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We present a detailed room-temperature x-ray powder diffraction study on La2−xSrxNiO4+d with 0øx
ø0.12 and 0ødø0.13. Forx=0.02, 0.04, and 0.06 the oxygen content phase diagrams of the Sr-doped
samples show a similar sequence of pure phases and miscibility gaps as for pure La2NiO4+d. We find a weak
Sr-doping dependence of thed range for the pure low-temperature orthorhombic(LTO), low-temperature
tetragonal, and high-temperature tetragonal(HTT) phases, but overall, thed ranges of the different phases do
not vary strongly forxø0.06. Drastic changes are observed forx=0.08 and 0.12, where miscibility gaps
successively disappear. Forx=0.12 all oxygen-doped samples are in the HTT phase. The mechanism respon-
sible for the suppression of the phase separation seems to involves multiple factors, including the Coulomb
interaction between Sr impurities and interstitial oxygens as well as the reduction of the NiO6 octahedral tilt
angle. The doping dependence of the lattice parameters shows clear differences for pure Sr and pure O doping.
With the exception of the LTO phase, the in-plane lattice parameters explicitly depend on the type of dopant,
rather than the net hole contentp=x+2d. In contrast, the orthorhombic strain in the LTO phase as well as the
c-axis length appears to depend only onp, however, in the case of thec-axis length this “universal” behavior
turns out to be coincidental. Our results also show that the chemical pressure of La-site dopants is highly
anisotropic, whereas that of O interstitials appears to be more isotropic. In general, this study reveals that for
an investigation of the intrinsic properties of La2−xSrxNiO4 with x&0.12, samples have to be annealed care-
fully to achieved=0, since already an excess oxygen content as small asd=0.01 leads to phase separation.
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I. INTRODUCTION

In recent years La2−xSrxNiO4+d (Refs. 1–4) has been stud-
ied intensively because of its close relationship with the iso-
structural high-Tc superconductor La2−xSrxCuO4+d.

5–7 In both
systems the transition-metal-oxide planessNiO2, CuO2d can
be doped with holelike charge carriers resulting in a large
number of different structural and electronic phases, in par-
ticular the superconducting phase in the case of the cuprates.
Although the nickelate system does not exhibit superconduc-
tivity, its investigation is very helpful to understand many
features of the cuprates, such as oxygen phase
separation5,8–10 and stripe correlations.6,11,12 Nickelates are
quite amenable to study for several reasons:(1) high x andd
can be reached,(2) it is much easier to obtain homoge-
neously oxygen-charged samples, and(3) stripe correlations
are more stable and therefore easier to detect than in the
cuprates. In most experiments the intention is to introduce
holes either by Sr substitutionsxd or by excess oxygensdd.
However, as-grown Sr-doped nickelates frequently contain a
considerable amount of excess oxygen, which can have
a strong impact on various properties. Lack of knowledge
of d can lead to misinterpretations of properties of these
materials.

Substitution of Sr2+ for La3+ appears to be random and
has a relatively weak effect on the lattice. The phase diagram
of La2−xSrxNiO4 in Fig. 1(a) shows four structural phases: a
high-temperature tetragonal(HTT) phase, a low-temperature
orthorhombic (LTO) phase, a low-temperature less ortho-
rhombic (LTO2) phase, and a low-temperature tetragonal
(LTT) phase; for details see Sec. III B.13 At room tempera-

ture the structure changes atx.0.12 from the LTO to the
HTT phase, mainly due to the decrease of the sublattice mis-
match between the(La,Sr)-O and the Ni-O bond lengths with
increasing hole content.

Excess oxygen occupies interstitial lattice sites centered
within the LaO bilayers14 and results in the formation of
several structurally and compositionally distinct phases sepa-
rated by miscibility gaps.1,4 The O-doping phase diagram has
been studied by several groups with different
techniques.1,2,4,15–18Though there are some discrepancies be-
tween the various proposed phase diagrams, most features
are captured by our schematic diagram in Fig. 1(b).4 As a
function of d, at room temperature the system shows a se-
quence of pure phases LTO→LTT→HTT separated by bi-
phasic regions of LTO/LTT and LTT/HTT. These biphasic
regions are the result of miscibility gaps which follow from
the unmixing of interstitial oxygen defects into oxygen-poor
and oxygen-rich domains. The oxygen-poor domains take the
maximumd value of the bordering pure low-d phase and the
oxygen-rich domains the minimumd of the pure high-d
phase. Strong interstitial oxygen correlations give rise to
these miscibility gaps. For moderate oxygen concentrations
the HTT phase transforms into a phase with one-dimensional
(1D) stage order of the oxygen interstitials upon cooling be-
low room temperature.4 Onset of staged ordering may in-
volve opening of additional miscibility gaps or intergrowth
of stacking faults in the staging sequence, allowing for varia-
tion in average oxygen stoichiometry throughout this com-
positional range.4 Finally, at very highd three-dimensional
(3D) oxygen order is observed.25–27

In La2NiO4, the NiO2 planes form a two-dimensional
(2D) spinS=1 Heisenberg antiferromagnet(AF) on a square
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lattice, with a Néel temperature of,330 K.28,29As the sys-
tem is doped with an increasing concentration of holesp
=x+2d, the commensurate AF order is destroyed and a phase
of static charge and spin stripes forms. The stripe phase is the
consequence of an electronic phase separation into hole-rich
charge stripes acting as antiphase boundaries between hole-
poor AF spin stripes.12 So far, for pure Sr doping stripe order
has been observed for hole concentrationsp=x*0.135 and
in the case of O doping forp=2d*0.22 (see Fig. 1).3,20,27,30

In the latter case, the first appearance of stripe order might be
connected to that of the 3D order of the O interstitials.23,24,30

The idea of an interplay between the electronic phase
separation in the NiO2 planes, the structural phase separa-
tions, and the O interstitial ordering within the rocksalt bi-
layers has been a strong motivating factor behind this work.
We are interested in the question of how additional doping
by Sr affects the various phases and phase boundaries of the
oxygen-content phase diagram. In particular, are the ob-
served phases the result of purely steric effects of the inter-
stitials or are they partially stabilized by electronic correla-
tions? Beyond these questions it is desirable to map the
structural phase diagram of(Sr,O)-codoped La2NiO4 so that
in future, for a particular Sr content, thed value of the
sample can be determined simply by measuring its lattice
parameters.

In the present paper, our focus is on the study of speci-
mens with fixed Sr concentrations in the range 0.02øx

ø0.12 and variable interstitial oxygen concentrations in the
range 0ødø0.13 at room temperature. Phase separation
into oxygen-poor and -rich domains similar tox=0 was ob-
served for allxø0.06. Drastic changes occur only for the
higher Sr concentrationsx=0.08 and 0.12, where first the
LTT/HTT miscibility gap and then also the LTO/LTT misci-
bility gap disappears. At such high Sr concentrations the
angle of the coherent octahedral tilts, with respect tox=0, is
already considerably reduced and finally becomes zero for
x=0.12. Our results rely on a precise adjustment ofd, which
we have accomplished by controlled atmosphere annealing
under conditions of temperature and oxygen fugacity that
depend onx.31 In fact, we find that for all samples withx
ø0.08 an excess oxygen concentration smaller thand
=0.01 is sufficient to induce an unmixing into oxygen-poor
and oxygen-rich phases. Hence, to study the intrinsic prop-
erties of La2−xSrxNiO4 the oxygen contentd has to be zero,
or at least!0.01. We compare our data with results for
La2−xSrxNiO4 prepared in air, Ca- and Ba-doped La2NiO4,
Pr2NiO4+d, and Pr2−xSrxNiO4.

32–34

II. EXPERIMENTAL

Several series of La2−xSrxNiO4+d powder samples with
fixed Sr contentsxd and variable excess oxygen contentsdd
have been prepared. The starting crystals withx=0, 0.02,
0.04, 0.06, 0.08, and 0.12 were obtained by congruent melt
growth using radio frequency induction skull melting.35 All
samples crystalized in theT phase, i.e., no impurity phases
were detected. Note that the interstitial oxygen phase sepa-
ration occurs by unmixing from a higher-temperature single
phase parent. The resulting biphasic mixtures should not be
confused with impurity phases as they are intrinsic. To adjust
d, small crystal pieces were annealed at different tempera-
tures in atmospheres with different oxygen fugacitiesfO2
ranging from log10sfO2

d=−12 to 0. Samples with lowd
were obtained by anneals at 1000 °C and differentfO2

.
Samples with medium and highd were obtained by anneals
at 900, 750, 600, and 450 °C in Ar and pure O2, respectively.
The oxygen fugacity was monitored electrochemically using
a Y-stabilized ZrO2 cell against a 1 atm O2 reference. All
anneals were terminated by a quench to room temperature.
The oxygen content was determined by iodometric titration.
Details of crystal growth, O annealing, and chemical analysis
are described in Refs. 1, 33, and 36–38. Synchrotron x-ray
powder diffraction patterns at room temperature were col-
lected at beamline X7A of the National Synchrotron Light
Source at Brookhaven using a Ge(111) monochromator at
wavelengthsl of 0.66, 0.7, or 0.8 Å. Photons were collected
with a position-sensitive detector.39 Spectra were typically
acquired in the range 10°,2u,50° by measuring in 0.25°
steps for 30 to 60 sec per step. Powder samples were con-
tained in glass capillariessx0.4 mmd sealed under argon. To
avoid potential long-term exposure to oxygen between an-
nealing and measurement, capillaries were stored under min-
eral oil.

III. RESULTS

A. Excess oxygen contentd vs 2c/ „a+b…

Essential for this study is the precise knowledge ofd for
each specimen. In Fig. 2 we show the iodometrically deter-

FIG. 1. Schematic phase diagram of(a) La2−xSrxNiO4 (after
Refs. 19–22 and this work) and(b) La2NiO4+d (after Refs. 1, 4, 23,
and 24). In (b) we neglect that the miscibility gap boundaries near
the upper consolutes are rounded. The dotted lines in both diagrams
indicate unknown phase boundaries. SRO and LRO are standing for
short- and long-range order, respectively.
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minedd values for the various sample series with fixedx as
a function of 2c/ sa+bd determined by x-ray diffraction. All
samples in this diagram are single phase, since only for these
samplesd can be connected to a unique value of 2c/ sa+bd.
In the case of biphasic samples, the iodometrically deter-
mined d corresponds to the average oxygen content of the
sample, which is not representative of either of the two
phases. Hence, data for biphasic samples are not included in
this diagram. Iodometric analysis were performed in tripli-
cate under an inert atmosphere using deaerated solutions and
standardized thiosulfate solutions.1,36–38Within each of these
series,d increases super-linearly as a function of 2c/ sa+bd.
With increasingx, curves are shifted systematically to higher
2c/ sa+bd. Anneals performed under the same conditions
with specimens of differentx show a systematic decrease in
d with increasingx. The absolute random errors ofd and
2c/ sa+bd were determined to be ±0.003 and ±0.0005, re-
spectively. Note, that the relative error of 2c/ sa
+bd s±0.02%d is much smaller than those ofa, b, and
c s±0.1%d, since certain errors, as for example that from
uncertainties inl, cancel out in the ratio. To smooth and
interpolate the results, we have applied empirical least-
squares fits, indicated by the solid lines, to thed vs 2c/ sa
+bd data. Values ofd evaluated from these curves using the
measured 2c/ sa+bd were subsequently used to plot other
quantities as a function ofd or p=x+2d. The fits, shown in
Fig. 2 as solid lines, are power laws up to 3rd order, and
were fitted simultaneously for allx. The coefficients of the
nonlinear terms were varied independently for each curve.
The coefficient of the linear term, i.e., the initial slope atd
=0, as well as the value of 2c/ sa+bd at d=0, were allowed
to vary linearly as a function ofx. Uncertainties ind versus
2c/ sa+bd are primarily due to the limited mass of sample

used for the individual titrations of large numbers of speci-
mens. In the future, we plan to characterize this relationship
more carefully using larger specimens. This is expected to
also reveal any fine structure that may be obscured in the fits
provided here.

B. Distinction of structural phases

At high temperatures La2−xSrxNiO4+d is expected to have
the ideal K2NiF4 HTT structure(space groupI4/mmm) re-
gardless of the oxygen stoichiometry[see Fig. 3(a)]. The
crystal lattice consists of NiO2 monolayers separated by
(La,Sr)O rocksalt bilayers. Each Ni site is coordinated by six
oxygens, resulting in a network of corner-sharing NiO6 oc-
tahedra. The formal valence of the NiO2 planes is negative
while that of the(La,Sr)O bilayers is positive. Doping with
interstitial oxide ions or Sr2+ reduces the positive net charge
in the rocksalt bilayers. Similarly, the compensating holes
serve to reduce the negative net charge in the NiO2 planes.
Overall, doping decreases the charge separation inherent to
the structure, providing a stabilizing effect.

With decreasing temperature different structural transi-
tions are observed depending onx andd. Most of these low
temperature phases can be described by different patterns of
slightly tilted, almost rigid NiO6 octahedra. Tilt angles are of
the order of a few degrees and depend on temperature and
doping. It is convenient to index all phases on the basis of
the Î2a3Î2b3c supercell, relative to the parent K2NiF4
cell. Its lattice constantsa andb and crystallographic direc-
tions are indicated in Fig. 3(a). In this supercell the intersti-
tial O2− ions reside at positions nears 1

4 , 1
4 , 1

4
d, i.e., centered

within the positive(La,Sr)O bilayers.14 In the HTT phase
sF4/mmmd the average octahedral tilt angle is zero[Fig.
3(a)]. This means that the NiO2 planes are either flat or there
is at least no coherent tilt pattern. Short-range correlations of

FIG. 2. Excess oxygen contentd in La2−xSrxNiO4+d for samples
with fixed Sr contentx=0, 0.02, 0.04, 0.06, 0.08, 0.12 as a function
of 2c/ sa+bd. Solid lines are fits to the data(see text). The error bars
indicate the experimental error ind and 2c/ sa+bd. The data forx
=0 anddø0.055 are taken from Ref. 1

FIG. 3. Crystal structure of La2−xSrxNiO4. (a) K2NiF4 unit cell
of HTT phase with lattice constants and basis vectors ofÎ2a
3Î2b3c supercell.(b) and (c) Octahedral tilt directions in the
LTO and LTT phases.
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octahedral tilts may exist due to local lattice distortion asso-
ciated with O and Sr dopants. In the LTO phasesBmabd, the
octahedra tilt antiferrodistortively around the[100] direction
[Fig. 3(b)]. In the LTT phasesP42/ncmd the octahedral tilt
axis is rotated in-plane by an azimuthal angle of 45° with
respect to the LTO phase[Fig. 3(c)]. Since the direction of
this rotation alternates in adjacent NiO2 layers, tilt axes in
adjacent layers are perpendicular to each other. Often the
LTO2 phasesPccnd is observed, which is an intermediate
phase between the LTO and LTT phases, since the tilt axis is
rotated by an angle 0°,f,45°. At very highd an ortho-
rhombic phase was reported for pure La2NiO4+d, for which
the symmetry isFmmm.1,2,14 In the present study this phase
was not observed, because in our Sr-doped samplesd is not
high enough.

The powder diffraction patterns have been analyzed using
the program Rietica to determine the lattice parameters.40

The reflection conditions for the different phases are ex-
plained in Ref. 1. In the following, we focus on a few char-
acteristic reflections(see Fig. 4) that are very helpful in dis-
tinguishing between the different phases and in determining
phase fractions in the case of biphasic samples. The LTO
phase manifests itself by a split of certain reflections with

hÞk such ass200d / s020d and s515d / s155d. In addition, one
observes superlattice reflections such as(212) or (032),
which indicate coherent octahedral tilts. In the case of the
LTT phase, the split for reflections withhÞk is absent, but
the superlattice reflections(212) and (032) remain. Mixed
LTO/LTT phases can be identified by the coexistence of split
and nonsplit reflections as well as the presence of two of
each of the superlattice reflections of(212) or (032), since
the lattice constants of the LTO and LTT phases are different.
Since the resolution at high angles is better than that at low
angles, we have determined the LTO/LTT phase fractions
from the s515d / s155d reflections. The HTT phase does not
show any superlattice reflections; hence, the(212) and(032)
reflections are absent. Mixed LTT/HTT phases are most
readily identified by a split of reflections such as(008) and
s1111Id, as thec axis of the LTT and HTT phases are differ-
ent. Thec axis differs also for the LTO and LTT phases, but
the difference is smaller and was not resolvable in our dif-
fraction patterns. The LTO2 phase shows a similar but re-
duced orthorhombic splitting of the fundamental reflections
as in the LTO phase as well as the superlattice reflections
s122d / s212d ands302d / s032d. It is well known that La2NiO4

at temperaturesT&70 K exhibits the LTO2 phase.41 In our
room temperature diffraction patterns, no evidence of the
LTO2 phase was observed for any combination ofx andd.

Representative diffraction patterns for the different phases
of samples with fixed Sr contentx=0.02 and 0.08 are pre-
sented in Fig. 4 along with thed values. Forx=0.02(top) the
two miscibility gaps LTO/LTT and LTT/HTT were clearly
detectable. Pure phases were observed only for the LTO and
the HTT phase. A pure LTT phase was not detected, most
probably because none of our prepared samples matched the
requiredd value. Forx=0.04 and 0.06 we have in fact ob-
served single-phase LTT samples. Due to the narrowd range
of the LTT phase it is generally difficult to obtain LTT-type
samples, which also explains the small number of reports on
this phase.

With increasing hole concentration, the structural differ-
ences between the LTO, LTT, and HTT phases generally de-
crease since the sublattice mismatch diminishes, making
phase separations more difficult to detect. This is clearly the
case forx=0.08 (bottom) where the orthorhombic strain in
the stoichiometric samplesd.0d is already much weaker
than forx=0.02 as one can see from the smaller splitting of
the s155d / s515d reflections. With increasingd we observed a
mixed phase, but it was not possible to decide whether this
phase is of the LTO/LTT or LTO/HTT type. Neither a pure
LTT phase nor a mixed phase LTT/HTT was observed. In-
terestingly, forx=0.08 thes1111Id reflection of the biphasic
samples show a significant asymmetry, indicating a majority
LTO phase ford=0.004 and a majority LTT or HTT phase
for d=0.023. Usually, LTO/LTT phase separation does not
show up as clearly in a split of thes1111Id reflection as in the
case of LTT/HTT phase separation. Therefore, the asymme-
try of the s1111Id reflections forx=0.08 might indicate that
the second phase is HTT. To solve this problem measure-
ments at low temperatures are needed, where the tilt angles
are larger.

FIG. 4. Room-temperature diffraction patterns of
La2−xSrxNiO4+d for fixed Sr contentx=0.02 and 0.08 and variable
excess oxygen contentd.
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C. Lattice constants vs hole contentp=x+2d

In Fig. 5 we show the lattice parameters as a function of
the hole contentp=2x+d. In this figure, only the data of
single-phase samples or the majority phases of biphasic
samples are included.[We have also created plots(not
shown) of the lattice parameters as a function of 2c/ sa+bd
and the excess oxygend, but these provide no new insight.]
In plot (b) we show the average basal plane lattice constant
sa+bd /2 versus hole content. At low hole dopingp&0.08
the branches for the different sample series with fixedx al-
most coincide. In contrast, at higher hole doping the
branches are clearly separated. The branch for the highest
(lowest) Sr content shows the lowest(highest) values for
sa+bd /2. All other branches for the variousx values fill in
systematically. A closer look at the lattice constants in the

LTO phase in Fig. 5(a) shows thata and b follow a nearly
universal dependence onx and d. Within each set of points
having fixed x, the left most point hasd.0, and thend
increases towards the right point. Accordingly, the ortho-
rhombic strain also follows a universal curve as is shown in
Fig. 5(d) where we plot the orthorhombic splitting in percent
of sa+bd /2. With increasingp the splitting decreases and
vanishes aroundp=0.12. Interestingly, thec-axis length
shows a nearly unique dependence onp, as well [plot (c)].
As we will discuss later, that this is a coincidence is not
obvious. In fact, it turns out that thec-axis length not only
depends onp but also on the steric effects of the dopants.
Furthermore, we observe a change in the slopedc/dp at
around p=0.12s2d. At roughly this hole content, pure
La2−xSrxNiO4 as a function ofp=x crosses over from LTO to
HTT (at room temperature). Figure 5(e) shows the volumeV
of the supercell, which reveals no significant new insights.
For fixedx the general trend is that, with increasing oxygen
content, V first shrinks then saturates and eventually in-
creases. ObviouslyV deviates from a linear dependence on
oxygen doping, thereby violating Vegard’s rule. Deviations
from Vegard’s rule are not uncommon among strongly aniso-
tropic and/or nonstoichiometric crystal structures.42,43

1. Pure Sr doping vs pure O doping

The major differences between Sr and O doping become
very clear when comparing the lattice parameters for pure Sr
doping sd=0d and pure O dopingsx=0d. In Fig. 6 we show
corresponding data as a function ofp. For both types of hole
doping, the average basal plane lattice constantsa+bd /2 de-
creases[plot (a)]. With increasing hole concentrations the
oxygen-doped samples show significantly largersa+bd /2
values as well as a tendency to saturate. For Sr dopingsa
+bd /2 decreases linearly, in agreement with Vegard’s rule.

FIG. 5. Room-temperature lattice parametersa,b,c, unit cell
volume V, and orthorhombic strain 2sb−ad / sa+bd of
La2−xSrxNiO4+d for fixed Sr contentx=0, 0.02, 0.04, 0.06, 0.08,
0.12 and variable excess oxygen contentd as a function of hole
contentp. Solid lines are guides to the eye.

FIG. 6. Room-temperature lattice parameterssa+bd /2, c, 2sb
−ad / sa+bd, andV of La2NiO4 for pure Sr doping and pure O dop-
ing as a function of hole contentp. Solid lines are guides to the eye.
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Since the dependence ofc on x andd is almost identical[plot
6(b)], the large differences observed forV are mainly due to
the in-plane effects[plot 6(d)]. The differences clearly show
that the lattice parameters do not solely depend on the hole
content, but also on steric effects.

2. Comparison with as-prepared-in-air samples

In Fig. 7 we compare our results for pure Sr and pure O
doping with the lattice parameters from Ref. 32 of Sr-doped
samples prepared in air that were not post annealed. Air-
prepared samples frequently contain a considerable amount
of excess oxygen. From Fig. 7 it is apparent that this excess
oxygen causes huge differences between the lattice param-
eters of annealed and air-prepared samples, particularly at
low Sr concentrations. It is known that the excess oxygen
concentration in air-prepared(not post-annealed) samples de-
creases with increasing Sr content, typically reachingd.0
nearx=0.3, and that for largerx oxygen vacancies are gen-
eratedsd,0d. It is for this reason that in Fig. 7 the data
points for pure Sr doping and those of the air-prepared
samples for largex,0.3 merge into a common Sr-doping
dependence. From the lattice parameterc in Fig. 7(b) we
estimate for the air-prepared sample withx=0 an excess oxy-
gen content as high asd,0.11.

D. Sr and O codoping phase diagrams

In Fig. 8 we present the individual oxygen-content phase
diagrams for the various fixed Sr concentrationsx with re-
gard to the lattice parametersa and b. All data points stem
from single-phase samples or the majority phase of biphasic
samples. Biphasic samples with a pronounced majority phase
are particularly useful for the determination of the delta
value of the phase boundaries between the pure phases and
the miscibility gaps. In Fig. 8 pure phases are represented by
shaded areas and miscibility gaps by white areas. The
hatched areas were not covered in this study. As one can see,

the maximumd values obtained by anneals at 450 °C in O2,
systematically decrease with increasing Sr content. On the
other hand, the lowestd values scatter aroundd.0 within
the experimental error. In fact we assume that the most re-
duced samples are all very close tod=0. Note also, that the
lattice parameters forx=0 and dø0.055 were taken from
our earlier publication in Ref. 1, but were refit according to
Sec. III A. Hence, minor systematic differences between the
phase diagram forx=0 in Fig. 8 and those in Fig. 1(b) and
Ref. 1 are due to the fit procedure we have applied to all data
sets(see Fig. 2). Forx=0 one can clearly see the sequence of
the pure LTO, LTT, and HTT phases, as well as the mixed
LTO/LTT and LTT/HTT phases for intermediated values.
The phase diagrams forx=0.02, 0.04, and 0.06 are qualita-

FIG. 7. Comparison of our lattice parameters for pure Sr and
pure O doping with data for Sr-doped samples prepared in air(tri-
angular symbols) taken from Ref. 32 at room temperature versus
hole concentration. Solid lines are guides to the eye.

FIG. 8. Oxygen-content phase diagram for lattice parametersa
andb of La2−xSrxNiO4+d at room temperature for various Sr content
x.

HÜCKER et al. PHYSICAL REVIEW B 70, 064105(2004)

064105-6



tively similar, but become increasingly difficult to resolve.
According to our data, thed range of the LTO phase slightly
broadens fromx=0 tox=0.06, while the LTT phase narrows.
The pure LTO phase at room temperature never exists atd
values higher than 0.01. This means thatd has to be much
smaller than 0.01 to be able to observe the intrinsic proper-
ties of La2−xSrxNiO4. The LTT phase is centered at aboutd
=0.02, while the lowd phase boundary of the HTT phase
systematically shifts to lowerd values.

Drastic changes of the phase diagram are observed forx
ù0.08. Forx=0.08 we were not able to detect the pure LTT
phase, nor the second miscibility gap. Moreover, thed range
of the LTO phase again becomes narrower. To confirm these
results we have prepared a second series of samples withx
=0.08 which showed essentially the same behavior. At the
end of Sec. III B we argue that forx=0.08 the first miscibil-
ity gap might be of the LTO/HTT type rather than LTO/LTT.
Measurements at low temperatures where the octahedral tilts
are larger, are needed to verify this result. Forx=0.12 all
samples are in the HTT phase. Only the most reduced
samples show traces of the LTO phase and measurements at
low temperatures reveal that these samples are indeed close
to the HTT/LTO transition which occurs at about 275 K. In
conclusion, our results forxù0.08 clearly indicate a sup-
pression of oxygen phase separation. Possible reasons will be
discussed below. Finally, we emphasize that we do not ob-
serve any evidence for staging order or 3D interstitial order
at room temperature.4,27

IV. DISCUSSION

Our experiments have revealed several key results. First
of all, all Sr-doped samples in general should be assumed to
be codoped unless their oxygen content was determined to be
d=0. Furthermore, our results show that one has to clearly
distinguish between Sr and O doping at any level ofx, d
codoping. As long as miscibility gaps appear, theird ranges
depend mainly on the amount of excess oxygen and not on
the hole content. Other features, such as the orthorhombic
strain 2sb−ad / sa+bd and the c lattice parameter depend
mainly on the hole contentp=x+2d, independent of whether
holes were introduced by Sr or O doping. In contrast, the
average basal plane lattice constantsa+bd /2 (and, therefore,
also the unit cell volume) depends explicitly on the indi-
vidual concentrations of Sr and O.

A. Oxygen-content phase diagrams

The microscopic mechanism of phase separation and the
concomitant structural transitions is quite complex and not
fully explored. The fact that the doubly charged oxide inter-
stitials are located within the positively charged rocksalt bi-
layers is consistent with the electrostatic environment. We
assume that phase separation into oxygen-poor and -rich do-
mains takes place by diffusion of the interstitials parallel to
the rocksalt layers. Diffusion along thec axis is assumed to
be negligible.[The diffusion process seems to be driven by

the free energysḠ0d rather than by self-diffusion.44] The final
ground state is a delicate balance between lattice distortions,

Coulomb repulsion between the interstitial O2− ions, and
screening effects by the charge carriers in the NiO2 planes.
With increasingd, the LTT phase becomes energetically fa-
vorable over the LTO phase, though the stabilization of the
initial LTT domains requires a minimum concentration of
interstitials. Within the first miscibility gap it is obviously
energetically favorable for the interstitials to separate into
oxygen-poor LTO and oxygen-rich LTT domains, i.e., the
overall gain in lattice distortion energy by forming O2− de-
pleted LTO as well as O2− enriched LTT domains compen-
sates the loss in Coulomb energy due to the enhanced charge
inhomogeneity in the rocksalt layers and possibly also in the
NiO2 planes. Evidence for a charge inhomogeneity in the
NiO2 planes at this low level of O doping comes from stud-
ies of the magnetic properties, which indicate the coexistence
of domains with Néel temperatures typical for the pure
phases, i.e., the coexistence of domains with different hole
concentrations.4,45 This is very similar to La2CuO4+d where
phase separation results in superconducting and antiferro-
magnetic domains,46 indicating not only the formation of
oxygen-rich and -poor domains, but also a corresponding
charge inhomogeneity in the CuO2 planes.

The LTT phase exists only in a very narrow range ofd. At
higherd the room-temperature structure eventually becomes
HTT. The HTT phase is characterized by a disordered non-
coherent octahedral tilt pattern. There are certainly several
factors responsible for the doping-dependent crossover from
the LTT to the HTT phase. We assume that in HTT domains
the reduction of the sublattice mismatch with increasing hole
concentration has advanced to such a degree that no coherent
tilt pattern is possible. The observation of orthorhombic
staged phases at temperatures slightly below room tempera-
ture show that, in principle, a phase with a coherent tilt pat-
tern can be induced at high hole and oxygen concentrations,
as well.

Structural models proposed in Ref. 4 suggest that the LTT
structure is indeed more suitable for accommodation of the
interstitials than the LTO phase. However, the concentration
of excess oxygen is not the only parameter that determines
the phase diagram. In Pr2NiO4+d, for example, thed range of
the pure LTT phase is centered atd.0.06 in contrast tod
.0.02 in La2NiO4+d (see Fig. 9).33,47 Moreover, no HTT
phase is observed between the LTT and the orthorhombic
high-d phasesFmmmd. Since trivalent Pr is smaller than La,
in Pr2NiO4 the sublattice mismatch is larger, i.e., the octahe-
dral tilt angle is larger and thec axis shorter.33,47The change
of the local environment of the interstitial site obviously
makes it more difficult to stabilize the LTT phase. It is worth
mentioning that in a Pr-based sample, annealed under iden-
tical conditions as a La-based sample, the interstitial oxygen
content is higher.

So far, we have considered the effects of oxygen doping.
Additional doping with Sr, on one hand, introduces random
lattice defects and, on the other hand, Coulomb repulsion
between the relatively negative(compared to La) Sr sites and
the O interstitials. Furthermore, Sr doping increases the con-
centration of holes. The holes in the NiO2 planes might be
expected to screen the O2− interstitials, as well as the Sr
impurities in the rocksalt layers, which should result in a
reduced O-O and Sr-O Coulomb repulsion. From our results,
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however, we have obtained no evidence that screening has a
significant impact on the oxygen interstitials. On the other
hand, our data yield clear signatures of an influence of Sr
doping on the oxygen-content phase diagram: the suppres-
sion of oxygen phase separation forxù0.08 as well as a
weak change of the widths of the LTO and LTT phases for
xø0.06.

One possible explanation is that the Coulomb interaction
between the O interstitials and Sr defects suppresses the ten-
dency for phase separation into oxygen-rich and oxygen-
poor domains. However, other factors can also cause the ob-
served changes. As our comparison with Pr2NiO4+d has
shown, it might well be that with decreasing octahedral tilt
angle(with increasingx) the phase boundaries shift ind as
well as in temperature. Since the miscibility gap boundaries
near the upper consolutes are rounded, thed range of the gap
depends on the temperature of the experiment relative to the
upper consolute temperature. This can explain a broadening
or narrowing of the pure phases, too. In this context, the
successive disappearance of the miscibility gaps forx
ù0.08 can occur if their upper consolute temperatures drop
below room temperature.

We note that, though the structural differences between
the LTO, LTT, and HTT phases decrease with increasing Sr
concentration, oxygen phase separation, in principle, should
stay detectable. Even in the extreme case of a phase separa-
tion into oxygen-rich and oxygen-poor HTT domains, the
lattice parameters of these two HTT phases would be differ-
ent and therefore distinguishable. As we have no indication
that this happens in our samples withxù0.08, we assume
that we have indeed observed a suppression of the phase
separation, as mentioned above. Further measurements at
variableT to track the consolute temperature as a function of
x andd, as well as at lowT where the lattice distortions are
usually larger, are necessary to confirm this point.

B. Structural anisotropy

In Fig. 10 we compare our results for the lattice param-
eters of La2−xSrxNiO4+d with data for Ba-, Sr-, and Ca-doped

La2NiO4 from Ref. 32, and references cited therein, as well
as Pr2NiO4 from Ref. 34. Note that in Ref. 32 a broad Sr
range was covereds0øxø1d. We limit our comparison to
x,0.3 since only around this Sr content does one obtaind
.0 in typical air-prepared samples(Sec. III C 2). We assume
a similar situation for Ca and Ba doping. Let us focus first on
the behavior ofc in Fig. 10(b). The coincidence of our data
for La2NiO4 for pure O doping and pure Sr doping up tox
=0.12 is confirmed by a point atx=0.3 taken from Ref. 32.
In contrast,c is significantly larger for a Ba-doped sample
and shorter for a Ca-doped sample, both withx=0.33. In the
case of Pr2NiO4 the c axis is about 2.5% shorter than in
La2NiO4, but it shows a similar Sr-doping dependence as
La2NiO4 at low xø0.12. A comparison of the ionic radii of
the substituting elements shows thatc qualitatively scales
with the average ionic radii at the La site:
Ba2+:Sr2+:La3+:Ca2+:Pr3+⇒1.47 Å:1.31 Å:1.216 Å:1.18
Å:1.179 Å.48 Therefore, we conclude that the coincidence of
c for Sr- and O-doped La2NiO4 is coincidental.

As shown in Fig. 10(a), out of all dopants, interstitial
oxygen shows the largest in-plane lattice constants. Even for
Ba, the largest dopant,sa+bd /2 stays significantly smaller
than for oxygen doping. We assume that this is due to a large
chemical pressure of the intercalated oxygen ions. Interest-
ingly, the Ca-doped sample is in line with the Sr data, and the
data for Pr2−xSrxNiO4 are just 0.2% lower than for
La2−xSrxNiO4. The fact that, compared toc, sa+bd /2 barely
depends on the average ionic radii at the La site shows that
the chemical pressure for La site doping is highly aniso-
tropic. Furthermore, we have to conclude that the decrease of
sa+bd /2 upon Sr doping is largely due to the dependence of
the Ni-O bond length upon hole doping. If this conclusion is
correct, then the much weaker decrease ofsa+bd /2 observed
for oxygen doping effectively indicates an expansion of the
ab plane by oxygen interstitials. At a hole content ofp

FIG. 9. Oxygen-content phase diagrams for lattice parametersa
andb of La2NiO4 (solid triangles taken from Ref. 1) and Pr2NiO4

(after Ref. 33) at room temperature. FIG. 10. Room-temperature lattice parameterssa+bd /2 (left)
andc (right) for doped La2NiO4 and Pr2NiO4 as a function of hole
contentp. Data for La2−xMxNiO4 with M =Ca, Sr, and Ba(%) was
taken from Ref. 32, and references cited therein. Data for
Pr2−xSrxNiO4 was taken from Ref. 34. Solid and dotted lines are
guides to the eye.
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.0.3, this expansion amounts to,1.1% which has to be
compared to an expansion of thec axis by 1.2%(see Fig.
10). Therefore, we conclude that interstitial oxygens cause an
almost isotropic expansion. We note furthermore, that a
strongly anisotropic lattice expansion has also been observed
in the LTO phase of Nd-doped La2−xSrxCuO4.

49

Finally we discuss the change of the slopedc/dp in Fig.
5(c) at a hole content ofp.0.12. This effect was also ob-
served by Tamuraet al. in La2NiO4+d with x=0.2 There are
certainly several factors that contribute to the Sr- and
O-doping dependence ofc. One factor is the chemical pres-
sure of the dopants, as was discussed above. Next, hole dop-
ing leads to a decrease of the sublattice mismatch, which
causes the NiO6 octahedra to straighten up. This results in an
increase ofc, and further is an additional reason for the sta-
bilization of the HTT phase. On the other hand, O and Sr
doping lead to significant disorder within the octahedral tilts,
because the surrounding apical oxygens are pushed away
from the defect site(even in the HTT phase). Tilt disorder,
therefore, effectively causesc to decrease. Furthermore, it is
assumed that the accompanying disruption of the coherent
tilt pattern stabilizes the HTT phase, as well. A closer look at
Fig. 5(c) shows that the slopedc/dp becomes smaller at
approximately the hole content where the samples enter the
pure HTT phase. At the moment we cannot conclusively say
whether this effect represents a distinct crossover or a
gradual variation. However, one possible explanation in-
volves the already mentioned contribution coming from a
change of the octahedral tilt angle for the coherent tilt pat-
tern. This contribution is zero in the HTT phase and therefore
might cause the slower increase ofc with increasingp. We
mention that in La1.95Bi0.05CuO4+d, as well, a change of
dc/dd at d.0.07 was observed.50 In La2−xSrxCuO4, a similar
behavior might be related to an increasing concentration of
oxygen vacancies forx*0.25.51 Nevertheless, in this com-
pound the feature occurs roughly at the Sr-doping-dependent
crossover from the LTO phase to the HTT phase, as well.

V. CONCLUSION

In summary, we have presented a detailed x-ray powder
diffraction study of Sr- and O-codoped La2NiO4 at room
temperature. From the lattice parameters we have con-
structed the oxygen-content phase diagram for each investi-
gated Sr content. At low Sr concentrationsxø0.06 the phase
diagrams are qualitatively similar to that forx=0. However,
significant changes occur forxù0.08 where phase separation
progressively disappears. We have argued that both the Cou-
lomb interaction between the oxygen interstitials and the Sr
defects, and the reduction of the octahedral tilt angle by Sr
doping contribute to this effect. A comparison of the lattice
parameters of codoped samples reveals that one has to
clearly distinguish between Sr and O doping. Furthermore,
we have systematically characterized the differences between
pure Sr and pure O doping, as well as Sr-doped samples
prepared in air. A comparison with other dopants shows that
the chemical pressure of the La site dopants is strongly an-
isotropic, while oxygen interstitials exhibit a more isotropic
chemical pressure.

One particularly useful finding from this study is, that
oxygen interstitial concentrations in excess ofd>0.01 will
all lead to phase separation(for x up to at least 0.08). Hence,
an investigation of the intrinsic properties of La2−xSrxNiO4
requires that d!0.01. Finally, this study provides a
sx,dd-structure map which can be used to determine the oxy-
gen content of a Sr-doped sample withxø0.12 by measuring
the x-ray powder diffraction pattern.
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