows a monopha-
sic material which can be indexed on the basis of the K2NiF4

tetragonal unit cell.
In order to directly observe the microstructure of the

specimen, crystals were carefully selected and oriented into
the [100]o , [010]o , and [110]o directions in the microscope
(subindex o refers to the orthorhombic cell proposed by
Jorgensen et al. (3)). Such a small orthorhombic distortion,
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not observed by X-ray diffraction, was detected by neutron
diffraction (3).

Selected area electron diffraction pattern (SAEDP) and
HRTEM images of some crystals were recorded.

(1) [100]o zone axis. In the majority of the crystals only
reflections of the basic structure due to the face-centered
orthorhombic (Fmmm) unit cell can be seen. However,
some crystals show the SAEDP presented in Fig. 1. A
fourfold superlattice seems to appear following (024)*o and
equivalent reflections. The intensity of the first harmonic
is larger, suggesting a commensurate modulated structure
with bS 5 2b. In the corresponding HRTEM image (Fig.
2a) two different areas of contrast can be observed (marked
A and B). Since energy dispersive spectroscopy data sug-
gest that the La–Ni ratio is constant throughout the crystal,
the difference in the contrast seems to indicate that the
oxygen content is not homogeneously distributed.

Crystallographic image processing (13) was used to
check that the extra reflections in the SAEDP (Fig. 1) come
only from area A. The results of the Fourier transform of
the scanned image in areas A and B are shown in Figs. 3a
and 3b, respectively. It is clear that only area A produces
superlattice maxima.

Area A (enlarged in Fig. 2b) is very similar in appearance
to that found by Yanagisawa et al. (14) in the (Bi12xPbx)2

Sr2Cu2Oy (x 5 0.2) compound. The extra oxygen model
has been most widely accepted in the bismuth-based super-
conductors as the origin of structural modulations (15–17).
According to this model, this extra oxygen is located be-
tween two adjacent (BiO) planes.

On the basis of this information, it can also be proposed
that the oxygen excess is responsible for the modulation
along the b direction in La2NiO41d and that the interstitial

oxygen atoms are located according to neutron diffraction
data (3) between two LaO layers. However, in area A it
seems that the modulated period is bS 5 4b instead of 2b
as suggested by the SAEDP, which means that the space
group of the new structure keeps the reflection conditions
along the b axis (as in Fmmm space group). On the other
hand, to know exactly which is the oxygen composition in
the new structure is difficult. We suggest that, if the new
cell has 16 La2NiO4.1d formulas per unit cell (Vnew cell 5
4Vsubcell), the d value could be 0.25 and therefore 4 OI

occupy the unit cell as schematically represented in Fig. 4.
The volume of the new cell is 4 times the orthorhombic
subcell proposed by Jorgensen et al. (3), where the OI

occupy 1/4, 1/4, 1/4 sites. It is worth mentioning that if
every subcell (3) was occupied with one OI , the d value
would be 0.25.

The image contrast was interpreted with the help of the
‘‘EMS’’ image simulation program, using the multislice
method (18). In area A, Pnn2 seems to be the best space
group producing simulated images very similar to the ex-
perimental results and the best conditions for the simula-
tion were found for thickness t 5 5.4 nm and defocus
D f 5 250 nm, shown in the inset of Fig. 2b. However, to
index all the maxima in the electron diffraction pattern
(Fig. 1) the new c parameter must be 2co , probably due
to a small distortion in the octahedra (although we cannot
detect it in the HREM image). The relationship between
the super- and substructure maxima is (0 0 2)*o //(0 0 4)*n ;
(0 2 0)*o //(0 8 0)*n ; (0 2 4)*o //(0 8 8)*n ; (0 1/2 1)*o //(0 2 2)*n ;
(0 1 2)*o //(0 4 4)*n ; (0 3/2 3)*o //(0 6 6)*n ; (0 1 1)*o //(0 4 2)*n :
subindex n refers to the new orthorhombic cell.

It is worth noting that as a consequence of the heteroge-
neous distribution of interstitial oxygen, some areas
(marked B in Fig. 2a and magnified in Fig. 2c) appear as
an ordered phase without a remarkable amount of oxygen
excess. The inset corresponds to a simulated image, which
was performed under the conditions of thickness t 5 8 nm
and defocus D f 5 250 nm. The existence of crystals with
d values between 0 and 0.25 would justify the d average
value (0.14) found by mean of thermogravimetric measure-
ments.

(2) [010]o zone axis. Figure 5a shows the SAEDP along
the [010]o zone axis, where satellite reflections due to a
modulated structure along the a*o direction can be seen.
There are five rows of weaker maxima between the
(00l)*o and (20l)*o basic reflections, suggesting that the mod-
ulated structure is commensurate with aS 5 3a. This kind
of modulation has been found in most of the crystals along
such a zone axis. The corresponding micrograph is pre-
sented in Fig. 5b.

On the other hand this SAEDP can be described as a
sixfold superlattice along [203]* and a twofold superlattice

FIG. 1. SAEDP along the [100]o zone axis for the La2NiO4.14 material.
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FIG. 2. (a) HRTEM micrograph along the [100]o zone axis for the La2NiO4.14 material. (b) Area A enlarged; the inset shows a calculated image
for the modulated structure along the [100]o zone axis. (c) Area B enlarged; the inset shows a calculated image for the basic subcell along the [100]o

zone axis.
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along [001]*. According to these superstructure directions,
a matrix relationship between the orthorhombic (Fmmm)
and the new structure (in the reciprocal and real space)
can be established:
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The new cell has monoclinic symmetry with parameters

a 5 3ao 5 1.632 nm

b 5 bo 5 0.547 nm

c 5 23ao 1 2co 5 3.021 nm.

In this structure the modulation period is smaller than in
the previous one. The monoclinic distortion is produced
due to the wave of modulation being slightly shifted along
the a axis from one LaO layer to another. The composition
could be La2NiO4.25 (Vnew cell 5 6Vsubcell), leading to 6 OI

per unit cell as shown schematically in Fig. 6.
The P2/m space group was used to simulate the experi-

mental image, the best image match being found under
conditions of thickness t 5 14.5 nm and defocus D f 5 250
nm, shown in the inset of Fig. 5c.

(3) [110]o zone axis. The SAEDP along the [110]o zone
axis is shown in Fig. 7a, where very weak superlatticeFIG. 3. Fourier transform of the scanned image shown in Fig. 2a (a)

for area A and (b) for area B.

FIG. 4. Hypothetical crystal structure of La2NiO4.25 (S-I) projected along the a direction. A unit cell of the commensurate modulated structure
with bS 5 4b is shown with a rectangle (OI atoms are indicated by >j).
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FIG. 5. (a) SAEDP along the [010]o zone axis for the La2NiO4.14 material. (b) Corresponding micrograph. (c) Enlargement of the previous
micrograph; the inset shows a simulated image for the modulated structure along such zone axis.



FIG. 6. Hypothetical crystal structure of La2NiO4.25 (S-II) projected
along the b direction. A unit cell of the commensurate modulated struc-
ture with aS 5 3a is shown (OI atoms are indicated by >j).

maxima along the [111]o direction can be seen. However,
in the corresponding micrograph (Fig. 7b) only the
contrast due to the atoms in the normal positions for the
Fmmm space group can be observed. The inset
shows the simulated image more similar to the experi-
mental image (thickness t 5 8 nm and defocus D f 5 55 nm).

CONCLUSIONS

On the basis of these results, it seems that the OI in this
sample is not homogeneously distributed, the majority of
it being located in some areas leading to two different
modulated structures (found in different crystals) whose
modulation periods are bS 5 4b (S-I) and aS 5 3a (S-II).
However, both correspond to the La2NiO4.25 formula, thus
implying that the same oxygen composition may adopt
several distributions of OI leading to different modu-
lated structures.

It is worth mentioning that the same sample was studied
by SAED (6) in a JEOL 2000 FX microscope, where we
found that the ordering of the interstitial oxygen led to a
new homologous series of the general formula La8nNi4n

O16n11 in which the oxygen excess is ordered along the

FIG. 7. (a) SAEDP along the [110]o zone axis for the La2NiO4.14 material. (b) Corresponding micrograph; the inset shows a simulated image
for the basic subcell along the [110]o zone axis.
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[011]t direction (subindex t refers to the K2NIF4 tetragonal
cell, I4/mmm).

However, the present results are somewhat different for
the same sample. This suggests that in some crystals the
oxygen excess is being removed under the reducing condi-
tions of the experiment, whereas in other crystals, areas
richer in oxygen have actually been created by means of
radiation under the electron beam, probably due to the
liability of the interstitial oxygen.
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