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Reduced phases obtained from lanthanum mixed nickel oxide, i.e., La,_,Sr,NiO,_,, K,NiF, type, have
been studied. Reduction under controlled conditions led to the composition LaSrNiO;; containing
formally more than 80% of Ni in the valence state (I). Structural calculations and local studies by
X-ray adsorption spectroscopy provide evidence for a lowering of the Ni octahedral coordination
configuration. V-square-pyramidal and [V-square configurations are obtained, depending on the reduc-
tion level. The oxygen vacancies are highly ordered along the b axis of the orthorhombic unit cell, in
agreement with recent defect modeling of this structure © 1992 Academic Press, Inc.

Introduction

Lanthanum nickelate La,NiO,,; (6 = 0)
and strontium-substituted phases La,_,Sr,
NiQ, are in many aspects of their crystal
chemistry strongly related to the corre-
sponding cuprates, especially those of com-
position La,_,Sr,CuO, which exhibit high T,
superconductivity (2). Taking into account
the role played by the d° copper electronic
configuration in crystal chemistry and phys-
ical properties of these cuprates, one must
consider the possible existence of such a d°
configuration in the nickelate family. The
usual valence state of Ni is (II), with a d®
configuration; hence, only reducing condi-
tions should be able to induce the Ni (I) state
in these mixed oxides. In fact, such phases
have already been reported in La-Ni-O and
La-Sr-Ni-O systems. One of us (M.C.)
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prepared and studied the reduced perov-
skite LaNiO, (3); later, the strongly oxygen-
deficient compound La, (Sr, ;JNiO; 4, (4) was
synthesized and structurally characterized
as a defect-ordered K,NiF, structure. A
similar procedure, i.e., progressive reduc-
tion by hydrogen at low temperature (7 <
700 K), was recently applied to cuprates
belonging either to the T phase (K,NiF,) or
to the T' phase (Nd,CuO,) (5).

In this paper, we report on new results
regarding the reduced nickelates La,_ Sr,
NiO, (0 = x = 1) with the ordered defect
K,;NiF,-type structure. As an example,
LaSrNiO,, has been obtained, containing
as much as 80% of nominally Ni (I). Both
the crystallographic characterization and
the analysis of the local Ni environment by
EXAFS and XANES provide evidence for
a low (I) valence state of Ni. We compare
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the crystal chemistry of reduced nickelates
with that of both their fully oxidized parent
phases and corresponding cuprates. In addi-
tion, conclusions concerning favorable sites
for oxygen vacancies in La, ,Sr MO,
(M = Ni, Cu) are drawn for nickelates and
extrapolated to cuprates, thus addressing a
problem that could be related to the low-
ering of T, above x = 0.15.

Experimental

Sample Preparation

The samples La,_,Sr,NiO, are initially
prepared in their oxidized state by solid-
state reaction in air at high temperature. The
precursor powder is obtained by a solution
polyacrylamide-gel route (6), which effi-
ciently produces ultrafine powders with a
high chemical homogeneity, even for com-
plex compositions. After drying the gel, the
powder is calcined at increasing tempera-
ture up to 1420 K and slowly air-cooled (100
K/hr) to room temperature. This procedure
yields a very reactive black powder with a
high oxygen content, which was checked to
be monophasic by X-ray diffraction. LaSr
NiO, , has been prepared by this procedure,
its oxygen content being determined by
weight loss measurements in a total reduc-
tion under Ar-5%H, in a thermal-gravimet-
ric apparatus. We stress that sintering and
annealing in air at 1520 K, followed by a fast
cooling (>500 K/hr) give rise to a slightly
lower oxygen content, i.e., LaSrNiO, 4.

The same experimental setup for the con-
trolled reduction as for preparing LaNiO,
(4) was used, i.e., aheated all-glass vessel in
which a measured amount of pure hydrogen
was circulated by a magnetically activated
pump (Fig. 1). Before any experiment, the
sample and the apparatus were submitted to
a cleaning procedure: overnight heating at
900 K under oxygen to eliminate all traces
of organic residues, followed by purging of
the system for a few minutes in vacuum.
The system is then cooled down and a total
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reduction at 900 K is performed to deter-
mine the oxygen content in the oxidized
state. This is done on a part of each sample.
A slow partial reduction is performed at
moderate constant temperature (T < 670 K)
in order to form phases containing Ni (I).
The volumetric measurement of H, con-
sumption (oxygen evolved) is performed
versus time until no significant evolution of
the evolved oxygen is detected after at least
10 hr. In such a case the experiment is
stopped, then the sample is qyenched and
stored in an evacuated desiccator. How-
ever, no significant changes in the samples
are observed when storing in air. Combining
the results of both the total and the partial
reduction one can calculate the oxygen con-
tent of the reduced nickelates; it is plotted
in the curves of Fig. 2. The total reduction
step has been compared to the weight loss
measured in the TGA runs. Both measure-
ments agree to better than 2% in the mea-
sured oxygen content.

X-ray Diffraction (XRD)

XRD was used first to characterize the
parameters of the unit cell and to perform
structure calculations. Powder diffracto-
grams were recorded from a Siemens D 500
apparatus by using CuK« radiation. A least-
squares refinement procedure based upon
the integrated intensities of diffraction
peaks provides a check on the reliability of
the structural model, i.e., an ordered
oxygen-deficient K,NiF,-type structure.

EXAFS and XANES

An analysis of the local site configuration
of nickel was undertaken by studying both
the oxidation state using XANES and the
coordination and bond length using
EXAFS. This study was performed for sev-
eral compositions of oxidized and reduced
nickelates for purposes of comparison.
Seven different compositions of nickelates
were thus studied. The samples were sepa-
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FiG. 1. Experimental set up for controlled reduction of oxides. (1) Sample, (2) furnace, (3) gas burette
with a mercury manometer, (4) magnetic pump activating the circulating loop (5). The gas passes
through a liquid nitrogen trap (6). Storing ring for gas (He, H,, N,, O,) with a purification train (7). The

system can be evacuated using a vacuum pump.

rately ground to obtain micrometer-sized
powders and then pressed onto kapton
tapes. The XAS measurements were carried
outin atransmission mode at LURE (Orsay)
at the Ni K-edge (8320-8430 eV energy
range for XANES and 8200-9300 eV energy
range for EXAFS data). Synchrotron radia-
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F1G6. 2. Oxygen content versus time in partial reduc-
tion of La; ¢Sry4,NiOy, (a), and LaSrNiO,, (b). The H,
volume consumed by the reduction is plotted on the
right scale.

tion was provided by the 1.85 GeV storage
ring of DCI, the experiments being done in
ambient air. The X-ray beam of the EXAFS
III station was monochromatized by a dou-
ble reflection (311) on an Si crystal. The
intensity of the positron beam was about 300
mA. We used air-filled ionization chambers
to measure the photon intensity in front of
and behind the target.

Results

Reduced Mixed Nickelates

The above reduction procedure yields the
mean oxidation state and may serve to de-
tect phases. As an example, starting from
an oxidized phase, one observes a fast pre-
liminary elimination of oxygen which is fol-
lowed by a first plateau, as proved by the
abrupt change of the slope (Fig. 2); this pla-
teau is more or less defined according to the
temperature of reduction. These oxides are
yellow-brownish powders, their corre-
sponding oxygen stoichiometry fits rather
well the formula La,_ Sr,NiO,_.,. Conse-
quently, they are assumed to be pure Ni(II)
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phases. Undoped lanthanum nickelate (x =
0) gives a composition that under the actual
measurement  precision is  probably
La,NiO,, a brown-colored orthorhombic
phase (a = 5.468 A, b = 5.539 A, ¢ = 12.56
A). It is similar to that formed by Saez-
Puche and others (7, 8). EXAFS and
XANES results on this phase are presented
below. Attempts to reduce more this phase
led to its decomposition in La,O; + Ni.

A further increase of the reduction level
can be reached for the mixed lanthanum
strontium nickelates, La,_,Sr.NiO,. The
oxygen content is decreased down to ap-
proximately 3.5, i.e., La; (Sry,NiO; 5, and
3.1, i.e., LaSrNiO, ;, respectively, for x =
0.4 and 1. This is evidenced by the existence
of a well defined second plateau (Fig. 2).
LaSrNiO; ; has been formed in the same
manner by carefully controlling the H, con-
sumption and interrupting the experiment at
the appropriate oxygen stoichiometry. The
influence of strontium is clearly proved by
our inability to achieve a reduction of
La,NiO,. Such a procedure only results in
triggering the destruction of La,NiO,.

At this stage, we emphasize the similari-
ties in behavior of La, _,Sr,NiO, oxides with
respect to both oxidation or reduction. As
demonstrated by others (9-117), increasing
the Srcontentto x = 1increases the valence
of the nickel to the Ni (III) oxidized state.
Conversely, by de-oxygenating under hy-
drogen, the theoretical lower limit for oxy-
gen stoichiometry (O;) is also nearly at-
tained for x = 1, our own results pointing
to the composition O, |, i.e., to a conversion
of 80% of the total nickel into the Ni(I) va-
lence state.

Crystallographic Characterization

The LaSrNiO, (y = 3.5, 3.1) family is
now discussed from the crystallographic
point of view, as an interesting example
which exhibits a variation in Ni (I) content
from 0% to 80%.

The reduced nickelates LaSrNi(II)O;
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TABLE 1
LATTICE PARAMETERS (A) OF LaSrNiO, PHaSEs,
y =4,35,3.1

y 4[10] 3.5 3.1

a 3.826(5) 3.8666(6) 3.853(2)

b 3.826(5) 3.7281(9) 3.566(3)

c 12.45(2) 12.644(1) 12.869(11)
V(AY) 182.25 182.26 176.82

Note. Standard deviations are in brackets.

and LaSrNi(LII)O, , were characterized by
using X-ray powder diffractograms re-
corded up to 26 = 100°. As previously found
for La, ¢(Sr, 4NiO; 4; (4) the unit cell is ortho-
rhombic with a = b = q, (the parameters of
the primitive perovskite unit cell). Table 1
reports the values of a, b, ¢, and of the
unit cell volume, together with those of the
oxidized phase LaSrNiO, (/1, 9). Clearly,
the orthorhombicity of the unit cell in-
creases with increasing reduction: a/b =
1.04 for ““O;5" as compared to 1.08 for
““0,,.”” However, the unit cell volume re-
mains almost constant from ‘O, (Ni(I1I))
to “*0O5 5" (Ni(I1I)) and then decreases for the
fully reduced composition ‘O, (Ni(D)).
The increase in the ¢ parameter upon reduc-
tion is more than balanced by the significant
shrinkage of the b parameter.

Structure Calculates

Structure calculations were carried out
from the integrated intensities of X-ray pow-
der diffractograms: in the range 5° < 26 <
100°, 49 hki(47), i.e., 32 intensities (31) for
LaNiO,; and LaSrNiO,,, respectively,
were used in a least-squares refinement pro-
cedure of the variable parameters. The only
limiting condition on (hkl), h + k + | = 2n,
is consistent with the choice of the space
groupe Immm in the orthorhombic system
as previously done for La, (Sr, 4NiO; 4; (4),
Sr,CuO; (12, 13), and Ba,Cu0O;; (I14). The
refinement procedure includes the atomic
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TABLE 11
ATtoMic PARAMETERS oF THE DEFECT K;NiF,-TYPE STRUCTURE OF (a) LaSrNiO; 5 AND (8) LaSrNiQ;

Atom Position x y z B(AY) Site occupancy
La, Sr 4a) 0 0 «0.3586(2) 1.2(1) 1.0
£0.3587(2) 1.0(1) 1.0¢
Ni 2(a) 0 0 a( 1.5(1) 1.0¢
B0 2.72) 1.0¢
O(1) 4(i) 0 0 «0.164 (1) 1.1(1) 1.0¢
B0.159 (1) 0.6(1) 1.0¢
0'Q2) 2(b) 0.5 0 al 1.5(1) 1.00(2)
B0 1.K(1) 0.89(2)
0"(2) 2(d) 0 0.5 al 1.5(1) 0.43(2)
B0 0.6(1) 0.20(2)

Note. RI(a) = 0.036; RI(B) = 0.058.
¢ Not refined.

parameters—z values for (La, Sr) and axial
O, oxygen, isotropic thermal factors of all
the atoms—and the occupancy factors of
the two sets of equatorial oxygen: O, (posi-
tion 2b) and Of, (position 2d). Table II re-
ports the values obtained after refinement:
the RI confidence factor vs intensities is re-
spectively equal to 0.036 for LaSrNiO; s and
0.058 for LaSrNiO; ;; Fig. 3 gives a sche-
matic representation of the structure.
Although not so accurate as those de-
duced from the Rietveld profile analysis, the
results herein obtained point to significant

F1G. 3. Structure of the reduced mixed nickelates
““0O5,.”" Oxygen vacancies are highly ordered in the b
direction: O site occupancy is only 20%.

trends of the oxygen nonstoichiometry and
related ordering phenomena. In this respect,
the amount of oxygen defect is large enough
to be recorded in a satisfying way. As a
proof—see Table II—the calculated value
of the total amount of oxygen which is lo-
cated in the O, and O}, sites of the equato-
rial ““NiO,”" plane, —2.86 for LaSrNiO;
and 2.18 for LaSrNiOy,, slightly deviates
from the chemical value — 3 and 2.20 respec-
tively. More precisely, the location of the
oxygen vacancies is strongly ordered in the
equatorial planes, along the b axis. Other
distributions of oxygen vacancies, e.g., €i-
ther statistical or ordered along the a axis,
give rise to a significantly higher R, factor
~0.1 accompanied by unrealistic values of
thermal factors at oxygen positions that be-
come either very large, = 5 A2 or negative.
The thermal factor at the Ni position has a
rather high value in the case of LaSrNiO, ,,
i.e., 2.7 (A?), see Table II. A similar value,
2.4 (A?), was previously obtained for Ni in
the reduced nickelate La, ¢(Sry ;NiO, 5 (4). It
is in fact smaller that the same factor for
copper (B(Cu) = 3.1 (AY) reported by
D. M. de Leeuw et al. (14) for the deficient
Ba,Cu0; ;, which exhibits nearly the same
ordered lacunar structure as these nick-
elates. Obviously, this cannot be held as an
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TABLE 1II

MAIN INTERATOMIC DISTANCES (A) IN THE MIXED NICKELATE LaSrNiO, (y = 4, 3.5, aND 3.1) IN THREE
OxIDATION STATES: III, II, AND |

0, [10] 50y " o
Ni-Q, 4 x 1.91 03 2 x 1.93 (70%) 0;2 x 1,93 (81%)
equatorial 072 x 1.86 (30%) 52 x 1.78 (19%)
Ni-O, 2. x 2.05 2 x 2.07 (1) 2 x 2.04 (1)
axial o= 0.14 = 0.14 o = 0.11
La, Sr-0,; axial 1 x 2.44 1 x 2.47(2) 1 x 2.58(2)
equatorial 4 x 2.72 4 x 2.70 4 x 2.63
La, Sr-0, 4 x 2.58 032 x 2.63(1) 0;2 x 265Q1)
nen SQ 1\ N Y N Y LS 1)
U24A4JU\1; Vhy o X 2.5
= 0.28 o = 0.23 o = 0.07

~

Note. o is the largesi cation—O distance deviation in the

Ot L T T o T U
octanedron 4dnd in tne (La, SIr) coordination

polyhedron. Boldface indicates the most probable distance.

answer for the occurrence of such a high
value; nevertheless, the reason is to be

found in the strono ovvoen deficiencv of the
oung i tne sirong oxygen aenciency o1 ine

*“NiQ,”" planes, possibly resulting in an an-
isotropic thermal motion of the cations to-
ward the O, site.

Of special interest are the results con-
cerning LaStNiG; |. The level of reduction
is close to the maximum which can be
expected, and the structural data are in
many respects close to that of K,NiF,-type
structure corresponding to Sr,CuO,; (12,
13). As a striking feature, the IV-square
coordination of Ni(I) atoms, which is the

Ilmlflng one for the hvnnfhpfmal r‘nmnnel-

tion ‘‘LaSrNiQO,”’, ensures the very snmllar
behavior of Ni(I) in this phase and Cu(Il)
in Sr,CuO,.

The main interatomic distances for LaSr

o QeNTi ) D e =Y

l‘lU] 5 auu Laol AN lU3l alc lCl)Ul LCd lll la'
ble I, together with those of the fully
oxidized phase LaSrNiO, (/I, 9). In a
statistical sense, the most probable coordi-
nation of Ni is fivefold in LaSrNiO; ;s and
fourfoid in LaSrNiJ;,. Regarding the
equatorial Ni-O distances, the most proba-
ble one (Ni-Q’,) is rather insensitive to

the level of reduction. The same trend is
observed for the axial: Ni~O,; distances.

Tharafore the distartion of the N1 enviran-
AIlWIWIVL Wy Lllw MIJCLULLIVIL Ul LIV L V1 WLV AL ULL

ment (as measured by o, see Table III)
does not change very much with the reduc-
tion level that is achieved by decreasing
the nickel valency from (III) to (I).
\.,U[th:l bt:ly, I.llt: 1a1‘gt‘:SL cllCLl Ul lHC re-
duction process is found in the coordina-
tion polyhedron of La (strontium) atoms.
The so-called ninefold coordination polyhe-
dron of the K,NiF, structure is progres-
sively turned in a seven-fold limiting one,
as observed for the cuprate Sr,CuO;.

Moreover, this r\nlvhpdrnn gets more and

more symmetrlcal as the N1(I) content in-
creases, 4 x 270 A + 1 x 247 A in
“Oys” and 4 x 2.63 A + 1 x 2.58 Ain
“0,4,”" for the La(Sr)-O axial bond, see

MTalela TTT winrthiohila rmbho o
1auvic 111. LL lD WOTlnwiiiic LU Cllll)llablLC

the behavior of this axial La(Sr)-O bond.
The strain, i.e., the compression which
exists in the structure of **O,’” stoichiomet-
ric compound, on the La-0O axial bond is
I'Cld.XC(l Dy aecreasnng lIlC CIICCthC cnarge
in the perovskite layer and in the AO

NaCl-type layer. As a consequence, the
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2D character of the structure is greatly
lowered in the reduced phase.

Local Structure: XANES and EXAFS

The above structural model of the mixed
reduced nickelates LaSrNiO, was tested by
directly probing the local environment of
the nickel site using XAS experiments. Both
XANES and EXAFS results are reported
below. A complete mathematical treatment
is needed to reduce the raw data to normal-
ized data for EXAFS analysis. The struc-
tural informations were derived from the
calculation of the interference between the
outgoing and the backscattered wave. The
mathematical treatment of the spectra is
based on the procedure previously de-
scribed (I15) and will also be detailed else-
where. The data were first calibrated, aver-
aged and normalized. The background was
subtracted and the EXAFS oscillations
were Fourier transformed. The k-space used
for the Fourier transform was limited by
ky, = 26 nm~'and k,, = 120 nm~". The
least-squares fitting method for coordina-
tion shell determination has been employed
with the values of phases and amplitudes
calculated according to the procedure of
McKale et al. (16). The free parameters
used in the fit procedure were the in-
teratomic Ni-O distances, the coordination
numbers, the K-edge positions, and the De-
bye—Waller factors; the mean free path was
chosen identical for all the studied com-
pounds (see Table IV). It was calculated
from refined data of La,NiQ, ; the structure
of which is known (17, 18). The reliability
factors of least square fitting of the data were
similar for the various samples and they
were satisfactory.

XANES. We have compared oxidized
nickelates (as prepared): La,NiO,,; (6§ =
0.16), La,_,Sr,Ni,_ ;, (respectively x = 0.4,
8 =0.1;and x = 1,8 = 0.0) with reduced
nickelates: La,_,Sr,NiO, (respectively x =
04,y =347;and x = 1,y = 3.1). The
spectra of oxidized compounds are identical
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and cannot be distinguished; therefore, only
that of .a,NiO,, ; has been plotted and com-
pared with the reduced Sr-substituted nick-
elatesin Fig. 4. **O,”” and **O; 5’ are similar,
but shifted with respect to each other on
the energy scale. The spectrum for “‘03.1”°
appears with a slightly different shape with
new structure at low energy. The shift to the
lower energy is due to the decrease in the
screening potential of Ni in the reduced va-
lency state. It is estimated from the position
of the main peak and reaches 3 eV between
La,NiO, c (spectrum a) and La, (Sr; ;NiO; s
(b), in agreement with a decrease in the
“mean valency” of the Ni as already re-
ported for reduced LaNiO; (3). It may be
argued that these reduced phases might con-
tain nickel in the Ni (0) state, but present in
amounts too smail to be detected by XRD.
By comparison, a totally reduced lanthanum
nickelate has been measured Fig. 4d. The
spectrum for this sample is quite similar to
that of a nickel metal foil also investigated
in this run: Fig 4e. Spectrum (d) is quite
different from (a), (b), and (c), and is very
likely characteristic of Ni (0) metal atoms
(clusters) with a low coordination number
(19). M. Hida et al. (20) and T. Bein et
al. (21) have reported similar conclusions
concerning EXAFS investigation of Ni fine
particles prepared by gas evaporation or
thermal decomposition of supported
Ni(CO), as a precursor for dispersed Ni-
cluster catalysts in zeolite. We confirm the
complete reduction of the nickelates in Fig.
4d from the fact that the Fourier transform
exhibits only one peak corresponding to an
Ni-Ni bond without any contribution oc-
curring at the Ni—-O bond length. This pro-
vides evidence for the formation of small
clusters of Ni dispersed in lanthanum oxide.
Moreover, the low-temperature magnetism
for sample ‘O, 5" or ““O, ;" (Figs. 4b and 4¢)
does not display any large ferromagnetism
component, as would occur if several per-
cent of nickel were in the Ni(0) state (22).

EXAFS. We have used the standard math-
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TABLE IV

Ni-O BonD LENGTHS (A) AND Ni COORDINATION NUMBERS OBTAINED BY SIMULATION OF EXAFS
SPECTRA FOR SEVERAL La,_,Sr,NiO, PHASES IN BoTH REDUCED AND OXIDIZED STATES

Sample La,NiOy s  La,NiOjgs  La;¢Srg4NiO,;  La;¢Sry,NiO;5  LaSrNiO, LaSrNiO;;
Subshell 1
Ni-O Dist. 1.94(2) 1.95(2) 1.91(2) 1.90(2) 1.91(2) 1.90(2)
Coord. numb. v v v I v 2.5
Subshell 2
Ni-O Dist. 2.21(2) 2.24(2) 2.13(2) 2.21Q2) 2.09(2) 2.03(2)
Coord. numb. II II 11 I II

Note. Distances are in Angstroms. The precision on the coordination numbers is 15%. The fractional coordina-
tion number 2.5 + 2 indicates a statistical distribution of both fourfold and fivefold coordinations. Debye~Waller
factors are 0.07 A + 0.005 for sub-shell 1 and 0.08 A + 0.005 for sub-shell 2.

ematical technique to fit the experimental
data for which the EXAFS signal above the
Ni edge has been analyzed in terms of the
known theory of X-ray absorption devel-
oped by Teo (23). As an example, Fig.
Sgives the modulus (full line) and the imagi-
nary part (dotted line) of the Fourier trans-
form corresponding to the k3-weighted
EXAFS spectrum of (a) La, (Sr NiO,, and
(b) La, (Sr ,NiO; s samples, recorded for the
Ni K-edge. Simulations of the EXAFS spec-
tra provide quantitative information con-
cerning the Ni—O bond lengths for the first
and second shell and the Ni coordination
numbers in the various samples for both oxi-

AClE) A U

8325 8362 8398 E (eV)

dized or reduced phases. The results are
reported in Table IV.

From the number of first and second
neighbors observed for the oxidized phases,
one clearly observes the usual (IV + II)
distortion of the NiO¢ octahedron. The
rather weak reduction of the undoped lan-
thanum nickelate, i.e., O, — O,, does not
modify the coordination number of Ni,
whereas for the lanthanun strontium phase
the strong reduction, i.e., O,y = Os, re-
sults in a lowering of the coordination from
VI to V and even to IV in the most reduced
compound LaSrNiO, ;. This trend is in per-
fect agreement with the result of X-ray

m(E),A U

8315 8356 8396 8437 EfeV}

F1G. 4. X-ray absorption near nickel K-edge structure (XANES) of mixed nickelates for different
oxidation state. Ordinate: the adsorption coefficient (arbitrary unit); abscissa: the energy in eV. The
curves of the left hand part correspond to (a) La;NiQ,; (b) La; (Sr 4NiO;s; and (c) LaSrNiO; ;. On
the right hand part we compare (d) totally reduced lanthanum nickelate and (e) pure nickel foil.
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R (nm)

F1G. 5. Modulus (full line) and imaginary part (dotted line) of the Fourier transform corresponding to
the k-weighted EXAFS spectrum of La, (Sry,NiO, (a) and La, ¢Sry4NiO;5 (b). The pseudo-radial
distribution functions are uncorrected for the phase shift of the Ni-O and Ni—(La, Sr) pairs.

structural study. At the same time, no sig-
nificant modification of the in-plane Ni-O
distances (subshell 1) is observed; the axial
Ni—O distance (subshell 2) is more affected
in the reduction process.

Discussion

A striking result of this study is the excel-
lent agreement between the X-ray structural
modelling of the local arrangement around
the Niatoms and the corresponding EXAFS
and XANES results. Upon decreasing the
number of oxygen atoms, the structure is
continuously modified but without the for-
mation of new structures; on the contrary,
the parent structure is likely to be pre-
served. The new arrangement only involves
movements of atoms over short distances.
This is another example of the extended tol-
erance for nonstoichiometry which charac-
terizes the perovskite structure.

Removing oxygen from the La,_ Sr NiO,

involves essentially the a-b plane “*NiO,,”’
as is seen from either structural calculation
or local characterizations. Both lead to
oxygen vacancies ordering along the b di-
rection (Table II), which is consistent with
a systematic lowering in the number of
oxygen neighbors of Ni (Table 1V). In the
most reduced phase, i.e., LaSrNiO;,, the
nickel atoms appear to be coordinated by
four oxygens, in a distorted square. Note
that the deformation is smaller than in the
oxidized compound (o in Table III). The
(NiQ,) polyhedra lie parallel to the (100)
plane, exactly as the (CuO4) polyhedra in
Sr,CuO, (12, 13). The electronic configu-
ration of this type of Ni is not experimen-
tally determined, but one can assume it to
be similar to that of Cu(Il). The polyhedron
around the rare earth is also of interest.
It is strongly compressed along the [001]
direction in the oxidized phase, giving rise
to so anisotropic properties (o in Table
III). Removing oxygen makes this polyhe-
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dron weakly distorted (o =
similar way as in Sr,CuO;.

The in-plane localization of potentially fa-
vourable oxygen vacancy sites in La,_,Sr,
NiO, may be of importance for understand-
ing the superconducting properties of La, _,.
Sr,CuO,. It is well known that T, passes
through a maximum as one increases the Sr
content (24). Oxygen vacancies are created
simultaneously with the introduction of Sr.
According to the above discussion, and in
agreement with previous determinations by
Nguyen et al. (25), we suppose these to lie
preferentially in the a-b plane. Obviously,
these vacancies are partially filled during
air annealing, but one can expect a small
amount of remaining oxygen vacancies.
These will be detrimental for superconduc-
tivity. It may be objected that the oxygen
treatment at high pressure used for restoring
the stoichiometry to O, (24) should fill these
vacancies. This is in fact not absolutely cer-
tain as first, interstitial excess oxygen is
known to exist in the structure (26, 27), and
second, from a thermodynamic point of
view, interstitial oxygen should always be
accompanied by the presence of oxygen va-
cancies (28, 29). We therefore suggest that
high oxygen pressure treatment does not
necessarily result in a filling of all the oxygen
vacancies created by the introduction of
strontium. As this effect should be more
pronounced for larger Sr level, this could
explain the presence of a maximum in T, as
a function of the strontium content.

0.11) in a

Conclusion

Oxygen deficiency in the La,_,Sr,NiO,
phases can be extended up to a very high
level, as proved by the synthesis of the
strongly reduced nickelate LaStNiQO, ;. Evi-
dence for lowering of the octahedral coordi-
nation, V-square-pyramidal and IV-square,
are obtained both from crystallographic and
local XAS analysis. These new data repre-
sent another example of the defect chemis-

CRESPIN ET AL.

try of oxide-type perovskite. More pre-
cisely, the highly ordered distribution of
oxygen vacancies along the b axis of the
orthorhombic cell is highly consistent with
the linear clustering oxygen defect model
(30) which accounts well for oxygen defi-
ciency in other reduced nickelates such as
La,Ni0O,,, i.e., LaNiO, ;5 (31).
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