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Structures within the La ,SrNiO,, s system (G<x<1) were refined by Rietveld analysis of powder
x-ray-diffraction data. Our results reveal three distinct regimes that parallel energetic transformations within
the series. For §x<0.2, enthalpies of oxidation are strongly exothermic and the compounds are monophasic
and orthorhombic. Hole saturation occurs for<©,2<0.6, and the symmetry decreases from orthorhombic to
monoclinic. For 0.6x<1.0, diffraction patterns suggest phase immiscibility between a Sr-poor, hole-
saturated compound and a Sr-rich phase for which oxidation is strongly favored. Fourier synthesis maps for all
compositions revealed evidence for microtwinning and positional disorder among apical oxygen atoms.
[S0163-182698)06118-9

[. INTRODUCTION dation energetics. The incorporation of oxygen into a struc-
ture generally requires energy when oxygen enters the struc-
Pure LgCuQ, and LgNiO, are antiferromagnetic insula- ture as an interstitiali.e., when5>0), whereas energy is
tors with K;NiF,-type structures. Acceptor doping, via either liberated when oxygen atoms fill vacanciése., when
substitution of St" for La®" or insertion of interstitial oxy- <0). Excess oxygen content in 1a,SiNiO,. s decreases
gen, transforms both phases to a metallic state. The insulatowith increasing Sr substitutich;’ and thus the enthalpy of
to-metal transition occurs for a much higher formal valenceoxidation is expected to decreage., become more exother-
of nickel than for copper, but the most striking difference in mic) with increasingx, perhaps discontinuously whef+0
the electronic behavior of the two Sr-doped series is that thand the oxidation mechanism changes.
metallic state of(La,Sp,CuQ, exhibits unambiguous super- In the study of DiCarleet al., La, ,SiNiO,, stransforms
conductivity with increasing Sr concentratiémp to a maxi- from having an excess to a deficiency of oxygen near
mum T, of 35 K for x=0.15, whereas evidence for super- =0.2, and these authors do observe a discontinuity in the
conductivity within the metallic state ofLa,Sp,NiO,,sis  enthalpy of oxidation at this point. However, the nature of
tenuous-—> This disparity is somewhat surprising for iso- the discontinuity runs counter to expectations in that the en-
structural compounds based on adjacent transition metal elhalpy becomes dramaticallgssexothermic with higher Sr
ements.
Scientists have closely examined the effects of acceptor 100

doping in the nickelate series in the hope that an understand- v Sr
ing of the apparent absence of superconductivity may ex- 30°] T T A Ba
plain its occurrence among the cuprates. Calorimetric inves- ~ 04 x x
tigations by DiCarlo etal* have revealed two major © 504 J 1
discontinuities in the partial molar enthalpies of oxidation for g
the Ba- and Sr-substituted lanthanum nickelatesy. 1). = -1007
They find that for B=x<0.2, the enthalpies of oxidation are g -1504
exothermic and approximately 215+ 50 kJ/mol of Q. For g 2004 I
0.2<x<0.6, the enthalpies are nearly 0, with an estimated & n T
maximum error of=100 kJ/mol of Q. Finally, for 0.6<x g -2307 i !
=<1.0, the enthalpies of oxidation again are exothermic and < -3004 § v L
around— 280 50 kJ/mol of Q. -350

DiCarlo et al. measured the enthalpy of oxidation associ- ]
ated with an increase in excess oxydéhby ~0.04. Thus 400 0'0 0'2 0'4 0'6 0'8 1'0

their calorimetric measurements reflect the energetic cost of
incorporating small amounts of additional oxygen within the
structure or, equivalently, the ease with which additional FIG. 1. Dependence of the enthalpy of oxidation ®nin
holes are created. The thermochemical results obtained by, ,A,NiO,, s with A=Sr and Ba, based on data presented in
these authors are not consistent with a simple model of oxibiCarlo et al. (Ref. 4.

X
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content. Their results suggest that the incorporation of oxyfor La, SrTiO; for Sr, NiO for Ni, and ALO, as the standard
gen(and of holegis energetically much less favorable in the for O. Composition and oxygen stoichiometry measurements
regime for which 0.2:x<0.6 than for 6<x<0.2. By con-  were performed using energy dispersive spectrom&@ps)
trast, a second discontinuity &t 0.6 suggests that oxidation with a Li-drifted Si solid-state x-ray detector. Counting times
again is a strongly exothermic process for large Sr contentsor the EDS spectra were 20 s for peak positions and 10 s for
so that the incorporation of excess holes inp L&5rNiO,, s background.
for 0.6<x<1.0 is energetically favored.

These thermochemical anomalies are accompanied by dis-
continuities in a number of physical properties as a function
of increasing Sr concentration. For example, the variations of The oxygen contents (44) of the final products were
the unit cell parametera and ¢ reverse sign ak=0.52%" determined  through iodometric titration  against

The dependence of resistivity on Sr content exhibits arf<lOs-standardized N&,0O;. At least three titrations were
abrupt shift in slope at eithex=0.2 (Ref. 6 or atx=0.5 Pperformed for each composition; the errors are taken at the

(Ref. 2 or at bothx=0.25 andx=0.5 (Ref. 5 at room 95% confidence level. It should be emphasized that the er-
temperature. The dependence of the Seebeck coefficient onfOrs reflect only the propagated statistical uncertainties of the
changes sign at=0.5 at room temperatufé Last, the ex- litrations and exclude systematic errors arising from, for ex-
cess oxygen concentratioid) not only reverses sign, but ample, uncertainties in the assumed cation stoichiometry or

C. lodometric titration

changes slope at=0.24"% the concentration of titrant.
The discontinuities in thermochemical and electromag-
netic properties along the LiO,, sLaSrNiOy, s join sug- D. X-ray-powder-diffraction data collection

gest that this series comprises several electronically distinct

regimes. For the present investigation, we attempted to d‘?’ollowing Sr contents: x=0.1. 0.3. 0.5. 0.7. 0.85. and 1.0
termine whether the physical discontinuities separating thesg), ¢ the samples were grour’1d uﬁder ’aceté)ne w'ith an agate

regimes are correlated with structural transformations withiry o~ 2 pestle and then smeared on to zero-background
the nickelate system. If so, then the different electronic re-

. t th q icallv distinct oh AIquartz plates. Diffraction experiments were conducted with a
gimes may represent thermodynamically distinct pnases. Scintag PAD V automated powder diffractometer using Cu
though the general structural behavior of this series has be

known for decade&®” these compounds have been modele a X rays and an intrinsic Ge solid-state detector. Step scans
. ! TR f I f 15 to 12@ vith i f
after the idealized kNiF, isotype, and efforts to unravel the of spun samples ranged from 15 to 1267 Step sizes 0

X X . , 0.03° 29 and count times of 10 s per step. Phase purity was
defect chemlstry of this Seres have foclussse_(foon the first theréonfirmed in all samples but=0.85. Extra diffraction peaks
mochemical regime for which<€©x<0.2:*

: . i r hi mpl I ign nr Ni
In our study, structures of five compositions within the produced by this sample could be assigned to unreacted NiO

La,_ ,SENIO,. s System (G<x<1) were refined by Rietveld and SrCQ; EDS analysis also detected high levels of these

. . . impurities, and this composition was omitted from the study.
analysis of powder x-ray-diffraction data. Because the struc- P P 4

ture of LgNiO,, 5 is known to exhibit an extreme sensitivity _

to slight variations in dopant and oxygen concentratidns, E. Structure refinements

the samples used in the present study derived from the same After data collection, Rietveld refinement was performed
material used in the thermochemical experiments of DiCarlawith the general structure analysis syst6BSAS of Larson

et al This practice ensures a measure of confidence in thand von Dreelé? Starting parameters for all compositions
direct comparison of our structural results with the thermo-were taken from the synchrotron x-ray-diffraction study of

Diffraction patterns were collected from samples with the

chemical data of DiCarlet al. La,NiO, ;5 of Mehta and Heanel? and all refinements fol-
lowed the same sequence. The first stages of analysis in-
Il. EXPERIMENTAL METHODS cluded backgroundup to 12 refinable coefficients in a co-
sine Fourier serigs scale factor, sample shift, and lattice
A. Synthesis parameters. Once these parameters had converged, the peak

The synthesis of the La,SrNiO,, s compounds as per- Profiles were fitted to symmetric pseudo-Voigt functions
formed by DiCarloet al? is described as follows: Stoichio- With a peak asymmetry correction. A previous refinement of
metric amounts of LgD; (Aesar 99.99%, dried at 700 °C @ LaBs standard(NIST SRM 660 provided starting values
prior to use, SrCQ, (Aesar 99.99%, dried at 130 °C prior to for Gaussian and Lorentzian coefficients, and only the
use, and NiO (Aesar 99.999% were ground in an agate L_orentzian cor_nponents and a Gaussian patrticle size coeffi-
mortar and heated in a platinum crucible at 1100 °C for 12 h¢ient were varied. _
After heating, the samples were ground again and heated at Upon convergence of the above parameters, atom posi-

1250 °C for 24 h, then annealed at 704 °C in air for 24 h, andions, isotropic temperature factors, and site occupancies for
quenched to room temperature. La, Sr, Ni, and apical O were refined. Site fractions for La

and Sr were constrained to sum to unity. Refinement of basal
oxygen atoms vyielded divergent results, presumably due to
positional disorder over two general positions. Observed
Powdered samples were impregnated in epoxy and exanfrourier synthesis maps revealed site splitting within the
ined with a Cameca SX-50 microprobe. The microprobe wa$001) plane with no evidence for displacement from this
operated with an accelerating voltage of 15 kV and a reguplane. When basal oxygen atoms were located with half-
lated current of 20 nA. Calibration standards included ¢.aB occupancy on the split sites indicated by the observed Fou-

B. Electron probe microanalysis
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FIG. 2. Observedcrossesand calculatedline) diffraction pattern with difference curvdotton) based on Rietveld analysis of powder
x-ray-diffraction data for S0.5).

rier synthesis maps, the oxygen atoms refined towards theoncentration may account for the small shifts in the values
special positions and the refinements ultimately divergedof x that demarcate the “electronic boundaries” reported by
even with heavy positional damping. Consequently, basaflifferent investigators.

oxygen atoms were located on special positions without re-
finement for all compositions. Likewise, excess oxygen po-
sitions were noted on observed Fourier maps, but their posi-
tional parameters did not refine stably due to their small The K,NiO, isotype belongs to space grolfmmm and
occupancies. A comparison of observed and calculated difmany structural studies have assumed tetragonal symmetry
fraction patterns is presented in Fig. 2. for various members of théa,Sp-nickelate serie$®817in-
cluding one Rietveld analysis of La,SrNiO, g for 0<x
<1.6.0On the other hand, Jorgensenal }® have argued that
Lay,NiO4 15 possesses orthorhombic symmetry at 295 K on
A. Compositional analysis the basis of systematic peak broadening in powder neutron-

Microprobe analyses confirmed that the La-Sr ratios ofdiffraction data. By analogy with L&uG,,  they assumed
the synthetic powders fell within-5% of the nominal val- that the real symmetry of LAliO4 13 must beBmah which

ues, with the exception of &).85, which was not included
in this study. lodometric titration confirmed a steady de- 420

B. Symmetry breaking with increasing Sr content

Ill. RESULTS AND DISCUSSION

crease in oxygen content with increased Sr substitufag. 2 4154 ° * This study
3). The oxygen stoichiometries obtained in this study are in g 110- I " DiCarlo et al. (1993)
excellent agreement with the values reported by Granados 27 i
et al® However, as noted by these and other authbr¥ g 4059 ’ T
iodometric titration does not always provide an accurate @ 400 l T
measure of the oxygen content due to end-point detection ?0 3.954 3 I 1
problems and uncertainties in anion valency. Therefore, val- 2 3904 toe
ues determined by DiCarlet al? for these samples using,H o=
reduction are presented in Fig. 3. Although the absolute oxy-
gen contents measured by the two techniques are slightly § 281 X
different, the trends are the same. In particular, a break in < . %
slope atx=0.2 is clearly evident in the titration data, in > 261 X
agreement with previous studie$. 2 X

In Fig. 3, we also include the formal Ni valence=2 £ 24 . %
+x+26) as a function of Sr content, assuming that the va- S 22 % t
lence of La=+3, Sr=+2, and G=—2. To the extent that

the discontinuities observed along the ,N&,. s 20
LaSrNiQy, sjoin are electronically driven, the total hole con-

tent within these compounds may be more significant than

solely the degree of Sr substitution. Indeed, samples having F|G. 3. Vvariation of oxygen content with Sr substitutictop)

the same Sr contents often have slightly different hole conand formal Ni valencébottom as determined by iodometric titra-
centrations due to variations in final oxygenation treatmentsion (dark circle. Squares represent oxygen contents determined
during sample preparation. These disparities in the total holasing H, reduction by DiCarlcet al. (Ref. 4.

T T

00 02 04 06 08 1.0
Bulk Sr content, x
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TABLE I. Hamilton R, analysis for La_,StNiOg;, s

Sr(x) F4/mmm Fmmm E12/m
X2 1.642 1.630 1.630
0.1 Rup 6.90 6.87 6.87
Ry ratio 1.004 1.000
R1, 3480, 0.005 1.001 1.001
G 1.484 1.430 1.422
0.3 Rwp 6.54 6.41 6.39
Ry ratio 1.020 1.003
R1, 3480, 0.005 1.001 1.001
X2 1.820 1.621 1.453
0.5 Rup 7.25 6.84 6.47
Ry ratio 1.060 1.056
R1, 3480, 0.005 1.001 1.001

departs from the tetragonal isotype through the displacemei@n the other hand, fok>0.2, refinement inF112im did
of basal oxygen atoms from the 001 plane parallet.to lower the goodness of fit significantly at the 99.5% confi-

More recently, Mehta and Hearéyobserved orthorhom- dence level, and the degree of improvement increased with
bic peak splitting in a powder synchrotron x-ray-diffraction increasingx. However, refinements of data far>0.2 in the
study of LgNiO, 15 Fourier synthesis maps based on Riet-triclinic space groug- 1 were unstable and did not improve
veld analysis of the data revealed in-plane separation of théhe fit. Although we attempted to match the improvement
basal oxygen positions, but no displacement of the basalbtained by decreasing symmetry through modifications of
oxygen atoms from the 001 planes. Based on these Fouri¢he tetragonal refinemeiguch as by incorporation of strain
syntheses, we suggested tiEahmmdescribes the average effects, no tetragonal models yielded comparable fits with as
symmetry for LaNiO, ;15 but on a local scale the symmetry few additional parameters.
corresponds to space gropcmand notBmah We conclude that the proper symmetry for

In the present study of Sr-doped nickelates, all composita, ,SrNiO,, s is monoclinic forx>0.2, and our final re-
tions refined stably with tetragonal symmetry. However, wefined lattice parameters, atom positions, and bond distances
observed that the quality of the refinement decreased withre presented in Tables Il, 1ll, and IV, respectively. The re-
increasingx, and the peak profiles systematically broadenedsults reveal that the discontinuities associated with enthalpy
with increasingx. Although our conventional sealed-tube x- of oxidation, excess oxygen incorporation, and resistivity ap-
ray configuration did not reveal distinct peak splitting, it pear to coincide with a change in symmetry from orthorhom-
seemed likely that our refinement results reflected a decreaséc to monoclinic. Because the thermochemical measure-
in symmetry with increased Sr concentration. In order to testments of DiCarloet al* exhibit an abrupt increase in the
this interpretation, we refined the structures for the entireenthalpy of oxidation(and a corresponding decrease in hole
composition range in three different space group symmestability) with increasing Sr content at=0.2, it seems likely
tries: F4Ammm Fmmm and F112m. The unconven- that the monoclinic distortion of La,SrNiO,, s is elec-
tional settings were used to facilitate comparisons with thdronically driven.

Fmmmsetting as employed by previous authtts.

We then compared the goodnesses of fit for the different
symmetries using Hamilton’s significance téstased on the
weighted profile residualR,,,, as is appropriate for powder For all compositions in the La,SrNiO,, s system re-
diffraction data(see Princ®). Lowering the symmetry from fined in this study, observed FourieF {9 synthesis maps
F4/mmmto Fmmmrequires the addition of only one vari- parallel to(001) revealed positional disorder among both the
able(the lattice parametdy). Further reduction in symmetry basal oxygen and the apical oxygen atoms of the/Ni@a-
to F112m was performed with only one additional param- hedra(Figs. 4 and B as was also described in Mehta and
eter, the monoclinic angle. Although theF112 structure ~ Heaney? for end member LaNiO, ;5 In this earlier study,
contains two crystallographically distinct basal oxygen at-we interpreted the (s Splitting as evidence for microt-
oms, these atoms occupy special sites with no refinable pavinned domains, denoted dsandl twins, which result from
sitional parameters. For our refinements, we constrainedlockwise and counterclockwise rotation of the NiGrtahe-
these basal oxygen atoms to have the same isotropic terdra about the axis.
perature factors. The behavior of the basal oxygen atoms in the present

The results of this analysis are presented in Table |, andnalysis was nearly identical to that observed iBNi®, 15
they reveal a change in structural symmetryxat0.2. For  Attempts to refine basal oxygen atoms in the sites indicated
La; oSy 1NiO,, 5, refinement in an orthorhombic space groupby the electron density distributions led to divergent results,
yielded a better fit than did a tetragonal space group at as occurred previously with the synchrotron data. Neverthe-
99.5% confidence level, but lowering the symmetry to theless, the calculated NiyQs,bond lengths based on the cen-
monoclinic space group did not meaningfully improve the fit.troids of the split electron densities €.25, 0.25, ® and

C. Positional disorder among the basal oxygen atoms
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TABLE II. Unit cell and refinement data for La,Sr,NiO,4, s
Sr0.7) Sr0.7) Sr(1.0 Sr(1.0)
Phase 1 Phase 2 Phase 1 Phase 2
Sr(0)2 Sr0.1 Sr0.3 Sn0.5) 49 wt. % 51 wt. % 12 wt. % 88 wt. %
Space Fmmm Fmmm El12Mm F112m F112m F112im F112m F112im
group
a(A) 5.4652Q7) 5.44541) 5.41481) 5.38932) 5.39212) 5.40542) 5.39016) 5.41082)
b (A) 5.468697) 5.44841) 5.41881) 5.39952) 5.39312) 5.40442) 5.39116) 5.41182)
c (A 12.678@2) 12.69492) 12.715@2) 12.73173) 12.69588) 12.58788) 12.6802) 12.37867)
v (deg 90 90 90.02%3) 90.10a3) 90.0939) 90.1987) 90.063) 90.031)
Volume (A% 378.921) 376.641) 373.041) 370.491) 369.191) 367.721) 368.442) 362.462)
p (glcn?) 6.940 6.898 6.773 6.533 6.402 6.369 6.288 6.212
No. obs. 3499 3499 3499 3665 3449
Rup 0.0687 0.0639 0.0647 0.0800 0.0739
G 1.987 1.630 1.422 1.453 2.416 2.583
8 rom Mehta and HeanefRef. 13.
TABLE Ill. Atom positions for Lg_,S,NiO4. 4.
Sr(x) La Sr Ni Qypical Opasa 1) Opasal 2)
X 0 0 0 0 0.25
y 0 0 0 0 0.25
0.1 z 0.36141) 0.36141) 0 0.1745%10) 0.0
Frac 0.882) 0.122) 1.0 1.0 1.0
Uiso 0.00324) 0.00324) 0.0112) 0.0234) 0.012
X 0 0 0 0 0.25 0.75
y 0 0 0 0 0.25 0.25
0.3 z 0.36211) 0.36211) 0 0.17217) 0.0 0.0
Frac 0.772) 0.232) 1.0 1.0 1.0 1.0
Uiso 0.00523) 0.00523) 0.01401) 0.0143) 0.012 0.012
X 0 0 0 0 0.25 0.75
y 0 0 0 0 0.25 0.25
0.5 z 0.36121) 0.36121) 0 0.17099) 0.0 0.0
Frac 0.622) 0.3712) 1.0 1.0 1.0 1.0
Uiso 0.006@5) 0.006@5) 0.0081) 0.0193) 0.012 0.012
X 0 0 0 0 0.25 0.75
0.7 y 0 0 0 0 0.25 0.25
Phase 1 z 0.36093) 0.36093) 0 0.1742) 0.0 0.0
49 wt. % Frac 0.58) 0.453) 1.0 1.0 1.0 1.0
Uiso 0.00516) 0.00516) 0.0062) 0.0176) 0.012 0.012
X 0 0 0 0 0.25 0.75
0.7 y 0 0 0 0 0.25 0.25
Phase 2 z 0.36033) 0.36033) 0 0.1682) 0.0 0.0
51 wt. % Frac 0.5B) 0.493) 1.0 1.0 1.0 1.0
Uiso 0.00516) 0.00516) 0.0062) 0.0176) 0.012 0.012
X 0 0 0 0 0.25 0.75
1.0 y 0 0 0 0 0.25 0.25
Phase 1 z 0.361310) 0.361310) 0 0.1628) 0.0 0.0
12 wt. % Frac 0.7@3 0.2713) 1.0 0.7510) 1.0 1.0
Uiso 0.0041) 0.0041) 0.0082) 0.0085) 0.012 0.012
X 0 0 0 0 0.25 0.75
1.0 y 0 0 0 0 0.25 0.25
Phase 2 z 0.36082) 0.36082) 0 0.168%1) 0.0 0.0
88 wt. % Frac 0.3®) 0.673) 1.0 1.0@1) 1.0 1.0
Uiso 0.0041) 0.0061) 0.0082) 0.0065) 0.012 0.012
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TABLE IV. Selected bond distances in $aSrNiO,, s. Note that(1) calculated e.s.d.’s for Qs are low due to positional constraints
and(2) bond distances do not reflect Q, positional disorder.

Sr(0.7) Sr0.7) Sr(1.0) Sr(1.0)
Phase 1 Phase 2 Phase 1 Phase 2
Sr(0.1) Sr0.3 Sr0.5) 49 wt. % 51 wt. % 12 wt. % 88 wt. %
Ni-La(Sr) 3.2427) 3.225§7) 3.22238) 3.223324) 3.224723 3.2187) 3.207912)
3.24327) 3.22737) 3.22638) 3.222924) 3.224723 3.208312)
Ni-Opasaf 1) 1.925784) 1.9145%6) 1.905546) 1.9050116) 1.9076%14) 1.90475) 1.9127524)
Ni-Opasaf 2) 1.915506) 1.908886) 1.9081216) 1.9141914) 1.907@5) 1.9136124)
Ni-Oapica| 2.21511) 2.1889) 2.1769) 2.20526) 2.10923) 2.06(10) 2.04113
(LaSn-Opasa( 1) 2.60889) 2.597@9) 2.600810) 2.599830) 2.599628) 2.5949) 2.575415)
(LaSPH-Opasa(2) 2.59639) 2.598310) 2.5975%30) 2.594828) 2.5929) 2.574715)
(La,Sn-Ogpical 2.37311) 2.41649) 2.4249) 2.37125) 2.42622) 2.5211) 2.42513)
2.760418) 2.741815) 2.725514) 2.7324) 2.724832) 2.71211) 2.724414)
Obasal1)-Obasal 2) 2.7227%7) 2.707245) 2.694668) 2.6960412) 2.7027@14) 2.6950329) 2.705899)
Obasaf 1)-Oapical 2.9358) 2.9077) 2.8947) 2.91420) 2.84417) 2.807) 2.7989)
Obasaf 2)-Oapical 2.9087) 2.8947) 2.91620) 2.84817) 2.81(7) 2.7979)

(0.75, 0.25, Dyielded unreasonably low values 6f1.90 A.  matched, one or both of these sheets must deform to main-
When Ni-Q,.¢5 bond distances are calculated using one oftain structural continuity. In LaNiO,, s and LaCuQ, s long
the Q) 4 /l0bes[for example,(0.308, 0.195, 1, the revised M-0O-M bond distance$whereM =Ni or Cu) in the perov-
Ni-Opasa bond length is~1.97 A, which is chemically rea- skitelike layers exacerbate the mismatéhn both com-
sonable. Moreover, with increasing substitution of Sr for La,pounds the mismatch is relieved by modification of the per-
the bimodality of the electron density contours in thg,,  ovskitelike layer, which distorts so as to reduce eM
maps grew progressively more distinct. Thus we believe thadlistance without shortening thd - O, .., bond.
the limitations of a powder diffraction data set inhibited an  In both the cuprates and the nickelates, thisM bond
explicit refinement of the disordered oxygen positions, butreduction occurs through deviations of thle O,,s;sM angle
crystal chemical considerations strongly support the resulttom 180°, but the polyhedral distortions that achieve this
of the Fourier syntheses. geometry are fundamentally different in the two compounds.
The octahedral rotations associated with thand!| mi- In cuprates, the Cu+{,;;Cu angle buckles normal to 001,
crotwins serve to stabilize the,KiF, structure adopted by effectively corrugating the CuObasal plané® This defor-
the (La,Sn nickelates. The BNiF, compounds can be envi- mation lowers the tetragonal,KiF, symmetry toBmaband
sioned aRRMO; perovskitelike sheets that alternate wRlD  deflects the Q,carCu-Q,asq@ngle from 90°. Such a distor-
halitelike sheets! When these layers are dimensionally mis-tion is favorable only if the QicarCu bond is relatively
weak. By contrast, our results suggest that Ni-Ni bond short-
ening in the nickelates occurs by rotation of the NiGzta-
hedron as a rigid unit about treeaxis. As noted by Mehta

N
b
AN AN
a a
FIG. 4. AnF ,smap of the(001) plane atz=0 reveals splitting FIG. 5. AnF,,smap parallel to thé001) plane atz=0.174 in

of the basal oxygen atoms in (8r5). Crosses mark the centroid phase 1 of S0.7) through the apical oxygen position. Four electron
position used for this refinement. Peak maxima at the Ni positionglensity maxima surround the central refined position at a distance
have been suppressed. Electron density contours range from 0.4 &6 ~0.8 A. Electron density contours range from Qghmallest
0.9e /A3, dashesto 0.65(solid line) e /A3,
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° B phases with slightly different cell parametéFsg. 8). In par-
12704 * o . ticular, the 00 peaks contained two distinct components that
i . cannot be explained by a reduction in symmetry, indicating
? biphasic mixtures. As a result, these compositions were re-
Z 12001 .« o fined assuming two component phases. Starting values for
bt o the axis parameters were determined from direct measure-
12.50 ments of diagnostic peaks. Severe correlation effects due to
the metrically tetragonal pseudosymmetry were overcome by
12.40- separation of andb by 0.001 A for the individual phases in
¢ Sr0.7) and Sf1.00 with constraints that forced equal
changes ta andb. With these constraints, the refinements
1230 PPV d andy? i d significantly from>4.0 t
06 08 10 converged andy“ improved significantly from>4.0 to

Bulk Sr content, x

~2.5.
The bimodal phase mixtures for(8r7) and Sf1.0 may

FIG. 6. Variation of lattice parameters as a function of Sr con-be attributed to either of two factors: incomplete reaction
tent. (A) a and b axes and(B) c axis. Open squares represent during synthesis or equilibrium immiscibility at the final

previously published values by Gopalakrishretrel. (Ref. 5.

and Heaney? this rotation lowers the symmetry ®bcm
and involves no deviation of the Q.- M-Op,sab0nd angles

temperature of processing. Although the former cannot be
ruled out entirely, some considerations suggest that the bi-
modal assemblages grew in equilibrium. An incomplete syn-
thesis might be expected to include the starting materials

from ideality. The preference that nickelates display for the(SrCQ;, NiO, and LgOs) rather than two closely related

Bbcmtype rather than thBmabtype of distortion indicates
that M-Oyicq bonding is stronger in the nickelates than in
the cuprates.

Granadoset al® have speculated that substitution of the
larger SF* cation for L&" should enlarge the halitelike layer
and thereby decrease the dimensional mismatch with the per-
ovskitelike layer. This improved fit in turn should stabilize
the idealized tetragonal KliF, structure. However, the re-
sults of this and previous studfes® reveal a complex varia-
tion in the lattice parameters with increasirgFigs. Ga)
and @b)], such that the unit cell volume of La,SKNiO,4, s
decreasewith increasing Sr conter(fFig. 7). This volume
reduction appears consistent with the decreasing symmetry
observed in the present study for higher degrees of Sr sub-
stitution, but its cause is not clear. Structural contraction may
accompany the loss of interstitial oxygen from the halitelike
layer with increasing Sr concentration, or it may reflect
shgrter Ni-O bond distances due to the oxidation of'Nb
Ni3*.

Intensity

\y

Sr(1.0)

Sr(0.7)

D. Phase immiscibility for x>0.5

The diffraction patterns for $9.7) and S(1.0) contained

| |
27.50 28.00 28.50 29.00 29.50
26(deq)

FIG. 8. Splitting of 004 peaks for 81.7) and S(1.0) reveals the

split peaks that suggested the presence of two intergrowintergrowth of two phases.
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phases. In addition, heating samples with high Sr contentmensurate wave vector with those observed in the enthalpy
for longer periods did not change the fraction of the secondef oxidation and the crystal structure, several discrepancies
ary phase. Moreover, Jorgensen and his colleagues have driggest that the phenomena are not directly related. Accord-
scribed similar biphasic behavior for both JGu0Q,, s and  ing to the model for polaron ordering of Chen al,?® dis-
La,NiO,. s on the basis of neutron powder diffracti&i?*In continuities in the variation of the incommensurate wave
the case of LgNiO,q, the intergrowths comprise two vector should be correlated with discontinuities in the hole
closely related orthorhombic phases, with 0 (i.e., formal  concentration(or the formal Ni valenceas a function of Sr

Ni valence=2.0) and §=0.12 (i.e., formal Ni valence content. As seen in Fig. 3, however, two independent mea-
=2.24). However, the range of these Ni valence states fallsurements of hole concentration revealed no such stepwise
outside that of the present study. behavior at 25 K. Further, ordering processes that occur at

The thermochemical measurements of DiCadal? in- temperatures of-200 K typically exhibit enthalpies of only
dicate that the incorporation of additional holes in3-10 kJ/mol rather than the values of 200—-300 kJ/mol ob-
La,_,SrNiO,. 5 is energetically unfavorable for=0.5; by  served for(La,Sp nickelates. If charge density waves under-
contrast, hole states are very stable Xor0.5. The appear- lie the thermochemical behavior, then the ordering would
ance of phase immiscibility in thé_a,Sp-nickelate series have to occur at temperatures that are sufficiently high for
coincides with this second thermochemical discontinuity,0xidation to take place. However, the superstructures in
and one may interpret the observed behavior as the coexista, ,SKNiO,, s described by Chert al?® and by Sachan
ence of two different hole states for &%<1.0. Specifi- et al.'® appear well below room temperature.
cally, this biphasic regime appears to comprise a hole-
saturated phase withx<<0.5 and a Sr-rich phase with
available holes. The emergence of these hole states may also
explain the decrease in resistivity and the increase in the Our results suggest that three structurally distinct regimes
Seebeck coefficient for large values xf>® It is possible occur along the LaNiO4, 5LaSrNiO,. 5 join, and these re-
that this Sr-rich phase may be identified with the separatgimes may be directly correlated to the thermochemical be-
phase observed by Cawt al? nearx=1.0, but they dis- havior observed by DiCarlet al* For 0<x<0.2, the formal
cerned a bronze color to their material, while our mixtures upvalence of Ni is relatively low, and an analysis of Ni-O bond
to x=1.0 remained black. lengths suggests that holes occupy conventional iipe

It generally is assumed that the holes induced by Sr substates. The average symmetry of this phas€rsmm al-
stitution will occupy the Ni 3-type stategcreating NF*), in  though positional disorder among basal oxygen atoms indi-
which case the Sr-rich phase observed in the biphasic regimeates thaBbcmis the highest symmetry possible at a local
should exhibit an increased Jahn-Teller distortion. In ourscale. The incorporation of additional holes in this phase is
analysis, however, the short NizQ, bond length refined for an exothermic process. For compounds with a moderate Ni
the Sr-rich phase approaches the Njg@ bond lengths in valence (0.2:x<0.5), the addition of holes becomes ener-
magnitude, indicating a much smaller Jahn-Teller distortiorgetically unfavorable, and the conventionaPNiype states
than occurs for lower Sr concentrations. This observationappear to have become saturated. This transition from an
coupled with the abrupt change in magnitude oféhendc  unsaturated to a saturated state is accompanied by a change
lattice parameters at=0.5[Figs. §a) and Gb)], may sup- from orthorhombic to monoclinic symmetry. When the for-
port a transfer of a Ni 8 valence electron from the? to the  mal nickel valence is greater than 2(Be., for x>0.6),
x2-y? orbital, as originally posited by Gopalakrishnanal®  La,_,SrNiO,, s decomposes into a biphasic assemblage.
Alternatively, this behavior may indicate a transfer of theOne of the phases of the assemblage is a hole saturated,
hole from the Ni' cation to the oxygen anion for Sr-rich  monoclinic compound, and the other is believed to be metal-
compositions. lic with energetically favorable hole states.

A preliminary analysis of the Ni-O bond lengths in con-
junction with Seebeck and electromagnetic measurements
suggests that the holes in the Sr-rich, high-Ni-valence phase

Recent studies ofLa,Sn nickelate have demonstrated are of different character from the conventionafNtype
complex phase transition behavior below room temperaturéholes. In a study of BaNiQ ,, DiCarlo et al?” have pro-

For instance, the electron-diffraction investigation of Chenposed that Ni*-type holes become “peroxidelike” at a for-

et al?® provides evidence for the appearance of an incommal Ni valence of 2.48. This valence is very similar to that
mensurate superstructure at220 K. The behavior of the for which holes change character in,LgSr,NiO,, s How-
incommensurate wave vector with increasingeveals three  ever, the high-valence phase of;LaSrNiO,, s needs to be
distinct regimes, which the authors attribute to differentisolated and thoroughly investigated via thermochemical,
states of polaron ordering. Single-crystal neutron-diffractionelectromagnetic, and high-resolution structural measure-
data forx=0.135 and 0.20 of Sachat all° and Tranquada ments before the nature of the high-valence holes in

IV. CONCLUSIONS

E. Polaron ordering at low temperature

et al?® generally support the interpretations of Chetral., La, ,SrNiO,4, s can be satisfactorily identified.
although these authors argue for cooperative ordering of both Finally, our results reinforce the idea thdta,Sp nick-
dopant-induced holes and Ni spinsTat 100 K. elates are fundamentally different from their cuprate analogs.

The boundaries of the three wave vector regimes are comFo the extent that confinement of electron holes to two-
parable to those detected in this study and in the thermadimensional conduction planes is a requirement for super-
chemical measurements of DiCarkt al* Although it is  conductivity, the extreme Jahn-Teller distortions observed in
tempting to equate the anomalies displayed by the incomthe cuprates create an electronic environment that is not rep-
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licated in the nickelate structures. Our refinements of theo create a structure witBmab symmetry. These observa-
nickelates suggest that the NjO octahedra in tions strongly support a three-dimensional coordination for
La, ,SrNiO,4, sact as relatively rigid units:  They rotate as Ni in La,_,SrNiO,, s, which therefore lacks the isolated
individual polyhedra to create twin domains wifbcm  two-dimensional conduction planes found in cuprates.
symmetry (for x<<0.2). Moreover, the ratio of Ni-Q,, to
Ni-Opasaifeaches a maximum of onkr1.16 atx=0.5, and

the small octahedral asymmetry becomes even smaller in the
high-valence  metallic phase. By contrast, in The authors would like to thank J. DiCarlo and D. Ban-
La, ,Sr,Cu0Qy, s the apical oxygens essentially are isolatedschick for aid in specimen synthesis. This work was sup-
from the copper cations; the ratio of Cygf,to Cu-Qy,snis  ported by NSF Grant No. EAR9418031 and by DOE Grant
~1.27 for La_,Sr,Cu0,, 522 and the Cu@ planes buckle No. DEFG02-89ER45394.
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