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The oxygen concentration phase diagram of La,NiO,,; has been constructed from room temperature
X-ray powder diffraction data on specimens spanning a wide range of oxygen stoichiometries. Contrary
to some previous reports, we find multiple biphasic regions. The most stoichiometric phase (§ =
0.00) is orthorhombic with Bmab (low temperature orthorhombic, LTO) symmetry in agreement with
previous studies. A new distorted tetragonal phase with P4,/ncin (low temperature tetragonal, LTT)
symmetry is observed for oxygen excess levels in the range 0.020 < & < 0.030. Undistorted tetragonal
(high temperature tetragonal, HTT) symmetry is observed for oxygen compositions from § = 0.055
to at least & = 0.137. An orthorhombic phase appears for § = 0.168. The temperature dependence of
the reduction boundary has been determined; however, in contrast with the Pr,NiQ,,; system, no
evidence of the oxidation boundary has been observed. The room temperature LTT phase is consistent

with lower temperature observations of weak ferromagnetism associated with spin canting.
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Introduction

An extensive literature on the La,NiQ,
system has developed in recent years due
to its close relationship to La,CuQ,_;, the
prototype of high temperature superconduc-
tors. A survey of this literature reveals that
afthough the influence of oxygen nonstoichi-
ometry on structure and physical properties
is appreciated, the oxygen content phase
diagram has not yet been convincingly es-
tablished. in the present study, we have sys-
tematically examined the relationship be-
tween oxygen content and phase behavior
from the stoichiometric limit to high levels
of oxygen excess with the goal of obtaining
a quantitative phase diagram.

Oxygen nonstoichiometry in La,NiQ, .,
arises from incorporation of excess oxygen,
as has been shown from single crystal den-
sity measurements (/). The location of the
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defect site in an orthorhombic specimen
with a high concentration of oxygen excess
has been refined from neutron powder data
by Jorgensen et al. (2) as near the (0.25,
0.25, 0.25) site in the face-centered
V2 x V2 x 1 supercell of the K,NiF, struc-
ture, This is equivalent to the (0.5, 0, 0.25)
defect site proposed for the undistorted
body-centered tetragonal unit cell of La,
NiO,,; (/). This defect site is centered in the
La,0, “‘rock salt’” interlayer, coordinated
tetrahedrally by interpenetrated neigh-
boring La** and apical oxygen sites (Fig. 1),
and may be thought of as occurring by inter-
calation. These anion defects and charge
compensating holes in the basal plane are
energetically favored, since the intrinsic
charge separation between the electroposi-
tive La,0, layers and the electronegative
NiO, sheets is thereby reduced. Excess oxy-
gen levels as large as & = 0.15 (3) and
& = 0.18 (2) have been reported from slow
cooling in oxygen, and & = 0.20 (4} by an-
nealing at 600 bar oxygen at 600°C. Schart-
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Fic. 1. The V2Za x VIb x ¢ La,NiQ,, ; supercell
without octahedral canting. The interstitial defect site
(labeled “'D™) is shown along with an outline of the
tetrahedral La-coordination environment. Note that
this site is also tetrahedrally coordinated by apical oxy-
gens {(Oyp).

man and Henig have reported thermogravi-
metric results on the relationship between
oxygen potential and excess oxygen con-
tent, &, at 1000, 1100, and 1200°C (J).

At sufficiently high temperatures La,NiQO,
is expected to have the ideal K,NiF, struc-
ture (space group f4/mmm), regardless of
oxygen stoichiometry. On cooling, canting
of the NiQ, octahedra occurs as a conse-
quence of the mismatch of geometrically
constrained La-0O and Ni-O bond dis-
tances. The double-degeneracy of the
X-point of the Brillouin zone in the tetrago-
nal high temperature structure leads to sev-
eral possible symmetries which may arise
on cooling by continuous phase transitions
in accordance with Landau theory. This
may be described in terms of an order pa-
rameter associated with octahedral canting
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soft modes which consists of two compo-
nents, n; and m, (6, 7). The Landau sub-
groups are all indexed on unit cells which
have a doubled basal plane area relative to
the parent f4/mmm structure, so that the
distorted cells are larger than the undis-
torted K,NiF, cell by V2a x V2Zb x c. In
comparing these structures, it is convenient
to represent the undistorted structure on the
expanded V2a x VZh x ccell also, so that
the symmetry is instead described as F4/
mmm. If only one of the soft modes con-
denses on cooling, the resulting structure is
orthorhombic with space group Bmab [hkl:
h+1=2nhk0: h = 2n, k = 2n; and h0l:
h = 2n, ! = 2n]. In this case the octahedra
are tilted about a rotation axis parallel to a,
the shorter of the two basal plane lattice
constants. If both modes condense together
(7, = m, # ), a tetragonal structure with
Pd,/ncm symmetry results [hkO: B + &k =
2n; and KOl [ = 2n]. The octahedra are
tilted alternately about {110} and {110} in
neighbering layers in this case. A third pos-
sibility arises if 7, # =, # 0, resulting in an
orthorhombic structure intermediate be-
tween Brmab and P4,/ncm with space group
Pecn [hkO: h + k = 2n; OkI: | = 2n and
hOi: | = 2n]. It is common to refer to these
symmetries as HTT (High Temperature Te-
tragonal) for F4/mmm (or f4/mmm), LTT
(Low Temperature Tetragonal) for P4,/ncm,
LTO (Low Temperature Orthorhombic) for
Bmab, and e¢ither LTO’ or LTLO (Low
Temperature Less Orthorhombic) for Pech.
In some cases, an orthorhombic form is
identified in which no superstructure reflec-
tions are observed, for which the symmetry
appears to be Fmmm.

Coexisting phases in La,NiO, ; have
been reported in several investigations. In
Ref. (1), bright-field and high-resolution im-
aging of a specimen which had been heated
in CO, at 870 K revealed distinct phases in
bands of light and dark contrast attributed
to exsolution of a stoichiometric phase in
the presence of an oxygen-excess phase.
Jorgensen et al. (2), and later Rodriguez-
Carvajal et al. (3), have reported observa-
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tion of coexisting phases in specimens with
oxygen excess levels near the midrange,
8 = 0.07. This phase separation behavior
has been described in terms of a single misci-
bility gap, similar to that reported for La,
CuO, (8, 9), which separates a nearly
stoichiometric composition from one with
8 = 0.10-0.13. In all of these investigations,
the authors conclude that the stoichiometric
phase is orthorhombic with Bmab symme-
try, as has also been reported ¢lsewhere (cf.
{0-12). However, in Ref. (2), the high &
phase 1s reported as orthorhombic Fmmm,
whereas, in Ref. (3), the high 8 phase is
reported as tetragonal F4/mmm (HTT). The
structure of La,NiO,, ; has also been de-
scribed as single-phase tetragonal (i1, 12)
for preparations under conditions which are
expected to produce compositions near the
midrange of 8, in conflict with the proposed
biphasic composition range in the oxygen
content phase diagram. Furthermore, mag-
netic susceptibility data for low, but non-
Zero & specimens, show evidence of canted
antiferromagnetism with 150 = T, =204 K
and a net moment parallel to ¢ (/3). This
observation is inconsistent with the re-
ported spin structure of the stoichiometric
Bmab phase and of single-phase composi-
tions with 0.065 = § = 0.077 (J1, {2). In
total, these discrepancies appear unrecon-
cilable unless the phase diagram involves
more than two phases at room temperature,
or unidentified polymorphic phase transi-
tions on cooling. Hiroi er al. (4) have re-
ported evidence of multiple-phase separa-
tions based on TEM and X-ray data which
are again inconsistent with other models for
the phase diagram. The objectives of the
present investigation were to systematically
and quantitatively charactenze the excess
oxygen concentration phase diagram at
room temperature.

Experimental

All specimens studied in this investiga-
tion, with the exception of two ceramically
prepared samples described below, were
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obtained by congruent melt growth using
radio frequency induction skull melting. The
starting material, 99.997% La,0; and
99.998% Ni0O, was thoroughly mixed and
prereacted at 1200°C in oxidized nickel cru-
cibles. The product was then induction
melted in a water-cooled crucible in the
presence of an atmosphere containing ap-
proximately 1096 O, in CO,. After stabilizing
the melt, the crucible was lowered from
within the fixed rf coil at 15 mm/hr, until
coupling was lost, The resulting boule con-
sisted of approximately 2 kg of crystals and
the sintered skull. General characterization
of crystals grown by this technique has been
described elsewhere (/4).

The reduction boundary was determined
in the temperature range 900 =< T = 1300°C
by annealing and quenching small crystals
contained in a thin high-purity Ni° foil cruci-
ble under CO/CO, buffers. The relative flow
rates of CO and CO, were adjusted with
precision mass flow controllers to establish
the desired oxygen fugacity, which was in
turn measured electrochemically using a
Y-ZrQ, cell in situ. The Nernstian behavior
of the electrochemical measurement was
confirmed using the established Ni%NiO
boundary and pure O,. More than 40 an-
neals and quenches were performed along
each of seven isotherms to locate La,NiQ,/
Lay0; + Ni boundary.

In order to produce specimens with vari-
ous concentrations of oxygen excess, 37
groups of 5-6 crystals (totaling ~ 3 g per
group) were isothermatly annealed at differ-
ent fixed oxygen fugacities. The majority of
the anneals were carried out along the
1200°C isotherm for 8 hr or longer. Under
strongly reducing conditions, CQ/CO, buff-
ers were employed as described above;
whereas, to obtain more oxidizing condi-
tions, O, diluted with CO, was used. All
anneals along the 1200°C isotherm were
monitored using the oxygen sensing cell de-
scribed above. In order to achieve higher
levels of oxygen excess (8§ > 0.116), lower
temperature anneals in pure oxygen (at 1
atm) were performed. The lowest tempera-
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ture anneal, 600°C, was carried out with
coarsely ground material (—100 gm diame-
ter) for over 80 days to ensure equilibration.
In O diffusion studies, we have found that
exchange of normal site oxygen slows rap-
idly below 700°C (15). Although we believe
that equilibration of the interstitial sites oc-
curs much more rapidly, our annealing times
are conservatively based on the diffusivity
data for total oxygen exchange. Following
quenching, samples were immediately
placed in mineral oil to avoid reaction with
meisture and/or oxygen.

Two additional specimens were prepared
following a ceramic synthesis similar to that
described by Jorgensen et al. (2), except
that we found it necessary to cycle our initial
reaction at 1220°C four times with regrind-
ing, to obtain less than 5% unreacted La,0,
and NiO. Following this, the sample was
annealed for 4 hr at 1035°C in flowing N,
and then furnace cooled. The sample was
then partitioned, placing one portion in min-
eral oil and further annealing the other for
12 hr at 450°C in O, followed by furnace
cooling and storage in mineral oil.

The concentration of excess oxygen in
cach specimen was determined by iodo-
metric analysis. Titrations were carried out
in an inert atmosphere glove box using de-
aerated solutions. Blanks showed no evi-
dence of iodine formation. Sodium thiosul-
fate solutions were freshly prepared and
standardized against primary As,0,, using
concentrations appropriate for the antici-
pated range of oxygen contents for select
groups of annealed specimens. Each iodo-
metric analysis was carried out in triplicate,
resulting in standard deviations of =0.002
or less (see Table I).

X-ray powder diffraction data were col-
lected on finely ground material from each
anneal using an automated 6/20 Philips
APD3520 diffractometer equipped with a
graphite monochromator on the detector
arm, using CukK, radiation. Data were col-
lected in the range 23 = 26 = 97°, using an
internal (NIST) Si standard for calibration.
Lattice parameters were determined by a

RICE AND BUTTREY

least-squares fit to d spacings obtained from
high angle data. Additional slow scans
through selected ranges, such as to obtain
the (200)/(020), (212), (008), and in some
cases the (400)/(040) and (208)/(028) reflec-
tions, were used to characterize line pro-
files. This procedure was found to be partic-
ularly useful in distinguishing single and
mixed phase compositions. The & =
0.020(3) sample was further studied using
synchrotron X-ray powder diffraction, car-
ried out on beamline X7A at the National
Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory. The
ground sample was mounted on a flat plate
and data were collected using a channel cut
Si(111) monochromator and Ge(220) ana-
lyzer at a wavelength of 0.701046(2) A.

Results

The reduction boundary fugacity was de-
termined along each isotherm by the cross-
over from La,NiOy to the reduction prod-
ucts, La,0; and Ni(0). The resulting f, -7
relationship for this boundary is presented
in Fig. 2. The boundary follows the van’t
Hoff dependence

— 30780
T

where fo, is referenced to | atm and temper-
ature is in Kelvins.

Iodometric data were obtained using ma-
terial from each of the 37 crystalline anneals
and from the two ceramic specimens. The
oxygen exchange behavior and quench ef-
fects are expected to be complicated; how-
ever, all samples exhibited Bragg reflection
half-widths at or near the instrument resolu-
tion limits, consistent with a homogeneous
oxygen content and discrepancies between
specimens from the same anneal are within
experimental error. In order to produce
higher levels of excess oxygen (without us-
ing superambient pressure), we carried out
anneals in | atm oxygen at 600, 800, and
1000°C which resulted in 8 = 0,137, 0.122,

loglofO! = + 11.970,
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TABLE |
OxYGEN CONTENT AND ROOM TEMPERATURE LATTICE PARAMETERS DETERMINED BY [ODOMETRIC
ANALYSIS AND X-Ray POWDER DIFFRACTION, RESPECTIVELY
8 Space group a b c v 2e/(a + b)
0.000(1} Bmak 5.4664(3) 5.5374(3) 12.5422(7) 379.65(5) 2.2796
0.007(1) Bmakb 5.4676(4) 5.5337(4) 12.5432(8) 379.51(5) 2.2803
0.020(2) Pd,lncm 5.4931(3) 5.4931(3) 12.5691(6) 379.26(5) 2.2882
0.030(1) Pdyinem 5.4886(3) 5.4886(3) 12.5822(8) 379.04(5) 2.2924
0.055(2) Fd/mmm 5.4772(5) 5.4772(5) 12.6160(7) 378.48(5) 2.3034
0,074(2) Fd/mmm 5.4717(4) 5.4717(4) 12.6356(7) 378.30(5) 2.3093
0.090(2) Fa/nunm 5.4701(4) 5.4701(4) 12.6401(8) 378.22(5) 2.3108
0,116(2) Fda/mmm 5.4681(3) 5.4681(3) 12.6508(7) 378.26(5) 2.3136
0.116(2)* Faimmm 5.4656(4) 5.4656(4) 12.6567(7) 378.09(5) 2.3157
0.136(2) Faimmm 5.4619(5) 5.4619(5) 12.679%9) I78.2U5) 2.3215
0.168(2)* Fmmm 5.4664(5) 5.4653(5) 12.6932(8) 378.52(5) 2.3244

Note. Values at or very near the limits of composition for pure phases are presented in the first five rows.
Results from ceramically prepared specimens are denoted by (*). Note that the 8 = 0.000(1) result represents
the absence of any indication of oxygen excess, but provides no information on possible oxygen deficiency fi.e.,

8 < 0}

and 0.119, respectively. The oxidation
boundary has not beenr observed,

Features of the phase diagram in the range
0 < 6 << 0.137 were ascertained by examin-
ing 26 scans from all annecaled specimens
through the specific reflections mentioned

previously. To establish the compositional
limits of each biphasic region, we studied
(i) the pure lower & phase near its maximum
possible oxygen content, (i) a biphasic mix-
ture containing only a trace of the higher &
phase, (#ii) a biphasic mixture with approxi-

Temperature (°C)

12?0
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lﬂPll

lugmfoz(atm)
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UT{(x 1000} (K'Y

FiG. 2. The van't Hoff plot of the reduction boundary for La,NiQ, . 5.
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F1G. 3. A stack plot of selected Bragg reflections
useful in ilkustrating the phase relationships with chang-
ing oxygen stoichiometry. The (212) reflection violates
the face-centering general condition for F4/mmm, but
is consistent with any of the subgroups.

mately equal amounts of both phases, (iv)
a biphasic mixture with only a trace of the
lower & phase, and (v) the pure higher &
phase near its minimum oxygen content. In
each case the change from two-phase to
single-phase behavior was constrained to
within A8 = #0.005. Representative pat-
terns obtained by sampling at 0.01° steps for
45 sec are shown in Fig. 3 along with the
corresponding values of 8.

We observe single-phase patterns (i) near
the stoichiometric limit (8 =< 0.007), (/) near
& = 0.024, and ({i{) in the range 0.06 < § =
0.14 and at 8 = 0.168. Initially using the
fixed-source X-ray data, the observation of
tetragonal or orthorhombic symmetry and
the presence or absence of the (212) reflec-
tion were used to tentatively assign space
groups (Fig. 4). Further evidence for these
assignments was obtained from indexing
more than 35 reflections from powder pat-
terns over the full range (23 < 24 =< 97°).
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Scans were also obtained for phase-pure
compositions over the range 30 = 26 = 5(°
without the internal standard (Fig. 4). In
each of these cases, no evidence of phase
coexistence or impurity phases is visible
above background, and all reflections which
were expected to have measurable intensity
were observed. Subsequent examination us-
ing synchrotron X-ray powder diffraction
revealed trace amounts of P4,/ncm (LTT)
phase in the 8 = 0.055 sample, which lfed
us to set the fower & limit of the Fd/mmm
(HTT) field at 0.058. Since P4,/ncm symme-
try is normally expected far below room
temperature (hence the LTT designation),
we also show high-resolution synchrotron
X-ray powder data as further evidence of the
crystal system and conditions for allowed
reflections for the § = 0.020 (sample (Fig.
3). The (200) reflection has a FWHM({(26) =
0.013°, at or near the instrument resolution
limit, confirming the tetragonal assignment.
The (212) and (032) superlattice reflections,
expected for P4,/ncm (but not F4/mmmy)
were clearly observed and are also shown
in Fig. 5. )

The lattice constants at the compositional
limits were determined from biphasic speci-
mens with compositions near the edges of
the envelopes. These values were also de-
termined for intermediate compositions
within the F4/mmm (HTT) field as shown
in Fig. 6. The lattice constants were opti-
mized by performing at least-squares mini-
mization based on 4 spacings obtained from
the most reliable high-angle reflections. As
expected, the general trend across the phase
diagram is for a to decrease and cto increase
with increasing 8. In the Bmab (L' TO) phase,
the magnitude of the orthorhombic strain at
295 K decreases only stightly from 1.28 to
1.20% as & increases from 0.000 to 0.007.
This subtle change is apparent in the ortho-
rhombic splitting of (020) and (200) between
the top two profiles in Fig, 4, Although the
unit cell volume is observed to decrease sub-
stantially with increasing 8 in the two lowest
& phases, it shows little variation over the
broad HTT phase field. Based on our highest
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F1G. 4. Two-theta scans (fixed source, CuKe) in the range 30 = 26 = 50° for pure phases with (a)
& = 0.000 (Bmab (LTO), (b} 5 = 0.024 (P4,/ncm (LTT), and () 8 = 0.055 (F4/mmm (HTT)). Note
that the Si standard was omitted from these scans to avoid obstruction of the (220) profite,

3 ceramic specimen and a yet higher & speci-
men described by Jorgensen et al. (2), it
appears that the volume sharply increases
across the highest § phase ficld. We also

inctude the variation of 2¢/(a + b) with & in
Fig. 6d, which monotonically increases with
increasing oxygen content. This is useful in
comparing lattice constants from different
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FiG. 5. Two-theta scans {NSLS synchrotron source) of the P4,/ncm (LTT) phase with § = 0.020
showing (a) the (113) and (200) with FWHM{28) = 0.013°, {b) expanded view of the (200) reflection
which reveals the (020) and (200) reflections from trace Bmab (LTO) phase (subscript T and O indicate
tetragonal and orthorhembic, respectively), {c) (212) superlattice reflection, and (d) (032) superlattice
reflection. Note that the expected locations for the corresponding Bmeab superlattice reflections are
marked by arrows, though unobserved due to the trace proportion of this phase.

diffraction studies in that it is relatively in-
sensitive to the 2 calibration.

Oxygen contents of § = 0.116 and 0.168
were determined for the ceramically pre-
pared samples, the latter of which is beyond
the & range studied with the crystalline spec-
imens. The lower & sample exhibited lattice
constants very similar to the crystalline
samples with similar oxygen content and no
superlattice reflections. The higher § sample
is orthorhombic with no observed superlat-
tice reflections (space group Fmmm), simi-

lar to that previously reported by Jorgensen
et al. (2). On the basis of these observations,
we are led to believe that another biphasic
region may exist at high § (Fig. 6), probably
above & = 0.15, since Rodriguez-Carvajal et
al. (3) report observation of pure tetragonal
phase at this composition. Patterns in the
range 30 = 26 = 50° for these samples are
presented in Fig. 7. The splitting of reflec-
tions in the 8 = 0.168 sample is difficult
to resotve at low angles with conventional
X-ray diffraction. Even at high angles, we
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FiG. 5—Continwed

are unable to distinguish between a mono-
clinic distortion of the body-centered parent
cell, as was suggested by Hiroi et al. (4) for
8 = (.20, and an orthorhombic distortion of
the V2 x V2 x 1 cell, as suggested for
3 = (.18 by Jorgensen et al. (2). We have
chosen to index this phase on the ortho-
rhombic cell to aid in its comparison with
other compositions, High-angle data shown
in Fig. 7c illustrate subtle splittings in 8 =
0.168 reflections, such as (513)/(153), com-
pared with the tetragonal & = 0.116 compo-
sition. Note that the accompanying Ka, re-
flections must be considered in viewing
these data and are in some cases convoluted
with neighboring Ke, reflections.

Discussion

Hiroi et al. (4) reported TEM results
showing superstructures in oxygen excess
specimens, which they attribute to ordering
of phases with discreet oxygen contents
8§ = 1/2n, where n is an integer. While the
n = [ and 2 members fall outside our range
of study, the n = 3 member is consistent
with our observation of a single (orthorhom-
bic) phase at § = 0.168, and is reasonably
consistent with the report by Jorgensen et
al. (2) of a similar phase at § = 0.18. The
range 9 = n = 4 spans most of our broad
tetragonal range (0.058 = § = 0.15); how-
ever, we did not detect any evidence of
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Fi1G. 6. Evolution of {a) the basal plane laftice constant, (b} the c-lattice constant, and (¢) the unit
cell volume, and (d) the 2¢/(a + b) ratio (using the V2 x V2 x | cell in all cases) with oxygen
stoichiometry at room temperature. The dashed line denotes the cutoff beyond which no isothermally
annealed specimens were prepared. Data from our slow-cooled ceramic specimen with 8 = 0.168 and
from results of Jorgensen er al. (2) form the basis for the proposed the high-§ biphasic region. Open
circles indicate ceramically prepared samples and the open circles containing a **}"’ indicate the values

presented in Ref. (2).

phase coexistence within this range at room
temperature, nor did we observe any super-
structure reflections. Hiroi er al. similarly
observe tetragonal patterns in the overlap-
ping range 0.04 = § = (.12 by X-ray diffrac-
tion. They suggest that the superstructures
observed by TEM may represent short-
range microstructures, arising from oxygen
defect ordering, which are averaged out in
X-ray and necutron diffraction measure-
ments. Recent synchronton X-ray (/6) and

neutron scattering results {(/7) indicate that
a phase separation sets in just below room
temperature, leading to coexistence of te-
tragonal and orthorhombic phases within
this midrange. In the latter study, evidence
of short-range distortions is reported above
the biphasic envelope. Further character-
ization in this composition range will be re-
quired to fully resolve the details.

In surveying the literature, it appears that
there are actually only a few reports which
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appear to conflict with our analysis. Our
results differ with those of Jorgensen er al.
{2) in the midrange of composition, where
they report a single biphasic region evi-
denced by a specimen with 4., ~ 0.07.
Nearly equal proportions of the two phases,
each with a small orthorhombic splitting,
were reported on the basis of Rietveld pro-
file refinement of neutron diffraction data.
At T = 295 K, the ¢ parameters and 2¢/
(a + b) values, which both increase with
increasing 8, are in rather close agreement
with our values for the highest-§ P4,/ncm
phase and the lowest-8 F4/mmm phase
(comparing ¢ parameters of 12.5768/12.6228
A with our 12.5822/12.6160 A, and 2¢/

(a + b) values of 2.2905/2.3053 with our
2.2924/2.3034); however, no orthorhombic
splitting was evident in our patterns and,
from our analysis, an equal mix of these
phases should have §,,. = 0.044. Unfortu-
nately, our attempt to reproduce the condi-
tions of slow cooling in N, used by Jorgen-
sen ef al. resulted in & = 0.116 rather than
0.07, apparently due to the higher residual
oxygen content of our nitrogen source or a
different rate of cooling.
Rodriguez-Carvajal et al. (3) also reported
biphasic behavior for 8,,. = 0.07. It is diffi-
cult to compare their results to our room
temperature data, since the highest temper-
ature refinement they reported for 4, =
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FiG. 7. Two theta scans (fixed source, CuKa) in the range 30 = 28 = 50° for ceramically prepared
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the high-angle refiections for 8 = 0.116 and § = 0.168, illustrating the slight orthorhombic splitting
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occurs with roughly half intensity and ~0.30° higher in 26.
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0.07 was carried out on data collected at
T = 180 K; however, it is interesting to note
that they observe cocexistence of tetragonal
and orthorhombic phases, similar to our re-
cent low temperature results (76, 17). Kaji-
tani et al. (18) reported a room temperature
Pd,/ncm phase with 8 = 0.10(1), without
evidence of a second phase; however, the
expected superlattice reflections are not ap-
parent in their X-ray patterns and the lattice
constants are consistent with our findings
if & = 0.125, which we associate with F4/
mmm symmetry.

The observation of a P4,/nem(LTT)-type
phase at room temperature is particularly
important in the context of explaining the
observation of a weak ferromagnetic mo-
ment arising from spin canting at tempera-
tures as high as =200 K in specimens with
slight to moderate levels of excess oxygen.
Spin canting is possible in the P4,/ncm and
Pccen phases, but is symmetry forbidden in
the Bmab phase with the established spin
structure (3, /1, 12). Faraday measurements
on an as-grown crystal of La,NiQ,_ 5 with
& = 0.05 showed a small cusp at the Néel
point (T = 160 K) due to a weak ferromag-
netic moment (/3). From our phase diagram
this composition should contain two phases,
with the minor component (=20%) being the
P4,/ncm phase. Recent neutron scattering
experiments an a crystal with Pd,/nem as
the majority phase (with § = 0.030) indicate
that T, = 153 K (/7). In the same Faraday
susceptibility study, a crystal annealed at
1200°C and logofo, (atm) = —4.6 showed
a more pronounced cusp near 200 K (/3).
Although the [Ni**} was reported as approx-
imately 0.5%, corresponding to & = 0.010,
this appears to have been slightly underesti-
mated. We estimate that this annealing envi-
ronment should provide 8, = 0.018 and
result in a two-phase mixture with P4,/ncm
as the dominant phase. In this case the P4,/
nom phase has & = 0.020, and we suggest
that this composition will show T = 200
K. Subsequent reports on magnetic proper-
ties of low to moderate 8 specimens fre-
quently show 155 = Ty = 205 K (3, 19-21).
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In a recent study by Gopalan (/9), the de-
pendence of T on 6 shows plateaus at ~-200
and ~155 K which we expect within the
biphasic ranges bounded on the low and high
& sides, respectively, by the P4,/ncm phase.

Several common features are beginning
to emerge in the oxygen content phase dia-
grams of the three Ln,NiO, (Ln = La, Pr,
Nd) systems. At or near the stoichiometric
limit there is an orthorhombic phase with
significant 26 — @)/(b + a) = 0.01) ortho-
rhombic strain, having Bmab (or Pccrn) sym-
metry at room temperature, and which un-
dergoes a first-order phase transition in the
range 60 = T, = 120 K to aless orthorhombic
(Pcen) or tetragonal (P4,/ncm) phase
(20-23). As 8 1s increased, a phase separa-
tion region is observed in all three systems,
which is bounded at room temperature by
a distorted tetragonal P4,/ncm phase on the
higher & side (22, 2], 24). The range of &
within which this P4,/ncm phase exists is
rather narrow (A§ = 0.010), at least for the
Ln = La and Pr systems, and is centered
at somewhat higher & for Ln = Pr (8 =
0.025 for La versus 6 = 0.060 for Lr = Pr)
(23, 24). As & is increased, additional phase
separations are observed in all three sys-
tems. The higher & phase(s) in each case
shows no obvious superlattice reflections
and has therefore been indexed as F4/mmm
{or I4/mmm for the 1la X 1b x l¢ body-
centered cell) if tetragonal and Fmmm if or-
thorhombic.
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