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Anomalous structural phase transition in stoichiometric La;NiQO4
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A detailed neutron-powder-diffraction experiment as a function of temperature has revealed the
existence of a reversible structural transition at about 80 K in stoichiometric La;NiOs. This
phase transition is characterized by the anomalous behavior of the orthorhombic strain with no
apparent change of the space group (Cmca). Structure refinements demonstrate that the elastic
anomaly arises from a sudden rotation of the equatorial plane of Ni octahedra [Ni-40(1)] which
becomes orthogonal to the elongation axis [0(2)-Ni-O(2)], thus increasing the effective local
symmetry of Ni sites at temperatures below 80 K. This anomalous structural behavior is strongly
dependent on the Ni*3 content and, up to now, has been observed only in the stoichiometric
brown compound La;NiOse0, which is three-dimensional-antiferromagnetically ordered below
room temperature. These findings demonstrate that the similar transition observed in the parent
copper oxides is a feature common to a number of layered perovskites and probably not directly

related to superconductivity.

Layered perovskites La;NiO4+, have been extensively
studied in relation to their magnetic and transport proper-
ties.! 71 However, most of these studies were performed
on samples of unknown stoichiometries, and the spread of
the results obtained by different authors is most likely ex-
plained by different content of Ni*? in the samples.

Transport properties measured on La;NiOg4+, indicate
an evolution from semiconductor-to-metallic behavior be-
tween 500-620 K."2*7° The semiconducting properties
have been explained®* as resulting from the splitting of
the o;"z_yz band due to the presence of short-range mag-
netic order. When the temperature is raised, the gap be-
tween o‘::l_yz and a,’:‘zz_yz bands decreases to finally vanish
when the local magnetic order is destroyed and the ma-
terial becomes metallic.

Magnetic-susceptibility measurements on different sam-
ples>>7-10 exhibit rather large variations due once again to
poorly defined compositions. The most detailed and reli-
able susceptibility measurements were performed on sin-
gle crystals by Buttrey, Honig, and Rao.!® Their results
show clear indication of magnetic ordering in nearly
stoichiometric samples (x ~0).

Structural characterizations of La,NiOz+, samples
are, by far, less detailed than the physical properties mea-
surements. Earlier works*!""!2 describe the structure as
isomorphous to K;NiF;-I4/mmm. Electron diffraction
(7) has shown the existence of superlattice reflections cor-
responding to an orthorhombic a+/2 x a+/2x ¢ distortion of
the tetragonal cell. Recently, an orthorhombic form of
La;NiOgs+, with space group Pban has also been report-
ed;!* we will show hereafter that the latter space group is
€IToneous.

All previous results point to a very strong dependence of
both structural and physical properties on x. The interest
of this material is now enhanced by the explosive experi-
mental and theoretical work on related high-T. supercon-
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ductor cuprates: La;NiOg4+ is structurally very similar
to La;CuQOy4 which belongs to the family of 40-K super-
conductors and better knowledge of its properties can give
some insight into the mechanism of superconductivity. In
particular, a number of recent papers on the parent cu-
prates'*”!® suggest a correlation between the low-
temperature structural-elastic anomalies and the super-
conducting properties of these materials, which would
support the theories based on phonon-mediated pairing
mechanisms. As stoichiometric La;NiO4 is semiconduct-
ing and magnetically ordered below room temperature,
the existence of similar structural anomalies in this ma-
terial would clearly be independent of any electron order-
ing (and superconducting properties) and would point to a
simpler mechanism for the transition. In the present Rap-
id Communication, we report the powder-diffraction study
of stoichiometric La;NiO4 (x =0) which shows an unusu-
al and previously unobserved structural behavior at low
temperature.

Stoichiometric La;NiQ4 is a brown material, clearly
distinct from the black oxidized La;NiO4+, (the black
color results from the presence of small amounts of
Ni*3). The reduction of La;NiO4+, at high temperature
is rather difficult to control, and often yields small
amounts of metallic Ni and lanthanum oxide. The sample
preparation method is described elsewhere!” and involves
reduction of the oxidized precursor (obtained by standard
ceramic procedures) at relatively low temperature (510
K) under a dry-hydrogen atmosphere and a careful moni-
toring of the reduction process by thermogravimet?.
Chemical analysis could not detect the presence of Ni™?3
in the freshly prepared material. We found that
La;NiO40 is unstable under normal storage conditions
and easily reacts with atmospheric moisture to give small
amounts of lanthanum hydroxide La(OH);. Therefore,
special care was taken to avoid degradation of the sample
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used for this study. In contrast with the oxidized materi-
als, which are tetragonal, x-ray diffraction shows that
La;NiQy o is orthorhombic at room temperature. We ob-
served the transition from the high-temperature tetrago-
nal (assumed to be 74/mmm K;NiF4) to the orthorhom-
bic symmetry to occur at approximately 700 K. The
neutron-diffraction experiment was carried out at the
high-flux powder diffractometer D1B of the Institute
Laue-Langevin, Grenoble. D1B is equipped with a 400-
cell position-sensitive detector (PSD) spanning an angular
range of 80° (20). The use of a fixed PSD enables us to
obtain a very high relative accuracy in the evolution of cell
parameters. The sample was held in a helium cryostate
and its temperature was varied linearly from 3 to 275 K at
a rate of 0.33 K/min. A diffraction pattern was extracted
every 3 min, thus giving a difference of 1 K between two
consecutive sets of data. The complete data consist in a
set of 321 patterns, which were analyzed with the Young-
Wiles option'® of the STRAP package'® designed for au-
tomatic Rietveld refinement of large sets of sequential
powder-diffraction patterns.

All data, taken in 1-K steps, were refined in the space
ground Cmca; the space group Fmmm (Ref. 14) is pre-
cluded by the observation of nuclear reflections (122) and
(221) forbidden by F centering. The space group Pnch
(standard setting Pban) was previously proposed for
La;NiO4 by Odier, Leblanc, and Choisnet'3 to account
for the reflection (011); both neutron polarization analysis
and the temperature dependence of the integrated intensi-
ty of this line have shown? its magnetic origin which rules
out the latter space group. Pccn (Ref. 21) which is a sub-
group of Cmca would also be compatible with the ob-
served nuclear reflections; however refinement in this
group does not improve the fits in spite of the larger num-
ber of independent structural parameters. The final
Ruuclear factors for the 321 patterns range from 3.8% to
4.5%. The limited angular range (80° in 20) covered by
the PSD and long wavelength (2.52 A) precludes the
refinement of individual temperature factors; therefore,
only an overall temperature factor was refined. The num-
ber of positional parameters is only five whereas the num-
ber of nuclear Bragg peaks is twenty five, which is
sufficient to determine the main geometrical features of
the transition.

Figure 1 shows the temperature variation of the
powder-diffraction patterns of La;NiO40. The most
striking effect is the merging of the reflections (002)-
(200) and (022)-(220) upon cooling, at a temperature
near 80 K. The transition is reversible, but we have not
yet studied a possible hysteresis under cycling the temper-
ature around 7,.. The thermal evolution of the most im-
portant geometric parameters is represented in Fig. 2(a)
and 2(b). The phase transition is first characterized by a
reduction of the orthorhombic splitting (or spontaneous
strain) so=2(c —a)/(a+c). Upon cooling from room
temperature (RT), the strain parameter increases mono-
tonically, reaches a maximum value at about 100 K,
which is the onset temperature of the transition, then falls
off. The volume expansion (Fig. 3) also changes sharply
at the transition temperature. The structural parameters
involved in the transition are essentially related with the
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FIG. 1. Thermal evolution of the neutron-powder-diffraction
pattern of La;NiOa4e in the temperature range 3 to 275 K
(A=2.52 A, sampling: 1 K/pattern).

geometry of the (Ni-Og) octahedra. As shown in Fig.
4(a), the Ni*?2 octahedron is tilted around the a axis, in
such a way that the basal plane of the octahedron makes
an angle a; with the basal plane (a,c) of the unit cell; this
angle is smaller than the angle a; defined by the long axis
of the octahedron O(2)-Ni-O(2) and the b axis of the unit
cell. The local symmetry of the Ni cations is monoclinic
2/m as required by the Wyckoff position [Fig. 4(a)l of
Cmca. A temperature decrease below room temperature
first induces a rotation of the (rigid) octahedra thus in-
creasing the orthorhombic distortion while preserving the
difference of about 1.5 degrees between a; and a,. At the
transition temperature 7. =80 K, the angle a; unexpect-
edly increases and becomes equal to a, [Fig. 4 (b)]. This
experimental result implies that, within the limits of ex-
perimental errors, the effective local symmetry of Ni in-
creases below 80 K and becomes close to orthorhombic
mmm. The change of the tilt angles is accompanied by a
sharp increase (by about 0.003 A) of the distances Ni-
O(1) in the basal plane. The distance Ni-O(2) decreases
monotonically from room temperature and does not exhib-
it any sharp change at the transition temperature.

The transition at 80 K is accompanied by a jump in
magnetic susceptibility; below room temperature X(7) is
temperature independent down to ~100 K, but shows a
sharp increase close to ~80 K and stays nearly constant
at lower temperatures. The thermal evolution of the in-
tensity of the strongest magnetic reflection (011) does not
exhibit any anomaly at the transition temperature. This
fact does not preclude, however, a small canting of the
spins not detected by neutron-powder diffraction. Indeed,
the structural transition is driven by the elastic properties
of the La;NiQy lattice and particular features of the in-
teratomic potentials; small variations of the angles of su-
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FIG. 4. (a) View of the structure of La;NiO400 along [100],
showing the tilt angles of Ni octahedra. (b) Temperature
dependence of tilt angles a; and a.
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electrical resistivity.'* Moreover, lattice distortions in
La;CuQy4-based superconductors have been analyzed from
a theoretical point of view in relation with the coexistence
of a Peierl distortion and conventional BCS state for su-
perconductivity.!> Recently, some authors'® suggested
that, between the superconducting state in (La,Ba,
Sr),Cu0y4- y and the room-temperature state, exists an in-
termediate state which is probably the result of a subtle
orthorhombic-orthorhombic transition and constitutes the
“normal” state before the appearance of the supercon-
ducting ordering.

At the present stage of our investigation, we are able to
confirm in a layered perovskite the existence of a
orthorhombic-orthorhombic structural transition whose
order parameter is related to the tilting of the (Ni-Og) oc-
tahedra. Since La;NiO4 is 3D AF ordered and semicon-
ducting, our observation rules out that the rotations or the

magnetic structure are unique in the high-7. supercon-
ductors and sufficient conditions for the high-T, supercon-
ductivity.

The most striking characteristic of La;NiO4 is that
small changes in stoichiometry lead to drastic changes in
their magnetic and structural properties. This feature is
the main handicap in preparing homogeneous single crys-
tals of controlled stoichiometry with a size suitable to
study the phonon and magnon dispersion relations at low
temperature, which is important information in under-
standing the nature of the described anomaly and getting
a deeper insight into the role played by phonons or mag-
nons in the related superconductor cuprates.

The authors would like to acknowledge the allocation of
neutron beam time by the Institut Laue Langevin.
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FIG. 1. Thermal evolution of the neutron-powder-diffraction
pattern of LazNiOgo0 in the temperature range 3 to 275 K
(A=2.52 A, sampling: 1 K/pattern).



