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Oxygen and strontium codoping of LgNiO,: Room-temperature phase diagrams
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We present a detailed room-temperature x-ray powder diffraction study egItNiO,.s with 0<x
<0.12 and G=6=<0.13. 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 ghi® 4.3 We find a weak
Sr-doping dependence of th&range for the pure low-temperature orthorhomHi@O), low-temperature
tetragonal, and high-temperature tetragaitll T) phases, but overall, th@ ranges of the different phases do
not vary strongly forx<0.06. Drastic changes are observed %&r0.08 and 0.12, where miscibility gaps
successively disappear. For0.12 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 tReobiébedral 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 contgmtx+24. In contrast, the orthorhombic strain in the LTO phase as well as the
c-axis length appears to depend only mrhowever, in the case of theaxis 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 L gSrNiO, with x=<0.12, samples have to be annealed care-
fully to achieve=0, since already an excess oxygen content as smal8s01 leads to phase separation.
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[. INTRODUCTION ture the structure changesat=0.12 from the LTO to the
HTT phase, mainly due to the decrease of the sublattice mis-
In recent years La,SrNiO,, 5 (Refs. 1-4 has been stud- match between th@a,Sn-O and the Ni-O bond lengths with
ied intensively because of its close relationship with the isoincreasing hole content.
structural high¥, superconductor La,Sr,Cu0,, 5> In both Excess oxygen occupies interstitial lattice sites centered
systems the transition-metal-oxide plariB§0,, CuQ,) can  Within the LaO bilayer¥ and rggults in _thg formation of
be doped with holelike charge carriers resulting in a largeSeveral structurally and (iomposmone_llly distinct phases sepa-
number of different structural and electronic phases, in parfated by miscibility gaps:* The O-doping phase diagram has
ticular the superconducting phase in the case of the cuprate2€€n  studied by several groups with different

H ,2,4,15-1 i i -
Although the nickelate system does not exhibit superconduc:-eChn'qtl;]eé' . “Though tr:jerehare So?.me d|screpan;:|;es ?e
tivity, its investigation is very helpful to understand many ween the varlous proposed phase diagrams, most features

features of the cuprates. such as oxvaen phasd® captured by our schematic diagram in Figh)® As a

" co 10 up L e 1112 N Y9 PRASHnction of 5, at room temperature the system shows a se-
separatioh and stripe correlatior8!1? Nickelates are quence of pure phases LFOLTT — HTT separated by bi-
quite amenable to study for several reasqishighx and 6 phasic regions of LTO/LTT and LTT/HTT. These biphasic
can be reached2) it is much easier to obtain homoge-

, ) regions are the result of miscibility gaps which follow from
neously oxygen-charged samples, &Byistripe correlations e unmixing of interstitial oxygen defects into oxygen-poor

are more stable and therefore easier to detect than in thgg oxygen-rich domains. The oxygen-poor domains take the
cuprates. In most experiments the intention is to introducenaximumse value of the bordering pure lod@phase and the
holes either by Sr substitutiofx) or by excess oxyge(d).  oxygen-rich domains the minimurd of the pure highs
However, as-grown Sr-doped nickelates frequently contain phase. Strong interstitial oxygen correlations give rise to
considerable amount of excess oxygen, which can havihese miscibility gaps. For moderate oxygen concentrations
a strong impact on various properties. Lack of knowledgethe HTT phase transforms into a phase with one-dimensional
of 6 can lead to misinterpretations of properties of thesq1D) stage order of the oxygen interstitials upon cooling be-
materials. low room temperaturé.Onset of staged ordering may in-
Substitution of St for La®>* appears to be random and volve opening of additional miscibility gaps or intergrowth
has a relatively weak effect on the lattice. The phase diagrarof stacking faults in the staging sequence, allowing for varia-
of La,_,SrNiO, in Fig. 1(a) shows four structural phases: a tion in average oxygen stoichiometry throughout this com-
high-temperature tetragon@TT) phase, a low-temperature positional rangé. Finally, at very highs three-dimensional
orthorhombic (LTO) phase, a low-temperature less ortho-(3D) oxygen order is observed:2”
rhombic (LTO2) phase, and a low-temperature tetragonal In La,NiO,, the NiO, planes form a two-dimensional
(LTT) phase; for details see Sec. III'BAt room tempera- (2D) spin S=1 Heisenberg antiferromagn@F) on a square
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350 =<0.12 and variable interstitial oxygen concentrations in the

300 range 0<6=<0.13 at room temperature. Phase separation

into oxygen-poor and -rich domains similarxe0 was ob-

250 served for allx=0.06. Drastic changes occur only for the
200} higher Sr concentrations=0.08 and 0.12, where first the
X LTT/HTT miscibility gap and then also the LTO/LTT misci-
=150, bility gap disappears. At such high Sr concentrations the

- angle of the coherent octahedral tilts, with respectt®, is

already considerably reduced and finally becomes zero for

50; x=0.12. Our results rely on a precise adjustmend,afrhich

8 : : : . . we have accomplished by controlled atmosphere annealing
0.00 0.05 0.10Sr contegi15(x) 0.20 0.25 under conditions of temperature and oxygen fugacity that
depend orx.3! In fact, we find that for all samples witk

350 - - . - R <0.08 an excess oxygen concentration smaller ti#an

B HTT — el =0.01 is sufficient to induce an unmixing into oxygen-poor

800 o2 [ and oxygen-rich phases. Hence, to study the intrinsic prop-

250 LT+ HTT Stage 2.+ HTT a erties of Lg_SrNiO, the oxygen contens has to be zero,

i or at least<0.01. We compare our data with results for
£ \I"\ T La,,SrNiO, prepared in air, Ca- and Ba-doped,NgO,,
= 150] g L':O E LTT o Stage 2 o PeriO4+5, and P§_XSI’XNiO4.32_34
LT Stag: 3+4 § Sta;e 3 g TSP_iE o
100] <L T i d Il. EXPERIMENTAL
50 | 1702 I o) | _ Several series of I.gaxSr_xNiO4+5 powder samples with
5 o fixed Sr conten{x) and variable excess oxygen contént
§oo ooz oo4 006 o008 010 012 have been prepared. The starting crystals wittD, 0.02,
O content (3) 0.04, 0.06, 0.08, and 0.12 were obtained by congruent melt

growth using radio frequency induction skull meltifRAll

i . samples crystalized in thE€ phase, i.e., no impurity phases
Refs. 19-22 and this woyland (b) LaNiOg,; (after Refs. 1, 4, 23, Werepdetec}c/ed. Note that trF\)e interstitial oxyg%n pyhgse sepa-
and 24. In (b) we neglect that the miscibility gap boundaries near oiqn gccurs by unmixing from a higher-temperature single
Fhe_upper consolutes are roundeql. The dotted lines in both dla_gra ase parent. The resulting biphasic mixtures should not be
indicate unknown phase boundaries. SRO and LRO are standing @nfused with impurity phases as they are intrinsic. To adjust
short- and long-range order, respectively. 5, small crystal pieces were annealed at different tempera-
tures in atmospheres with different oxygen fugacitf@g
ranging from logy(fo,)=-12 to 0. Samples with lows

ere obtained by anneals at 1000 °C and differést
amples with medium and highwere obtained by anneals

FIG. 1. Schematic phase diagram @) La,_,SrNiO, (after

lattice, with a Néel temperature ef330 K282°As the sys-
tem is doped with an increasing concentration of hges
=x+26, the commensurate AF order is destroyed and a phas
of static charge and spin stripes forms. The stripe phase is t o~ ;
consequence of an electronic phase separation into hole-rid} 200 750, 600, and 450 °C in Ar and purg, @spectively.

. . : . e oxygen fugacity was monitored electrochemically using
charge stripes acting as antiphase boundaries between hole-

poor AF spin striped? So far, for pure Sr doping stripe order a Y-stabilized ZrQ .ceII against a 1 atm Qreference. All
has been observed .for holé concentratipax=0.135 and anneals were terminated by a quench to room temperature.

in the case of O doping fap=26=0.22 (see Fig. 1.32027.30 The oxygen content was determined by iodometric titration.

In the latter case, the first appearance of stripe order might bDeJ[aIIS of crystal growth, O annealing, and chemical analysis

connected to that of the 3D order of the O interstitf&l*30 gz)?/vggfcc;:?ffa(\jctlirc])rfz?)f:t.telrhg3éta:]o(jc>r?16t:33r§besr}gt]3rhcero\}\:grneXczcrnal-y
seJgrztilgr?a:nofhanliggg:?eys b f;gi?rlgtﬁaflsﬁggg'geggfs_ ected at beamline X7A of the National Synchrotron Light
tions, and the O interstitial ordering within the rocksalt bi- Source at Brookhaven using a (&&1) monochromator at

S . . wavelengths\ of 0.66, 0.7, or 0.8 A. Photons were collected
layers hqs been a _strong motlv_atlng factor behmd this WOrKyith a position-sensitive detectdt.Spectra were typically
We are interested in the question of how addltlonal'dopln cquired in the range 16226<50° by measuring in 0.25°
by Sr affects the various phases and phase boundaries of t Feps for 30 to 60 sec per step. Powder samples were con-
oxygen-content phase diagram. In particular, are the ob; .

served phases the result of purely steric effects of the intert—alned in glass capillaries30.4 mm sealed under argon. To

stitials or are they partially stabilized by electronic correla-avOld potential long-term exposure to oxygen between an-

tions? Beyond these questions it is desirable to map thQeallng and measurement, capillaries were stored under min-

structural phase diagram ¢&r,0)-codoped LaNiO, so that éral oil.

in future, for a particular Sr content, thé value of the . RESULTS
sample can be determined simply by measuring its lattice
parameters. A. Excess oxygen contend vs 2c/(a+b)

In the present paper, our focus is on the study of speci- Essential for this study is the precise knowledgeSdor
mens with fixed Sr concentrations in the range 602 each specimen. In Fig. 2 we show the iodometrically deter-
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FIG. 2. Excess oxygen contediin Lay,_,SrNiO,. for samples ~ Of HTT phase with lattice constants and basis vectorsy2d
with fixed Sr contenk=0, 0.02, 0.04, 0.06, 0.08, 0.12 as a function X V2b X ¢ supercell.(b) and (c) Octahedral tilt directions in the
of 2¢/(a+D). Solid lines are fits to the dataee text The error bars  LTO and LTT phases.
indicate the experimental error ifland Z/(a+b). The data forx
=0 and§<0.055 are taken from Ref. 1 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

Lo ) : also reveal any fine structure that may be obscured in the fits
samples in this diagram are single phase, since only for the

samplessé can be connected to a unique value of @+b). Sperowded here.
In the case of biphasic samples, the iodometrically deter-
mined & corresponds to the average oxygen content of the B. Distinction of structural phases

sample, which is not represer)tative of either of' the two. At high temperatures La,SrNiO,.; is expected to have
phase_s. Hence, data fo_r blpha5|p samples are not mcluc_iepl {Re ideal KNiF, HTT structure(space group4/mmm) re-
this diagram. lodometric analysis were performed in t”pl"gardless of the oxygen stoichiometfgee Fig. 8)]. The

cate under an inert atmosphere using deaerated solutions afid.sta| |attice consists of NiOmonolayers separated by
standardized thiosulfate solutiohg-38Within each of these (La, SO rocksalt bilayers. Each Ni site is coordinated by six

sgrieg,é incrgases super—linear!y as a functio-n af @+ b). oxygens, resulting in a network of corner-sharing Ni-

With increasing, curves are shifted systematically to h'g_hertahedra. The formal valence of the Ni@lanes is negative
2c/(a+b). Anneals performed under the same conditionsyhjle that of the(La,SnO bilayers is positive. Doping with
with specimens of different show a systematic decrease in jnterstitial oxide ions or $ reduces the positive net charge

6 with increasingx. The absolute random errors éfand  jn the rocksalt bilayers. Similarly, the compensating holes
2c/(a+b) were determined to be +0.003 and *0.0005, re-gserve to reduce the negative net charge in the,Ni@nes.
spectively. Note, that the relative error ofc/2a  Overall, doping decreases the charge separation inherent to
+b) (£0.02%) is much smaller than those af, b, and the structure, providing a stabilizing effect.

c (¥0.1%), since certain errors, as for example that from  With decreasing temperature different structural transi-
uncertainties in\, cancel out in the ratio. To smooth and tions are observed depending wand 5. Most of these low
interpolate the results, we have applied empirical leasttemperature phases can be described by different patterns of
squares fits, indicated by the solid lines, to #hes 2c/(a  slightly tilted, almost rigid NiQ octahedra. Tilt angles are of
+b) data. Values of5 evaluated from these curves using thethe order of a few degrees and depend on temperature and
measured & (a+b) were subsequently used to plot other doping. It is convenient to index all phases on the basis of
quantities as a function af or p=x+24. The fits, shown in the V2ax y2bXc supercell, relative to the parent,KiF,

Fig. 2 as solid lines, are power laws up to 3rd order, and:ell. Its lattice constanta andb and crystallographic direc-
were fitted simultaneously for ak. The coefficients of the tions are indicated in Fig.(8). In this supercell the intersti-
nonlinear terms were varied independently for each curvetial 0%~ ions reside at positions neé},3,3), i.e., centered
The coefficient of the linear term, i.e., the initial slopedat within the positive(La,SnO bilayers!* In the HTT phase

=0, as well as the value ofc2(a+b) at =0, were allowed (F4/mmm the average octahedral tilt angle is zdig.

to vary linearly as a function of. Uncertainties ind versus  3(a)]. This means that the Niplanes are either flat or there
2c/(a+hb) are primarily due to the limited mass of sample is at least no coherent tilt pattern. Short-range correlations of

mined & values for the various sample series with fixeds
a function of Z/(a+b) determined by x-ray diffraction. All
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h#k such ag200)/(020 and(515/(155. In addition, one
observes superlattice reflections such (282 or (032,
which indicate coherent octahedral tilts. In the case of the
LTT phase, the split for reflections with+#k is absent, but
the superlattice reflection®12) 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 @12) 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 (515)/(155) reflections. The HTT phase does not
show any superlattice reflections; hence, &2 and(032)
0 14.6 14.8 15.0 22.5 23.0 235 306.8 372 376 41.0 415 420 reﬂeCtionS are absent' Mixed LTT/HTT phases are most
0 26 20 20 readily identified by a split of reflections such @98) and
(1119, 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
(122/(212 and(302/(032). It is well known that LaNiO,
at temperature§ <70 K exhibits the LTO2 phas®.In our
room temperature diffraction patterns, no evidence of the
LTO2 phase was observed for any combinatiorx @ind 6.
Representative diffraction patterns for the different phases
gl (" of samples with fixed Sr context=0.02 and 0.08 are pre-
L k; sented in Fig. 4 along with thévalues. Fox=0.02(top) the
/ w‘ﬁ’”}u Wi g ) 3 #1 two miscibility gaps LTO/LTT and LTT/HTT were clearly
TR R T TR TR T TS TS detectable. Pure phases were observed only for the LTO and
20 29 20 20 the HTT phase. A pure LTT phase was not detected, most
_ _ probably because none of our prepared samples matched the
FIG. 4. Room-temperature diffraction patterns  of required s value. Forx=0.04 and 0.06 we have in fact ob-
La,_,SrNiO,. s for fixed Sr contenk=0.02 and 0.08 and variable served single-phase LTT samples. Due to the nadoange
excess oxygen conteit of the LTT phase it is generally difficult to obtain LTT-type

octahedral tilts may exist due to local lattice distortion assoSamples, which also explains the small number of reports on
ciated with O and Sr dopants. In the LTO ph#Benah), the ~ this phase. _ _
octahedra tilt antiferrodistortively around t00] direction With increasing hole concentration, the structural differ-
[Fig. 3b)]. In the LTT phaseP4,/ncm the octahedral tilt —ences between the LTO, LTT, and HTT phases generally de-
axis is rotated in-plane by an azimuthal angle of 45° withcrease since the sublattice mismatch diminishes, making
respect to the LTO phag€ig. c)]. Since the direction of phase separations more difficult to detect. ThIS.IS clegrly the
this rotation alternates in adjacent Niayers, tilt axes in ~case forx=0.08 (bottom) where the orthorhombic strain in
adjacent layers are perpendicular to each other. Often tH&e stoichiometric samplés=0) is already much weaker
LTO2 phase(Pccn) is observed, which is an intermediate than forx=0.02 as one can see from the smaller splitting of
phase between the LTO and LTT phases, since the tilt axis &€ (159/(515) reflections. With increasing we observed a
rotated by an angle 0 ¢<45°. At very highd an ortho- ~ mixed phase, but it was not possible to decide whether this
rhombic phase was reported for pure,NiéD,, s, for which ~ phase is of the LTO/LTT or LTO/HTT type. Neither a pure
the symmetry iFmmm»214|n the present study this phase LTT phase nor a mixed phase LTT/HTT was observed. In-
was not observed, because in our Sr-doped sangpiesiot  terestingly, forx=0.08 the(111) reflection of the biphasic
high enough. samples show a significant asymmetry, indicating a majority

The powder diffraction patterns have been analyzed usingTO phase for§=0.004 and a majority LTT or HTT phase
the program Rietica to determine the lattice paraméfers. for §=0.023. Usually, LTO/LTT phase separation does not
The reflection conditions for the different phases are exshow up as clearly in a split of th@ 111 reflection as in the
plained in Ref. 1. In the following, we focus on a few char- case of LTT/HTT phase separation. Therefore, the asymme-
acteristic reflectiongsee Fig. 4 that are very helpful in dis- try of the (111 reflections forx=0.08 might indicate that
tinguishing between the different phases and in determininghe second phase is HTT. To solve this problem measure-
phase fractions in the case of biphasic samples. The LT@ents at low temperatures are needed, where the tilt angles
phase manifests itself by a split of certain reflections withare larger.
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.44 - - e FIG. 6. Room-temperature lattice parameté@sb)/2, c, 2(b
Lo (d) I (e) Taso —-a)/(a+b), andV of La,NiO, for pure Sr doping and pure O dop-
12 :.g;%2 _'_‘ . ing as a function of hole contept Solid lines are guides to the eye.
re 1 & ]
e ?go 0.08 T - LTO phase in Fig. &) shows thata andb follow a nearly
— F 006 I %oo oo ) universal dependence onand 6. Within each set of points
e 08~ % i T Ai%\’;\tf”é Hors having fixedx, the left most point hass=0, and thens
= 062_ \ I % . /9,,0 1 o~ increases towards the right point. Accordingly, the ortho-
2 TFrrotoos T %\\O@f’ 2 4 rhombic strain also follows a universal curve as is shown in
& 4 [Phase 1 g&\@::f% 1% Fig. 5(d) where we plot the orthorhombic splitting in percent
r HTT i %@Z/A 1 of (a+b)/2. With increasingp the splitting decreases and
02 phase 1 %ﬁgﬁé'% —a76 vanishes aroundp=0.12. Interestingly, thec-axis length
Zpt;re T ] shows a nearly unique dependencemras well[plot (c)].
00 ecomrmwyspergyes & laz As we will discuss later, that this is a coincidence is not
00 01 02 03 00 01 02 03 obvious. In fact, it turns out that the-axis length not only
p=x+25 depends orp but also on the steric effects of the dopants.

Furthermore, we observe a change in the sldpédp at
around p=0.122). At roughly this hole content, pure
La,,Sr,NiO, as a function op=x crosses over from LTO to
HTT (at room temperatuyeFigure %e) shows the volum&’
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. Obviously deviates from a linear dependence on
In Fig. 5 we show the lattice parameters as a function obxygen doping, thereby violating Vegard's rule. Deviations
the hole contenp=2x+4. In this figure, only the data of from Vegard's rule are not uncommon among strongly aniso-
single-phase samples or the majority phases of biphasigopic and/or nonstoichiometric crystal structufé$3
samples are includedWe have also created plotot
shown) of the lattice parameters as a function aff @a+hb)
and the excess oxygeh but these provide no new insight. The major differences between Sr and O doping become
In plot (b) we show the average basal plane lattice constaritery clear when comparing the lattice parameters for pure Sr
(a+b)/2 versus hole content. At low hole dopimp=0.08  doping(§=0) and pure O dopingx=0). In Fig. 6 we show
the branches for the different sample series with fixeal-  corresponding data as a functionmfFor both types of hole
most coincide. In contrast, at higher hole doping thedoping, the average basal plane lattice condtafb)/2 de-
branches are clearly separated. The branch for the highesteasegplot (a)]. With increasing hole concentrations the
(lowesh Sr content shows the loweshighes} values for  oxygen-doped samples show significantly lardgerb)/2
(a+b)/2. All other branches for the variousvalues fill in  values as well as a tendency to saturate. For Sr dofang
systematically. A closer look at the lattice constants in thetb)/2 decreases linearly, in agreement with Vegard’s rule.

FIG. 5. Room-temperature lattice parametard,c, unit cell
volume V, and orthorhombic strain (B-a)/(a+b) of
La,_,Sr,NiOy,, for fixed Sr contentx=0, 0.02, 0.04, 0.06, 0.08,
0.12 and variable excess oxygen conténas a function of hole
contentp. Solid lines are guides to the eye.

C. Lattice constants vs hole contenp=x+24

1. Pure Sr doping vs pure O doping
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angular symbolstaken from Ref. 32 at room temperature versus o544

hole concentration. Solid lines are guides to the eye. s
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that the lattice parameters do not solely depend on the holt r % 00 O Owmo ]
content, but also on steric effects. e : ————
C x=0.08]
2. Comparison with as-prepared-in-air samples 5'52__ 5 ]
- (= 4
In Fig. 7 we compare our results for pure Sr and pure O .- f&)% o %
doping with the lattice parameters from Ref. 32 of Sr-doped | e g
samples prepared in air that were not post annealed. Air- % O © (o)) O O ]
prepared samples frequently contain a considerable amour 5% : — : — ——
of excess oxygen. From Fig. 7 it is apparent that this exces: “ x=0.12]
oxygen causes huge differences between the lattice paran 22 72
eters of annealed and air-prepared samples, particularly C g ]
low Sr concentrations. It is known that the excess oxygen 548~ %
concentration in air-prepargdot post-annealgdamples de- - Qop i
creases with increasing Sr content, typically reachizg0 544 173 0 o o oo JHNII
nearx=0.3, and that for largex oxygen vacancies are gen- .69 005 010 0.15

erated(6<0). It is for this reason that in Fig. 7 the data excess oxygen ()

points for pure Sr doping and those of the air-prepared FIG. 8. Oxygen-content phase diagram for lattice parameters

samples for large<~0.3 mgrge into a C‘_)mmpn Sr-doping andb of La,_,Sr,NiO,. s at room temperature for various Sr content
dependence. From the lattice parametein Fig. 7b) we

estimate for the air-prepared sample withO an excess oxy-
gen content as high a&~0.11. the maximumé values obtained by anneals at 450 °C i O
systematically decrease with increasing Sr content. On the
other hand, the lowesf values scatter around=0 within
the experimental error. In fact we assume that the most re-
In Fig. 8 we present the individual oxygen-content phaseduced samples are all very closeds0. Note also, that the
diagrams for the various fixed Sr concentrationwith re-  lattice parameters fok=0 and §=<0.055 were taken from
gard to the lattice parameteasandb. All data points stem our earlier publication in Ref. 1, but were refit according to
from single-phase samples or the majority phase of biphasi€ec. Il A. Hence, minor systematic differences between the
samples. Biphasic samples with a pronounced majority phagghase diagram fox=0 in Fig. 8 and those in Fig.(h) and
are particularly useful for the determination of the deltaRef. 1 are due to the fit procedure we have applied to all data
value of the phase boundaries between the pure phases agets(see Fig. 2 Forx=0 one can clearly see the sequence of
the miscibility gaps. In Fig. 8 pure phases are represented bihe pure LTO, LTT, and HTT phases, as well as the mixed
shaded areas and miscibility gaps by white areas. The&TO/LTT and LTT/HTT phases for intermediaté values.
hatched areas were not covered in this study. As one can seEhe phase diagrams for=0.02, 0.04, and 0.06 are qualita-

D. Sr and O codoping phase diagrams
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tively similar, but become increasingly difficult to resolve. Coulomb repulsion between the interstitiaP Oions, and
According to our data, thé range of the LTO phase slightly screening effects by the charge carriers in the Nianes.
broadens fronx=0 tox=0.06, while the LTT phase narrows. With increasings, the LTT phase becomes energetically fa-
The pure LTO phase at room temperature never exists at vorable over the LTO phase, though the stabilization of the
values higher than 0.01. This means tidatas to be much initial LTT domains requires a minimum concentration of
smaller than 0.01 to be able to observe the intrinsic properinterstitials. Within the first miscibility gap it is obviously
ties of La_,Sr,NiO,. The LTT phase is centered at abauit €nergetically favorable for the interstitials to separate into

=0.02, while the lows phase boundary of the HTT phase ©Xygen-poor LTO and oxygen-rich LTT domains, i.e., the
systematically shifts to lowes values. overall gain in lattice distortion energy by forming?Ode-

Drastic changes of the phase diagram are observer for pleted LTO as well as & enriched LTT domains compen-

=0.08. Forx=0.08 we were not able to detect the pure LTT sates the loss in Coulomb energy due to the enhanced charge

s inhomogeneity in the rocksalt layers and possibly also in the
phase, nor the seconq miscibility gap. Moreover, &hgnge NiO, planes. Evidence for a charge inhomogeneity in the
of the LTO phase again becomes narrower. To confirm thes

it h d d seri f | .thﬁioz planes at this low level of O doping comes from stud-
results we nave prepared a second series of samplestWitjag o the magnetic properties, which indicate the coexistence

=0.08 which showed essentially the same l_)ehav_lor._ At thes domains with Néel temperatures typical for the pure
end of Sec. Ill B we argue that for=0.08 the first miscibil- — phages j.e., the coexistence of domains with different hole
ity gap might be of the LTO/HTT type rather than LTO/LTT. concentrationd?S This is very similar to LaCuO,,; where
Measurements at |0W tempera..tures.Where the OCtahedral t”a'lase Separation resu'ts in Superconducting and antiferro_
are larger, are needed to verify this result. ke10.12 all  magnetic domainé indicating not only the formation of
samples are in the HTT phase. Only the most reduce@xygen-rich and -poor domains, but also a corresponding
samples show traces of the LTO phase and measurementsciarge inhomogeneity in the Cy@lanes.

low temperatures reveal that these samples are indeed closeThe LTT phase exists only in a very narrow rangeSoht

to the HTT/LTO transition which occurs at about 275 K. In higher § the room-temperature structure eventually becomes
conclusion, our results fox=0.08 clearly indicate a sup- HTT. The HTT phase is characterized by a disordered non-
pression of oxygen phase separation. Possible reasons will gherent octahedral tilt pattern. There are certainly several
discussed below. Finally, we emphasize that we do not obractors responsible for the doping-dependent crossover from
serve any evidence for staging order or 3D interstitial ordefhe LTT to the HTT phase. We assume that in HTT domains

at room temperatur?’ the reduction of the sublattice mismatch with increasing hole
concentration has advanced to such a degree that no coherent
IV. DISCUSSION tilt pattern is possible. The observation of orthorhombic

staged phases at temperatures slightly below room tempera-

Our experiments have revealed several key results. Firgtire show that, in principle, a phase with a coherent tilt pat-
of all, all Sr-doped samples in general should be assumed #@rn can be induced at high hole and oxygen concentrations,
be codoped unless their oxygen content was determined to kg well.
0=0. Furthermore, our results show that one has to clearly Structural models proposed in Ref. 4 suggest that the LTT
distinguish between Sr and O doping at any levelxpfs  structure is indeed more suitable for accommodation of the
codoping. As long as miscibility gaps appear, theiranges interstitials than the LTO phase. However, the concentration
depend mainly on the amount of excess oxygen and not ogf excess oxygen is not the only parameter that determines
the hole content. Other features, such as the orthorhombige phase diagram. In O, for example, thes range of
strain 2b-a)/(a+b) and thec lattice parameter depend the pure LTT phase is centered &= 0.06 in contrast toS
mainly on the hole contemt=x+24, independent of whether =0.02 in LgNiO,,, (see Fig. 9334” Moreover, no HTT
holes were introduced by Sr or O doping. In contrast, thephase is observed between the LTT and the orthorhombic
average basal plane lattice constamtb)/2 (and, therefore, high-§ phase(Fmmn). Since trivalent Pr is smaller than La,
also the unit cell volumedepends explicitly on the indi- in Pr,NiO, the sublattice mismatch is larger, i.e., the octahe-
vidual concentrations of Sr and O. dral tilt angle is larger and the axis shorte?®*” The 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-

The microscopic mechanism of phase separation and th&.a| conditions as a La-based sample, the interstitial oxygen
concomitant structural transitions is quite complex and Notgntent is higher.
fully explored. The fact that the doubly charged oxide inter- g far, we have considered the effects of oxygen doping.
stitials are located within the positively charged rocksalt bi-5qgditional doping with Sr, on one hand, introduces random
layers is consistent with the electrostatic environment. Weattice defects and, on the other hand, Coulomb repulsion
assume that phase separation into oxygen-poor and -rich dggqyeen the relatively negativeompared to LaSr sites and
mains takes place by diffusion of the interstitials parallel toihe O interstitials. Furthermore, Sr doping increases the con-
the rocksalt layers. Diffusion along tieeaxis is assumed t0  entration of holes. The holes in the Ni@lanes might be
be negligible.[The diffusion process seems to be driven byeypected to screen the?Ointerstitials, as well as the Sr
the free energyGy) rather than by self-diffusioff] The final  impurities in the rocksalt layers, which should result in a
ground state is a delicate balance between lattice distortionseduced O-O and Sr-O Coulomb repulsion. From our results,

A. Oxygen-content phase diagrams
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FIG. 9. Oxygen-content phase diagrams for lattice paramaters p=x+28

andb of La,NiO, (solid triangles taken from Ref.)land PgNiO,4

(after Ref. 33 at room temperature. FIG. 10. Room-temperature lattice paramet@sh)/2 (left)

andc (right) for doped LaNiO, and PsNiO,4 as a function of hole
however, we have obtained no evidence that screening hascantentp. Data for Lg_M,NiO, with M=Ca, Sr, and B&®) was
significant impact on the oxygen interstitials. On the othertaken from Ref. 32, and references cited therein. Data for
hand, our data yield clear signatures of an influence of SPr,_SiKNiO, was taken from Ref. 34. Solid and dotted lines are
doping on the oxygen-content phase diagram: the suppreguides to the eye.
sion of oxygen phase separation fo=0.08 as well as a

weak change of the widths of the LTO and LTT phases fOIJ_azNiO4 from Ref. 32, and references cited therein, as well

x<0.06 as PgNiO, from Ref. 34. Note that in Ref. 32 a broad Sr

One possible explanation is that the Coulomb interactiof 2N9€ was covere(D=x=1). We limit our comparison to

between the O interstitials and Sr defects suppresses the tefi= 0-3 since only around this Sr content does one ob#ain

dency for phase separation into oxygen-rich and oxygen-z0 in typical air-prepared sampléSec. Il C 2. We assume

poor domains. However, other factors can also cause the of-Similar situation for Ca and Ba doping. Let us focus first on
served changes. As our comparison With,Ne®,, s has the beha_lwor oftt in Fig. 1((b_). The coincidence o_f our data
shown, it might well be that with decreasing octahedral it L&NiO, for pure O doping and pure Sr doping upxo
angle(with increasingx) the phase boundaries shift ihas =0.12 Is conf!rm(—;-d b}’ a point at=0.3 taken from Ref. 32.
well as in temperature. Since the miscibility gap boundariedn contrast.c is significantly larger for a Bg—doped sample
near the upper consolutes are rounded &henge of the gap and shorter for a Ca-doped sample, both wit0.33. In the
depends on the temperature of the experiment relative to tHe?S€ Of PANIO, the ¢ axis is about 2.5% shorter than in
upper consolute temperature. This can explain a broadenifgf2NiQa: but it shows a similar Sr-doping dependence as
or narrowing of the pure phases, too. In this context, the-22NIO, at Iqwxso.lz. A comparison of the lonic radi of
successive disappearance of the miscibility gaps xor the substituting elements shows thatjualitatively scales

; ; ith the average ionic radii at the La site:
=0.08 can occur if their upper consolute temperatures dro" R A - AP ) ) i
below room temperature. Ba2*:SP*:Lad:Cat: P00 1.47 A:1.31 A:1.216 A:1.18

We note that, though the structural differences betweeﬁ‘:l'l?g A8 Therefore, we conclude that the coincidence of
the LTO, LTT, and HTT phases decrease with increasing Sf f0r Sr- and O-doped L#&iO, is coincidental.

concentration, oxygen phase separation, in principle, should AS Shown in Fig. 10, out of all dopants, interstitial
pxygen shows the largest in-plane lattice constants. Even for

stay detectable. Even in the extreme case of a phase sepa T
tion into oxygen-rich and oxygen-poor HTT domains, the B2, the largest dopanta+b)/2 stays significantly smaller

lattice parameters of these two HTT phases would be differthan for oxygen doping. We assume that this is due to a large
ent and therefore distinguishable. As we have no indicatioffhemical pressure of the intercalated oxygen ions. Interest-
that this happens in our samples witt=0.08, we assume ingly, the Ca-doped_ sample is in line with the Sr data, and the
that we have indeed observed a suppression of the pha§gt@ for Ps.SKNiO, are just 0.2% lower than for
separation, as mentioned above. Further measurements lf2-xSKNiO4. The fact that, compared @ (a+b)/2 barely
variableT to track the consolute temperature as a function od€pends on the average ionic radii at the La site shows that

x and 5, as well as at lowl where the lattice distortions are the chemical pressure for La site doping is highly aniso-
usually larger, are necessary to confirm this point. tropic. Furthermore, we have to conclude that the decrease of

(a+b)/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 decreaséaeth)/2 observed

In Fig. 10 we compare our results for the lattice param-for oxygen doping effectively indicates an expansion of the
eters of La_,SNiO4, s with data for Ba-, Sr-, and Ca-doped ab plane by oxygen interstitials. At a hole content pf

B. Structural anisotropy
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=0.3, this expansion amounts t61.1% which has to be V. CONCLUSION
compared to an expansion of tleeaxis by 1.2%(see Fig.
10). Therefore, we conclude that interstitial oxygens cause an;

almost isotropic expansion. We note furthermore, that qemperature. From the lattice parameters we have con-
strongly anisotropic lattice expansion has a:lgso been observedycted the oxygen-content phase diagram for each investi-
in the LTO phase of Nd-doped L3SKCuO,. o gated Sr content. At low Sr concentrations 0.06 the phase
Finally we discuss the change of the slaggdp in Fig.  diagrams are qualitatively similar to that fer 0. However,
5(c) at a hole content op=0.12. This effect was also ob- sjgnificant changes occur fae 0.08 where phase separation
served by Tamurat al. in La;NiO,.; with x=02 There are  progressively disappears. We have argued that both the Cou-
certainly several factors that contribute to the Sr- andomb interaction between the oxygen interstitials and the Sr
O-doping dependence of One factor is the chemical pres- defects, and the reduction of the octahedral tilt angle by Sr
sure of the dopants, as was discussed above. Next, hole dogeping contribute to this effect. A comparison of the lattice
ing leads to a decrease of the sublattice mismatch, whicharameters of codoped samples reveals that one has to
causes the NigQoctahedra to straighten up. This results in anclearly distinguish between Sr and O doping. Furthermore,
increase of, and further is an additional reason for the sta-we have systematically characterized the differences between
bilization of the HTT phase. On the other hand, O and Sipure Sr and pure O doping, as well as Sr-doped samples
doping lead to significant disorder within the octahedral tilts,prepared in air. A comparison with other dopants shows that
because the surrounding apical oxygens are pushed aw#}e chemical pressure of the La site dopants is strongly an-
from the defect sitéeven in the HTT phageTilt disorder, |sotrop|c, while oxygen interstitials exhibit a more isotropic
therefore, effectively causesto decrease. Furthermore, it is cheémical pressure. o _ _
assumed that the accompanying disruption of the coherent On€ particularly useful finding from this study is, that
tilt pattern stabilizes the HTT phase, as well. A closer look a®XY9€n interstitial concentrations in excessas0.01 will
Fig. 5c) shows that the slopec/dp becomes smaller at all I_ead to ph‘?‘se separa.tlditlbrxup to at I.east O.C»BHepce,
approximately the hole content where the samples enter @ Investigation of the intrinsic properties of LgLNIO,

ure HTT phase. At the moment we cannot conclusivel Sarequires that 9=<0.01. " Finally, this study provides a
P P : L y ix, 8)-structure map which can be used to determine the oxy-
whether this effect represents a distinct crossover or

qual - Y ibl lanation i gen content of a Sr-doped sample witk 0.12 by measuring
gradual variation. However, one possible explanation in x-ray powder diffraction pattern.

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 @fvith increasingp. We We acknowledge experimental support from B. Noheda
mention that in LagBijpCuO,,s as well, a change of and Y. Lee and helpful discussions with P. DeSanto. We are
dc/dés at =0.07 was observed.In La,_,Sr,CuQ,, a similar  grateful to L. Finger for implementation @fPLSFTfor Win-
behavior might be related to an increasing concentration oflows XP. The work at Brookhaven and Delaware was sup-
oxygen vacancies fox=0.255! Nevertheless, in this com- ported by the Office of Science, U.S. Department of Energy
pound the feature occurs roughly at the Sr-doping-dependeninder Contract No. DE-AC02-98CH10886 and DE-FGO02-
crossover from the LTO phase to the HTT phase, as well. 00ER45800, respectively.

In summary, we have presented a detailed x-ray powder
ffraction study of Sr- and O-codoped JNiO, at room
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