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Two kinds of oxygen-deficient phases around LaNiO2.5 were obtained by a low-temperature Hy reduction
of perovskite-type LaNiO3z. An antiferromagnetic LaNiO2 5 with Tn=2140 K seems to be stoichiometric and a
small amount of excess oxygen leads to a new ferromagnetic phases. A structural refinement has revealed that
the former (space group C2/c) comprised one-dimensionally linked NiOg octahedra along the c-axis and NiO4
square-planars connecting the octahedra chains. A cooperative Jahn-Teller distortion was observed in both
coordination polyhedra, which suggested that LaNiO.s has octahedral Ni®* ions with the low-spin state and
square-planar Nit ions. Its magnetic property and XPS spectrum support this model. The new ferromagnetism
with Tc22230 K could be understood due to a slight canting in the antiferromagnetic interaction between the

octahedra and the square-planes.

Recently, copper oxides of the perovskite-type and
related structures, such as LagCuOgy4,, have been ex-
tensively studied with regards to superconductivity.!?
A non-copper oxide superconductor has not yet been
found among transition metal oxides, except for
Li;44Tiz—;04.% Nickel oxides with a perovskite-related
structure are antiferromagnetic, similar to copper ox-
ides.

Metallic conductivity with Pauli-paramagnetism has
been observed in trivalent nickelate LaNiO3.% LaNiOj
has a rhombohedrally-distorted perovskite-type struc-
ture isostructural with LaCuQg3. In the perovskite-type
structure, the oxygen amount directly affects the mag-
netic and electrical properties. Control of the valence
state of nickel ions without changing the basic struc-
ture would enable one to produce novel and interesting
electrical and magnetic properties. Crespin et al. have
reported that a low-temperature reduction of LaNiOj
under Hy gas has led to a new compound, LagNiyOs
(abbreviated LaNiOs s hereafter), which could be in-
dexed in the monoclinic system with the following
parameters: a=11.068, b=11.168, ¢=7.824 A, and
(3=92.21°.>9 They proposed the structural model of
LaNiOy 5 with Ni?t located in both distorted octahe-
dra and tetrahedra, i.e. a brownmillerite-type structure,
determined by powder X-ray diffraction data and EX-
AFS spectroscopy. They also reported the presence of
LaNiQ, with monovalent Nit. LaNiOs is considered
to be isostructural with an infinite-layer superconduc-
tor (Ca,Sr)CuO," or (Sr,La)CuO,.® Rao et al. indexed
the LaNiO2 s with a tetragonal cell of a=7.816 and
¢=7.468 A and deduced that it had a new type of order-
ing with octahedral and square-planar coordinations of
Ni2+ .19 An electron diffraction study of the LaNiOs_
(0<z<0.5) system by Gonzalez-Calbet et al., showed
the existence of a family of phases with the general for-

mula La,Ni,O3,_;.'" Although they basically agreed
with Rao’s structural model for LaNiOs 5, their diffrac-
tion patterns could be indexed by Crespin’s monoclinic
unit cell better than Rao’s. Additional crystal struc-
tural information is required. These authors gave little
information about the electrical and magnetic proper-
ties of LaNiOs s and its related phase with a chem-
ical composition of around LaNiOs 5. In this study,
LaNiO3_, phases (0<z<0.5) were synthesized by a re-
duction of LaNiO3 in Hy flow at low temperatures. A
Rietveld structural refinement of LaNiO, 5 was carried
out on powder X-ray diffraction data. The magnetic
properties were measured and discussed in relation to
the reduction process of LaNiO3 to LaNiO, 5.

Experimental

A polycrystalline sample of LaNiOs was prepared by a co-
precipitation method. A solid-state reaction between LazQOs
and NiO gave significant amounts of LasNiO4 and NiO
as impurities. Then, the coprecipitation method was ap-
plied using aqueous solutions of La(NO3)3-6H20 and Ni-
(NOg3)2:6H20 as starting materials. An aqueous solution of
tetramethylammonium hydroxide (2.8 mol dm=2%) was added
to form a sol of 1:1 metallic hydroxide. After washing with
ethanol, the coprecipitant was dried at 200 °C in air and
fired at 850 °C in an O2 flow for 30 h to obtain the rhom-
bohedral LaNiOs.

LaNiO3z was reduced in Hy and N3 gas mixtures with ap-
propriate molar-ratios at various temperatures from 275 to
400 °C. The specimen used for the Rietveld analysis was
obtained by annealing in diluted Hs gas (Hz: N2=1:99, ab-
breviated as 1%-Hz/N2 gas hereafter) at 350 °C for 16 h
to improve its crystallinity. The gas flow rate was about 15
cm®min~!. Powder X-ray diffraction data were collected
using a Rigaku RAD-RB diffractometer with monochro-
matized Cu K« radiation (50 kV-150 mA). A step scanning

.technique was applied in measurements within the 26 range

from 20 to 100° for the Rietveld analysis. The stepping an-
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Fig. 1. Powder X-ray diffraction patterns of LaNiO3z-z reduced under Hy flow at 275 °C. The asterisks represent the

peaks which could not be ascribed to either LaNiO3 or LaNiOz s reported by Crespin et al.”)

gle was 0.02° and the measurement time was 10 s at each
point. A simulation of the X-ray diffraction patterns and the
Rietveld analysis were carried out by using the program “RI-
ETAN” provided by Izumi.'® The oxygen amounts of the
samples were analysed using a Horiba EMGA-2800 device.
The samples were reduced in a carbon crucible to convert
their oxygen to carbon monoxide in He as a carrier gas. The
amount of carbon monoxide was determined by measuring
the IR absorbance.

The magnetic susceptibility was measured in the temper-
ature range between 77 and 473 K by the Faraday method at
a magnetic field strength of 0.9 T. Corrections were made
in order to compensate for the diamagnetic susceptibility
of the silica-glass bucket and the reduced specimens (e.g.
Xdia=—6.1x107% emumol ™! in LaNiOz5). XPS measure-
ments were conducted for powdered samples pressed into
a disk form immediately before the analysis. The instru-
ment used was a Shimadzu ESCA-1000 device with Mg Ko
radiation (10 kV-30 mA). The resolution of the concentric
hemispherical analyzer was higher than 0.1 eV. The binding
energy (Ey,) was calibrated with reference to the Cls level
(284.8 eV). Ar-etching for the sample was carried out at a
source power of 2 kV-20 mA.

Results and Discussion

Reduction Process of LaNiOg to LaNiO5 5 and
the Crystal Structure and Magnetic Property
of LaNiO32 5. Powder X-ray diffraction patterns of
rhombohedrally-distorted perovskite-type LaNiO3 and
its reduced samples at 275 °C in Hy flow for 4 and 8 h
are shown in Fig. 1, respectively. The oxygen amounts z
in LaNiOs 54, of the reduced specimens were 0.04 and
0.01. All of the diffraction peaks of the product re-
duced for 8 h were consistent with those of LaNiOs 5
reported by Crespin et al.) However, there were small
peaks which could be ascribed to neither LaNiOs nor
LaNiOs 5 in the 4 h-reduced specimen. The magnetic
properties were quite different between two kinds of

the reduced specimens, as shown in Fig. 2. Although
both specimens showed antiferromagnetic behavior be-
low 140 K, an abrupt change in the susceptibility was
found at about 230 K in the 4 h-reduced specimen. The
phase giving the small diffraction peaks is responsible
for this magnetism. The ferromagnetic phase is pre-
dominantly produced during an early step of the reduc-
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Fig. 2. Variations in the magnetic susceptibility in
LaNiOgs_z as a function of temperature.
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Fig. 3. Observed and calculated powder X-ray diffraction patterns, and their difference plots as a result of a Rietveld

‘analysis of LaNiOz 5.

tion. The ferromagnetic phase was also obtained in a
reduction in a diluted Hy flow, as described later. A
further reduction led to La;O3 and an amorphous-like
phase of nickel metal. Crespin et al. reported the pres-
ence of LaNiO; having a monovalent nickel ion which
is isoelectronic to Cu?*.® It was not obtained in the
present experiment.

Since the as-reduced specimen under Hy gas flow at
275 °C for 16 h had poor crystallinity, it was annealed
under 1%-Hz/N, gas at 350 °C for 30 h. The oxy-
gen amount of the product was LaNiOq 45. We could
index this product with a monoclinic cell of a227.83,
b=7.80, c=7.47 A, and $2293.7°, related to the cubic
perovskite by an expression of 2a.%x2a.x2a., although
Rao et al. indexed the LaNiO; 5 with a tetragonal cell
having almost the same lattice lengths. A refinement of
this structure proceeded by assuming a space group of
C2/c"® (unique axis b, cell choice 1) and the ideal com-
position of LaNiOs 5. Initial coordinates were taken as
follows: La, 8(f), (z,y,2), t=2y=2220.25; Ni(1), 4(a), (0,
0,0); Ni(2), 4(b), (0,1/2,0); O(1), 8(f), (z,9,2), =0.25,
y=220; 0(2), 8(f), (z,9,2), T=220, y=0.25; O(3), 4-
(e), (0,4,1/4), y=0. The refinement was carried out in
stage by stage; the atomic coordinates were fixed in ini-
tial calculations, but were subsequently allowed to vary
after the scale, background, half-width and unit cell
parameters so as to be close to their optimum values;
finally, the thermal parameters were varied. When the
isotropic thermal parameters were refined, those for the
0O(1), O(2), and O(3) sites had to be constrained to the
same value. The preferred-orientations of the sample
were not taken into account. The observed, calculated
and difference plots of the result in the Rietveld analysis
of LaNiQOs 43 are shown in Fig. 3. The final parameters
for the refinement are summarized in Tables 1 and 2.
The reliability factors exhibit rather high values, which

may be due to the poor crystallinity for the Rietveld
analysis. The integrated diffraction intensities agreed
well between the observed and calculated values.
Figure 4 shows a schematic representation of the
structure of LaNiO, 5. This compound, LaNiOs 5, com-
prises one-dimensionally linked NiOg octahedra along
the c-axis and NiO4 square-planars connecting the oc-
tahedra chains. The structure is basically the same as
that of Rao’s model.”) However, the neighboring NiOg
octahedra are slightly tilted and rotated in opposite
directions. Its Ni K-edge XANES spectrum supports
the presence of 4-fold square-planar Ni ions, not 5-fold
pyramidal ones.'¥) From another point of view, infinite
[NiO4/2] layers can be considered to form the ab-plane.
The interatomic Ni(1)-O distances were 1.85 A (to O
(1) in the [NiOy4/5] plane), 2.12 A (to O(2) in the plane)
and 1.87 A (to O(3) perpendicular to the [NiO, /2]
plane), respectively. The interatomic Ni(2)-O distances
were 1.86 A (to O(2)) and 2.13 A (to O(1)). The distor-

a

Fig. 4. Schematic representation of the structure of
LaNiOg2 5. The large solid circles and small solid ones
indicate oxide ions and Ni ions, respectively. Lan-
thanum ions are not shown for simplicity.
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Table 1. Some Crystallographic Data Obtained by the Rietveld Refinement
Of LaNi02,48
Ideal composition LaNiOg 5
Space group C2/c
Scale factor 0.00152(2)  Lattice constant a/A  7.8329(8)
FWHM parameter U 1.8(3) b/A  7.7971(9)
v —0.16(2) c/A  7.4739(7)
w 0.13(3) B/°  93.693(6)
Asymmetry parameter ~ —0.13(1) Ry /% 2.65
Gaussian fraction 0.19(2) Ry /%> 12.04
FWHM (Gauss)/ Rup /% 13.60
FWHM(Lorentz)  2.10(9) Re /%% 5.05
R1/%° 5.74
a)  Rp = Si|[I(obs)]}/2 — [I(cal)]/2|/Sy [T} (obs)]'/2, where I (obs) and
Ix(cal) are the integrated observed and calculated intensities, respectively.
b)  Rp=1;|y;(obs) — y;(cal)|/Z;y;(obs), where y;(obs) and y;(cal) are the
observed intensity and the calculated one, respectively. c) Ryp =
{Z;w;[y; (obs) — y;(cal)]2/T;w;y; (obs)?]}1/2. d)  Re is the expected Rwp.
e) Ri=Xp|Ii(obs)—I(cal)|/Zy I} (obs).
Table 2. Positional and Isotropic Thermal Parame- A ‘I%
ters of LaNiOgz.4s )
Atom Position® T y z B/A? puclB5A ke 2134 1..36>
La 8(f)  0.248(2) 0.241(2) 0.247(3) 0.43(17) %{ W
Ni(1) 4(a) 0 0 0 1.2(4) 0(2)
Ni(2) 4(b) 0 1/2 0 1.0(2)
0(1) 8(f)  0.23(2) 0.06(1) 0.01(1) 2.3(14)
0(2) 8(f) —0.03(1) 0.27(1) —0.01(1) 2.3%
0(3) 4e) 0 0.01(2) 1/4 2.3%)

a) Multiplicity and Wyckoff notation. b) Thermal pa-
rameters for oxygens were constrained to be equal each
other.

tion of the [NiOg /o) octahedra and the [NiOy /o] square-
planar is appreciably large. A schematic drawing of the
Ni-O coordination is shown in Fig. 5. An alternate ar-
rangement of the longer and shorter Ni-O bond lengths
in the [NiOy4/,] plane was found. This manner is char-,
acteristic of a two-dimensional cooperative Jahn—Teller
ordering, as seen in the perovskite-type LaMnOs with
the d*-Mn3* ion.!®

Two types of possible valency states of Ni ions in
LaNiOs 5 can be considered. One is that Ni’t ions
adopt a 6-fold octahedral and a 4-fold square-planar
coordinations in the same proportion. Ni?* ions have
3d® electrons. The Ni?* ion in an octahedral site is gen-
erally stable in the high-spin state with two unpaired
electron in the e, orbital. However, that in the cen-
ter of a square-planar is stable in the low-spin state
without any unpaired electrons. The cooperative Jahn—
Teller ordering can arise only with high-spin d*-, d°- and
low-spin d’-transition-metal cations, which have one eg
electron.'® In both coordination styles of the Ni?>* ions
mentioned above, the cooperative Jahn—Teller ordering
would hardly occur. The other is that the Ni3* ion
with 3d” electrons adopts a 6-fold octahedral coordi-
nation and Nit ion with 3d° electrons adopts a 4-fold

Fig. 5. A) Coordination polyhedra, Ni(1)Os and Ni-
(2)Oy4, and the Ni—O distances in LaNiO2.5. The solid
circles represent oxide ions. B) Schematic view of the
polyhedra from the c-axis. The area surrounded by
the bold lines corresponds to the polyhedra shown in
(A).

square-planar in analogy with Cu?* ions. The low-spin
d"-Ni®t and d°-Nit ions are of the Jahn—Teller types.
It might be better to consider that the Ni(1) ions adopt
a trivalent state in the octahedral coordination and that
the Ni(2) ions adopt a monovalent state in the square-
planar coordination.

The observed average interatomic Ni**(1)-O dis-
tance in this octahedron is 1.946 A. This value agrees
well with that of 1.91 A, which is the effective ionic ra-
dius sum between the 6-fold Ni®* with a low-spin state
and the 2-fold O%~.'") The observed Ni*(2)-O distance
in this square-planar is 1.995 A on the average. A gain
of one electron increases the Ni—O distance by ca. 0.1
A.® The interatomic Nit—O distance can, therefore, be
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expected to be 1.94 A, as follows:

0.49 A (square-planar Ni’*) 4 0.1 A (increment)
+1.35 A (2-fold 0°7) =1.94 A.

This agrees well with the observed value. The Ni?*—
O distance in an octahedron with a high-spin state is
estimated to be 2.04 A, while that in a square-planar is
estimated to be 1.84 A. These values cannot explain
the observed bond- distances obtained in the present
investigation. Compounds containing Ni* ions have
been known only in LaNiO,,® (Laj ¢Srg.4)NiO35,'®
and LaSrNiO3;.'®) Crespin et al., who had first syn-
thesized LaNiO, 5, paid little attention to the valency
states of the Ni ions. A comparison of the interatomic
distances clarifies the presence of two kinds of Ni ions.
It is very interesting that two kinds of the Ni ions co-
exist, having a difference of 2 in valence electrons.
Figure 6 represents the XPS spectra of LaNiO3_, in
a binding energy region of 848 to 866 eV. The Ni2p3/,
photoline of the spectrum of LaNiO3 appeared at 855.5
eV (in Fig. 6a), which is in a good agreement with that
in a previous paper.?”) The photoline at 851.0 eV was
assigned to Laddz ;. The binding energy of Ni2p3/; in
NiyO3 has been reported to be 855.9 eV.?") The Ni ions
in LaNiO3 take only the trivalent state. Therefore, the
observed line at 855.5 eV is attributable to the Ni3*
ion in LaNiO3z. After 3 min of Ar-etching, a novel and
slight line at 852.5 eV appeared (Fig. 6b). It may be
due to a reduction of Ni ions. The doublet photolines in
the Ni2ps/, region of LaNiO 5 were observed at bind-

Ni 2p3/2 region
N
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Intensity(Arb.Units.)
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|
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Fig. 6. Narrow scan XPS spectra in the Ni2p3/, region
of a) LaNiOgs, b) Ar-etched LaNiOs for 3 min, and c)
LaNiOg 5.
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Fig. 8. Ordered arrangement of the d,2_,2 and d,»
orbitals in the [NiOg4/2] plane in the structure of
LaNiO2 5. The elongated axis or orbital in the poly-
hedra is chosen as the z-axis or d,2 orbital for conve-
nience.

ing energies of 855.6 and 852.5 eV (Fig. 6¢). The line
assigned to Ladds/; was not clearly observed. The for-
mer line has the same energy as the Ni** ion. The
energy of the latter is lower than that of divalent Ni**
(853.5—854.0 eV in Ni0),?V and is almost equal to that
of Ni metal (852.5 eV).?") However, neither diffraction
peaks nor ferromagnetism at room temperature due to
Ni metal were detected in this specimen. It is reason-
able to consider that the latter photoline is attributable
to the Nit ion. At least two kinds of valence states of
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simulation of the diffraction pattern of the ferromagnetic phase.

characteristic of the orthorhombic ferromagnetic phase.

Ni ions coexist in LaNiOg 5. One is Ni®t and the other
is lower than Ni%*, which may be Nit.

Figure 7 represents the temperature dependence of
the magnetic susceptibility of LaNiOs 45. Its suscepti-
bility almost obeyed a Curie-Weiss behavior above 140
K, and the effective magnetic moment was 1.8 ug per
Ni ion. Since the Ni%t ion in the low-spin state has one
unpaired electron, the total spin angular momentum (S)
is 1/2. That of the Ni* ion with one unpaired electron
is also 1/2. The effective magnetic moment calculated
form the ideal LaNiOs 5 with these spin configurations
is 1.73 up per Niion. This value is in a good agreement
with the observed one.

The ordered arrangement of the dy2_y2 and d,2 or-
bitals in the [NiOy4/o] plane in the structure of LaNiOz s
is shown in Fig. 8. Here, in case of discussing on the
local arrangements of the orbitals of the Ni ions, the
elongated axis in the NiOg octahedron or NiQO4 square-
planar is defined as the z-axis for convenience. The co-
operative Jahn—Teller effect makes the d,2 orbital of the
Ni* ion directed to the dy2_y2 one of the Ni3* ion in
the [NiOy4 /5] plane. In a similar matter, the d,» orbital
of the Ni** ion directs to dy2_y2 of the Ni* ion. The
strain energy of this type of ordering would be smaller
than that resulting from a parallel orientation.

Intermediate Nonstoichiometric Phases La-
NiO2 5, .. By mildly reducing LaNiOs under 1%-
Hy /N2 gas at 350 °C for 30 h, we tried to obtain a
well-crystallized single phase of this ferromagnetic spec-
imen. Figure 9 shows the diffraction pattern of this
reduced specimen. Its oxygen amount (2) was 0.03 in
LaNiOg 54,. The ratio of this ferromagnetic phase to
the antiferromagnetic LaNiOs 5 increased compared to

The peaks denoted as a solid circle are those

the previous specimen reduced under Hy gas at 275 °C.
The temperature dependence of the magnetization of
LaNiQOg, 53 is shown in Fig. 10, which also has a sharp
drop at about 230 K.

A simulation of the diffraction pattern of the ferro-
magnetic phase is represented in the lower part of Fig. 9.
The structural model used in this simulation was al-
most the same as the antiferromagnetic LaNiOs 5, ex-
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cept for using the space group of orthorhombic Ibam
instead of that of monoclinic C2/¢, which is equiva-
lent to 72/b.'® The space group of C2/c¢ is a maximal
nonisomorphic subgroup of that of Ibam. Excess oxy-
gen was assumed to occupy statistically the apical site
between the two sheets of [NiOy4 /] square-planar. The
lattice constants were assumed to be a=7.824, b=7.808,
and ¢=7.468 A. This structural model can satisfactorily
explain the diffraction pattern of LaNiOs 53, especially
the peaks denoted by a solid circle. The observed in-
tensity of the peak appearing at about 41° is weaker
than that appearing at about 47° in LaNiOs 53. This is
in conflict with the result of the simulation. It is due
to the fact that this specimen is made up of ferromag-
netic LaNiOs 54, and antiferromagnetic LaNiOa2 5, and
that the former peak is split into three peaks appear-
ing around there. It is likely that the compound which
had been reported by Rao et al.” to be orthorhombic
LaNiOy 5 comprises of this ferromagnetic phase. In the
latest study, we could prepare the single ferromagnetic
phase of LaNiOs gp by a vacuum reduction of LaNiOg
with Al as an oxygen getter, which will be described in
another paper.

Magnetic susceptibility measurements of LagNiO4y,
have been reported in several papers.?*2® A small cusp
or break in the susceptibility near to 200 K was ob-
served for nonstoichiometric LagNiOy4 29. This anomaly
has been interpreted in terms of the onset of an an-
tiferromagnetic order with spins slightly canted out of
the ab-plane. This phenomenon induced a net magnetic
moment along the c-axis in the presence of an applied
field. In LaNiOg 5, with a slight nonstoichiometry, if
its magnetic spin is supposed to lie in the same ab-plane
as LaoNiOy 99, this consideration would be applicable.
In the infinite [NiOg4/,] layers formed in the ab-plane,
neighboring NiOg octahedra and NiO4 square-planars
were alternatively canted and rotated in opposite di-
rections. The ferromagnetism appearing in LaNiOg 5,
(2220.10) may result from this spin canting out of the
ab-plane.

We are grateful to Proferssor Kichiro Koto of
Tokushima University, and Dr. Akira Yoshiasa of
Hiroshima University, for useful information concern-
ing the structural analysis. All computations were car-
ried out at the Research Center for Protein Engineering,
Osaka University.
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