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Black polycrystailine samples of the composition R, ,Ca,
BaNiO; (Ni-oxidized samples), with R = Y, Nd, Er, Lu, and
0.2 = x = 0.5, have been prepared in air by solid state reaction
of R,0,, CaCO;, Ba0,, and NiO. They crystallized in the ortho-
rhombic Nd,BaNiQjs structure type, space group Immm, that con-
tains chains of flattened NiQ, octahedra sharing corners along the
[1 0 0] direction. X-ray and neutron powder diffraction data show
that Ca?* replaces R** at random, whereas the oxygen positions
remain fully occupied, which induces a proportional increase in
the formal oxidation state of Ni with Ca content. The unit-cell
volume decreases as a result of the shrinkage of the NiO; octahedra.
The electrical conductivity rises with Ca doping, showing a semi-
conductor behavior, The linearity of the log o vs T~ plot suggests
a thermally activated electron hopping conduction mechanism, by
intervalence transitions between adjacent Ni2*—Ni** cations. The
samples can be reduced in two steps, giving oxygen-deficient com-
pounds in which the structure is basically unchanged. After the
first step all the Ni** is reduced to Ni**. The second reduction
process leads to phases, greenish in color, that are thought to
contain Ni in both monovalent and divalent oxidation states. The
presence of Ca?* in the structure seems to be essential in the
stabilization of Ni*. A neutron diffraction study of the compounds
Er,_,Ca,BaNiO;_ 4, prepared in a H,/N, flow at 500°C, shows that
the 02 axial oxygens are lost during the reduction process. This
breaks the continuity of the chains of octahedra, thus hindering
the intervalence transitions along the chains. The electrical conduc-
tivity is, in fact, several orders of magnitude lower than that of

the corresponding Ni-oxidized samples. @ 1994 Academic Press, Inc.

INTRODUCTION

The compounds of the family R,BaNiQ; (R = rare
earth) crystallize in two different structural types de-
pending on the size of the R** cation. For the larger rare
earths (R = Nd, Sm, Eu, Gd, Tb, Dy, Ho, Y, Er) the
structure is orthorhombic, space group Immm, (1-7), and
shows as its more interesting feature the existence of
chains of flattened NiO, octahedra sharing corners along
the a-axis direction. These octahedra contain four equiva-
lent Ni-O equatorial bonds, perpendicular to the chain
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direction [l 0 0], and two much shorter Ni—O axial bonds
(e.g., 1.88 A in the Y compound) which favor Ni—O-Ni
magnetic interactions along the chains. On the other hand,
there are no direct Ni-O-Ni bonds between neighboring
chains. When R is diamagnetic, e.g., Y*7, strong antifer-
romagnetic correlations along the chains exist between
the Ni** magnetic moments well above RT. However, no
3-D magnetic ordering is observed at temperatures as low
as 1.5 K (8). Thus Y,BaNiQs can be considered as a purely
one-dimensional antiferromagnetic system, The presence
of a paramagnetic rare earth induces 3-D magnetic order-
ing at relatively high temperatures, e.g., about 30 K for
the Er compound (9).

For the smaller rare earths (R = Tm, Yb, Lu),
R;BaNiQ; are dimorphic (10, 11). Depending on the syn-
thesis conditions they can adopt either the above de-
scribed fmmm structure or the Sm,BaCuQ;s structure type
{(12-14), orthorhombic, space group Pnma. In the latter
structure, Ni atoms are coordinated to five oxygens in a
square pyramidal arrangement. The NiQO; pyramids are
isolated (there are no common oxygens) with respect to
each other.

In the research for new high-temperature superconduct-
ing and related oxides there is a renewed interest in the
study of low-dimensional systems containing transition
metals in which an intermediate oxidation state can be
induced by hole or electron doping of the metal d-bands.
This interest is driven by the expectation of a better under-
standing of the electric or magnetic properties of these
compounds. Many oxides that can be called “‘bidimen-
sional,”” containing layers of MO, polyhedra, have been
extensively studied from this point of view, i.e., com-
pounds with K,NiF, and related structures (¢.g., 15, 16),
or the simplest (Sr, Ca)CuO, (I17).

Transition metal oxides that behave as monodimen-
sional systems are, by far, much rarer. The R,BaNiO;
phases, with the Immm structure, seem to be good candi-
dates to study the effects of the induction of a mixed-
valence state into the Ni d-bands. With this purpose in
mind the hole-doped (oxidized) R,_,Ca, BaNiO; and elec-
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tron-doped (reduced} R,_ .Ca BaNiQO;_; phases have been
prepared. The field of stability, the structural changes
associated with doping, and the transport properties of
these phases have been studied, and the results are re-
ported in this paper.

EXPERIMENTAL

Polycrystalline samples of nominal compositions R,_,
Ca,BaNiQs (R = Y, Nd, Er, Lu; 0 = x = 1) have been
prepared by solid state reaction from mixtures of analyti-
cal grade R,0;, CaCQO;, Ba(,, and NiO. They were heated
in air at 800, 900, and 1000°C for 20 hr each, with interme-
diate regrindings, then pelletized and heated at 1200°C
(Nd and Er samples), 1180°C (Y samples), or 1150°C (Lu
samples) for 20 hr and cooled at 200°C hr™! to 300°C in
order to favor the oxygenation of the products.

Reduced Er, ,Ca,BaNiQ;_; (x = 0.19, 0.34) samples
were prepared by heating Er,_,Ca BaNiOj; in a H,(5%)/
N,(95%) flow (0.5 liter min™!) for 12 hr at 500°C.

X-ray powder diffraction (XRD) patterns were obtained
with CuK « radiation in a Siemens D-501 goniometer con-
trolled by a DACO-MP computer, by step scanning from
10 to 100° in 26, in increments of 0.05° and a counting
time of 4 sec each step.

The neutron diftraction diagrams of Er,_ Ca BaNiO,
{(x = 0.19, 0.34) were collected in the high-resolution D2B
powder diffractometer of the Institut Laue-Langevin,
Grenoble. The high-intensity mode was used to collect
the spectra at 295 K. The wavelength, 1.594 A, was se-
lected from the 533 planes of a germanium monochroma-
tor. About 8 g of sample was enclosed in a vanadium
can of 8 mm diameter. The 64 counters, spaced at 2.5°
intervals, were moved by steps of 0.05% in the range 8° =
20 = 147.5°.

The neutron powder data of the reduced samples Er,_,
Ca NiQ; {x = 0.19, 0.34) were collected at room tempera-
ture in the multidetector DNJ5 diffractometer at the Siloé
reactor of the Centre d’Etudes Nucléaires, Grenoble. A
wavelength of 1.340 A was selected from a Cu monochro-
mator. The 800 detectors covered a 26 range of 80°, from
26, = 13°. The counting time was about § hr, using 6 g
of sample.

Both X-ray and neutron diffraction patterns were ana-
lyzed by the Rietveld (18) method, using a strongly modi-
fied version (19) of the Young—Wiles refinement program
(20). A pseudo-Voigt function was chosen to generate
the line shape of the diffraction peaks. In the neutron
refinements, the coherent scattering lengths for Er, Ca,
Ba, Ni, and O were, respectively, 8.03, 4.90, 5.25, 10.3,
and 5.805 fm.

No regions were excluded in the refinements. In cases
where small amounts of Ca0O or NiO (both with rock-
salt structure) were detected in the pattern, the profile
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refinement of the mixture was performed. In the final run
the following parameters were refined: six background
cocfficients, zero-point, half-width, pseudo-Voigt, and
asymmetry parameters for the peak shape; scale factors,
positional, thermal anisotropic factors for the metal atoms
{overall for X-ray data), occupancy factors for the oxygen
positions {(neutron data only), and unit-cell parameters.
The relative (R, Ca) occupancy factors were also refined
for the oxidized Er samples from the D2B high-resolution
neutron data. '

The actual atomic calcium/rare earth ratio in the struc-
ture was also determined for all the samples in an indirect
way from the weight losses observed by thermal analysis
under reducing conditions (Equation (2) in Results, Sec-
tion 3.2). Thermogravimetric (TG) curves were obtained
in a Mettler TA3000 system equipped with a TG50 unit
and a TC10 processor unit. Heating rates between 10 and
5° min~! were used up to 950°C, in a H,(5%)N,(95%) flow
of 0.2 liter min~!. About 50 mg of sample was used in
each experiment.

Resistivity measurements have been performed by the
standard d.c. four probe method between 77 and 290 K
in sintered pellets with an observed density of about 85%
of the theoretical crystallographic value. Infrared spectra
were recorded in a Pye Unicam SP3-300S in the 200—4000
cm™' range, using KBr pellets.

RESULTS

1. Composition of the Samples

The field of stability of the R,_ Ca BaNiO; phases with
Immm structure has been studied for 8 = Nd, Y, Er, Lu,
and starting compositions that would lead to stoichiomet-
ries ranging from x = 0 to x = 1. The undoped (x = 0)
Nd, Y, and Er compounds, which are well known, were
also prepared for comparative purposes. The color of the
x = 0 samples is grey and it becomes black even for the
smallest Ca contents, x = 0.2. The undoped Lu,BaNiO,
had not been prepared yet as a pure phase in the immm
form (11), sin¢ce the Pnma polymorph stabilizes under the
standard ceramic preparative conditions (1150°C, 1 atm).
However, Lu, Ca,BaNiO; crystallizes in the Immm
structure for Ca contents x = .18, Probably, the mean
(Lu**, Ca®") ionic size of the doped phases exceeds a
““critical size”” above which the Prnma polymorph is not
thermodynamically stable.

Table 1 shows the structural Ca content for a given
starting composition, together with the unit-cell parame-
ters of the Immm phases present in the product. For the
sake of consistency, the x values for all the samples are
those determined from the thermal analysis curves. For
starting mixtures of stoichiometry (1 — s/2)(R,0;) -
s(Ca0) - (BaO - NiO the actual Ca content (x) in the
Immm phases is, in general, lower than s, and it tends to
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TABLE 1
Composition and Unit-Cell Parameters of the R;,_ Ca,BaNiO;
Phases, for Starting Mixtures with sCa0:(1 — 5/2)R,0; Ratios

R 3 x! a (A b (A) ¢ (A)
Nd 0 0 3.8268(2) 5.9272(3) 11.6510¢7)
0.2 Q.15 3.8095(2) 5.9188(3) 11.6094(8)
0.4 0.30 3.8055(2) 5.9159(3) 11.5938(3)
0.6 0.48 3.8040(2) 5.9137(3) 11.5869(9)
Y 0 0 3.7589(2) 5.7604(3) 11.3311(6)
0.2 0.18 3.75002) 5.7639(3) 11.3138(7)
0.4 0.36 3.7416(2) 5.7662(3) 11.2967(7)
0.6 0.50 3.7396(2) 5.7670(3) 11.2926(8)
Er 0 0 3.7493(2) 5,7369(3) 11.2853(7)
0.2 0.19 1.7423(2) 5.7416(3) 11.2729(7)
0.4 0,34 3.7342(2) 5.7486(3) 11.2625(8)
0.6 0.50 3.7314(2) 5.7506(4) 11.2577(8)
Lu o — — —_ —
0.2 0.18 3.7225(2) 5.6976(2) 11.1662(4)
0.4 0.29 3.71902) 5.7014(2) 11.1631(4)
0.6 0.49 3.7167(2) 5.7037(2) 11.1614(5)

| The Ca contents determined by thermal analysis have an estimated
error of £0.01.

? For the sake of consistency, the unit-cell parameters of the x = 0
samples have also been measured from X-ray powder diffraction data.

* The Immm polymorph of Lu,BaNiQOs could not be prepared as a
pure phase.

reach a limit value that cannot be surpassed by further
increasing of the temperature or by prolonging the thermal
treatments. Thus, for starting mixtures with s = 0.4, the
presence of small amounts of CaQ as impurity phase can
be detected by XRD. The largest Ca content achieved in
well-crystallized samples is about x = 0.5 (for 5 = 0.6)
independently of the nature of the rare-earth cation. Be-
yond this s value multiple phases are observed in the
XRD patterns, with no further variation of the unit-cell
parameters of the Imsmm phases.

2. Structural Changes

Figure 1 shows the unit-cell parameters variation as a
function of the Ca structural content. The volume of the
lattice decreases in all cases as the Ca content rises. Since
the Ca®* ion is slightly larger than all of the studied rare-
earth cations (the Shannon (21} ionic radii are the follow-
ing: Nd = 1.05, Y = 0.96, Er = 0.945, Lu = 0919,
Ca = 1.06 A), this contraction of the lattice can only be
explained by supposing that the Ca** incorporation is
accompanied by an increase in the mean oxidation state
of Ni, which could presumably shorten the Ni-O dis-
tances. A neutron diffraction study has permitted us to
confirm this hypothesis.

Table 2 lists the structural parameters for Er,_ Ca,
BaNiO, (x = 0.19, 0.34), determined from neutron powder
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diffraction data. Figure 2 shows a representation of the
structure, and Fig. 3 the diffraction profiles of Eryg
Ca, ,BaNiQ;. The good agreement factors for the pro-
posed model confirm that Ca?* ions replace at random
the rare-earth cations, i.e., occupying the 4(j) positions.
The refinement of the relative (Er, Ca) occupancy factors
on these positions for both samples leads to the composi-
tions (Ery 755/Cag 2265)) and (Er| 545/C 2y 3¢5), IN agreement
with the values determined from thermal analysis, x =
0.19(1) and x = 0.34(1), respectively. Although the re-
finement of the occupancy factors can be considered as
a more direct method to determine the Ca content of the
samples, the comparatively higher standard deviations
obtained by this method lead us to consider the x values
determined from thermal analysis in the following discus-
sions. The refinement of the 01 and O2 occupancy factors
shows that oxygen positions are fully occupied, within
the standard deviations. Therefore, in order to maintain
the electroneutrality of the crystal, the mean oxidation
state of Ni must increase with x, e.g., NiZ** in Er, ,Cag 34
BaNiQs,

The rise of the format valence of Ni leads to a contrac-
tion of the NiQ, octahedra. Both Ni-O1 and Ni-02 dis-
tances decrease gradually as the Ca content in the struc-
ture increases, as can be seen in Table 3. The shortening
of the equatorial distances (Ni—O1) is proportionally twice
as large as that of the axial bonds (Ni-02) along the chains
of octahedra. Therefore, the octahedra become more reg-
ular as the Ni valence increases.

The volume of the ErQ, polyhedron (monocapped trigo-
nal prism) slightly increases as a steric consequence of
the partial substitution of Ca for Er. This leads to the
small increase of the b lattice parameter with x, which is
also observed for R = Y, Lu. This steric effect seems to
be overcompensated for by the electrostatic contraction
of NiQ, octahedra for R = Nd**, which shows a smaller
difference in ionic size with Ca?", giving rise to the ob-
served decrease of b with x. The same overcompensation
plays along the a and ¢ directions for all the rare earths,
leading to the observed decrease of these unit-cell parame-
ters as the Ca content of the samples rises.

3. Thermal Analysis Under Reducing Conditions

3.1. Undoped R,BaNiQ; samples. The thermal behav-
ior of R,BaNiQ;s in a reducing H,/N, flow is illustrated in
Fig. 4a for R = Er. The TG curve shows a single step
starting at 700°C, which corresponds to the decomposition
of the sample by oxvgen loss. The weight loss corresponds
to 1 oxygen atom per formula. The reduction products,
identified by XRD, are Er,BaQ, and Ni metal. This sug-
gests that the reduction process follows the equation

H
Er;BaNiO; — Er,Ba0, + Ni + H,0. n
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3.2.R,__Ca BaNiO;samples. Figure 4b shows a typi-
cal TG curve obtained in a H,/N, flow, corresponding to
R = Er, x = 0.19. A more- detailed description of the
thermal analysis for different rare earths and Ca contents
can be found elsewhere (22). The overall thermal behavior
is similar for all the samples, and can be described as
follows: Three plateaux can be distinguished in the ther-
mograms. The first one, starting between 400 and 450°C,
corresponds to an initial loss of oxygen of the sample,
following the equation

H
R, .CaBaNiO;— R, _Ca BaNiO; ., + (WDH,0. [2]
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The determination of the weight losses for this process
allows us to confirm indirectly the Ca content and the
Ni valence in the initial samples. After this first step,
the samples are grey and the XRD patterns show that
the orthorhombic Immm structure is conserved, with
the a lattice parameter clearly shortened. At this point
the formal oxidation state of Ni in the samples appears
to be 2+,

After the first reduction, a second poorly defined pro-
cess develops, whose magnitude and starting temperature
strongly depend on the heating rate (22). With an isother-
mal heating the process can go to completion, thus
avoiding the triggering of the final decomposition. The
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TABLE 2
Atomic and Thermal Parameters Refined from Neutron Powder

Diffraction Data at 295 K for Er,_,Ca BaNiO;

x 0 0.19 0.34
R,Ca 4 (102
occupancy Ca — 0.112(24) 0.180(24)
z 0.2028(2) 0.2038(1 0.2041(1)
B, (A) 0.21¢3) 0.26(3) 0.25(3)
B (X10% — 75(10) 102(11)
By (X109 — 16(4) 24)
By (X109 — 6(1) 1o(1)
Ba 2c ($i0)
B (AY) 0.62(7) 0.80(5) 0.80(5)
B, (x10% — 234(20) 271(21)
By (X10% — 55(8) 46(8)
Bs (X10% — nn A1)
Ni 2¢ 000
B, (A) 0.29(4) 0.43(3) 0.43(3)
B, (<10% — 70(10) 76(10)
B (X10%) — 36(4) 23(5)
By (%10 — (1) 6(1)
Ol 8 (0y2)
y 0.2418(5) 0.2397(3) 0.2394(3)
z 0.1487(2) 0.1481(1) 0.1472(1)
occupancy 1.0 1.01(1) 0.99(1)
B (AY 0.31(4) 0.63(3) 0.59(3)
02 2a GO0
occupancy 1.0 L.02(1) 04.99(1)
B (AD 0.45(4) 0.71(5) 0.72(6)
R factors’
R, 5,88 3,72 3,76
R., 7.52 4.68 4.78
Rewp 4.10 3.24 2.81
Ry 7.36 5.17 5.04

Ngte. Data for the x = 0 compound are taken from Ref (7).
' The discrepancy factors of the profile refinement are defined in
Ref (20).

observed weight losses of this isothermal step, ideally
represented in Fig. 3b, are interpreted as

H.
R,..CaBaNiQ, ,— R,_.CaBaNiO,_,
+H0. 3]

After this step the Immm structure still persists; the
samples are greenish and they are thought to contain Ni
in a (I-11) mixed-valence state. The amount of lost oxygen
corresponds exactly to the Ca content of the sample. We
shall come back to this point in the Discussion.

The third plateau (starting at temperatures higher than
750°C} corresponds to the complete reduction of the mate-
rial, with destruction of the fmmm structure. The behavior
is the same as that observed in the undoped samples.
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FIG.2. Schematic view of the crystal structure of R,BaNiQs, outlin-
ing the chains of NiO, octahedra along the a direction. Circles correspond
to Ba atoms. For the sake of clarity, R atoms are not represented.

Weight losses are those expected for complete reduction
to Ni metal. The black residue at 950°C is also a mixture
of a R,BaQ, phase (probably Ca containing) and Ni.

4. Structural Features of the Reduced Samples

Reduced Er,_,Ca, BaNiO;_; (x = 0.19, 0.34) samples
were prepared by isothermal heatings in H,/N, at tempera-
tures somewhat higher than the final temperatures of the
first processes observed in the TG curves. Attempts to
isolate the reduced phases after the first step were unsuc-
cessful except for the small amounts (<30 mg) which
underwent short isothermal treatments (30 min) in the
thermobalance. Larger samples needed for an accurate
structural neutron powder diffraction study required
longer isothermal treatments to get homogeneous prod-
ucts, which invariably led to the compositions observed
after the second reduction processes. From the weight
losses the oxygen deficiency of the samples was deter-
mined as & = 0.21(2), 0.36(2) for x = 0.19, 0.34, respec-
tively, which implics mean oxidation states for Ni of
1.77(4)+ and 1.62(4)+.

Table 4 shows the unit-cell and atomic parameters after
the profile refinement of the powder neutron data for Er,_,
Ca,BaNiQ;_;. Table 5 includes the most interesting in-
teratomic distances. The a lattice parameter decreases
strongly (1.2% for x = 0.34), ¢ increases (0.35% for x =
0.19), and b shows no changes with respect to the Ni-
oxidized samples (Ca-doped samples with five oxygens
per formula). The refined occupancy factors for O1 and
02 clearly indicate that oxygen vacancies are located at
the O2 positions, i.e., the axial oxygen atoms along the
chains of octahedra are partially lacking. The observed
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shrinkage of the a parameter can be seen as a result of
the partial collapsing of the structure along this direction.
The amount of missing O2 oxygen leads to the stoichio-
metries Er, 4,Cay 15BaNiO, 55 and Er) Cag 3BaNiO, 6,
for both samples, in relatively good agreement with the
values obtained from the weight losses after the reduc-
tion process.

On the other hand, Ni-O1 distances increase with re-
spect to the oxidized samples, as a result of the average
decrease of the oxidation state of Ni. The increase of the
¢ parameter is related to this effect. Thermal factors for
Ni are strongly anisotropic, the thermal ellipsoids being

TABLE 3
Selected Distances (A) and Angles (°) for Er,_,Ca BaNiO,

x 0 0.19 0.34
Ni-01 {(x4) 2.180(3) 2.165(1) 2.154(1)
-02 (x2) 1.8770(1) 1.8719(1) 1.8670(1)
(R, Ca)-0O1 (x4) 2.414(2) 2.407(1) 2.407(1)
=01 (x2} 2.240(3) 2.243(2) 2.250(2)
~-02  (x1) 2.292(2) 2.298(1) 2.297(1)
Ba-01 (x8) 2.924(2) 2.921(1) 2.911(1)
-02 (x2) 2.8715(1) 2.8722(1) 2.8751(1)
01-Ni-01 79.1(1) 79.0(1) 79.5(1)
01-Ni-01 100.8(2) 101.0(1) 100.5(1)

Note. Data for the x = 0 compound are taken from Ref (7).

oriented along the a direction, which is clearly correlated
with the random absence of some Ni-0O2 bonds along
the chains.

The (Er,Ca)0, polyhedra, which can be described as
monocapped trigonal prisms constituted by 601 and 102,
decrease in volume with regard to the oxidized samples:
the absence of some O2 leads to the strengthening and
shortening of the remaining (Er,Ca)-01 distances. This
is mainly due to the displacement of (Er,Ca) atoms along
the [0 0 1] direction (0.01 A in the x = 0.34 compound),
far away from its associated O2 vacancy. As for the BaO,,
polyhedron, which consists of 8C1 + 202 oxygens,
Ba-01 distances also decrease in order to compensate
for the lack of some O2 oxygens. As observed for Ni,
thermal factors for Ba increase greatly with respect to the
Ni-oxidized samples, the flattened ellipsoids laying on the
ab plane, which is also a consequence of the lack of some
strong Ba—02 bonds (¢.g., 24% for x = 0.19), making the
thermal vibrations of Ba easier.

It should be noted that reduced samples (containing
Ni{I-I)) are unstable in air, where they slowly retake
OXygen, even at room temperature.

5. Resistivity Measurements

Er,_.Ca BaNiO; samples show a semiconducting be-
havior in the 77-300 K temperature range. Figure 5 shows
the (log o) vs (T~ plot for the x = 0.0, 0.19, 0.34
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compounds. Room temperature conductivities are 5.8 X
1075, 4.2 x 1075, and 7.2 X 107° (£} - cm)~!, respectively.
The linearity of the plots suggests that the mechanism
of the electrical conductivity is the thermally activated
random-range hopping of electrons between adjacent
Ni?*—Ni** cations. The reduced Er,_,Ca,BaNiO;_; sam-
ples show room temperature conductivities lower than
1079 (2 - cm)™!. The variation with the temperature was
not measured.

6. Infrared Absorption Spectra

The infrared spectra of the x = 0, 0.19 (oxidized) sam-
ples are shown in Fig. 6. No essential differences are
observed between both diagrams, with the exception of
the attenuation and shifting of the 775 cm™! band (x = 0)
toward 795 cm™' (x = 0.19), This absorption band has
been related to the stretching of the apical Ni—-O2 bonds
(23), the shift toward high frequencies being associated
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TABLE 4
Unit-Cell, Atomic, and Thermal Parame-
ters for the Reduced Samples Er,_,Ca,Ba
NiO;_; Refined from Neutron Powder Dif-
fraction Data at 295 K

0.19 0.34
a(A) 3.7106(2) 3.6876(3)
b (A) 5.7461(4) 5.7467(4)
c (A) 11.3007(8) 11.3012¢8)
(R.Ca) 4 (G02)

z 0.2047(2) 0.2045(2)
B (AY 0.44(6) 0.29(10)
Ba 2c 410

B, (AY 1.3(2) 1.3(2)
B (x10%) 395(53) 349(53)
B (X109 100¢21) 7121

B (x10%) 93) 1903)
Ni 2a ©00)
B, (AY 0.9(1) 1.0(1)
B (x10%) 482(30) 494(34)
B (X109 —11(10) 12(14)
B (X109 Pigl) 6(2)
01 8 (0yz2)
y 0.2408(6) 0.2405(5)
z 0.1487(2) 0.1476(2)
accupancy 1.01¢1) 0.99(1)
B (A} 0.70(8) 0.81(8)
02 2 (00
occupancy 0.76(2) 0.62(2)
B (A} 0.5(2) 0.3(2)
R factors!
R, 1.83 1.84
Rop 2.56 2.57
Rexo 0.91 1.17
Ry 2.81 3.12

' The discrepancy factors of the profile re-
finement are defined in Ref, (20).

to the shortening and strengthening of these bonds as the
Ni valence increases. No absorption bands are observed
in either spectra in the 1200-4000 cm™' region.

DISCUSSION

The black color of the R,_,Ca _BaNiOs samples and the
increase of the electronic conductivity with respect to the
undoped R,BaNiQs samples are both related to the same
fact: a mixed-valence state (II)~(I11} has been induced in
the Ni sublattice. The high anisotropy associated with
these compounds makes it difficult to draw quantitative
conclusions from the transport measurements on powder
samples: the low values of the observed conductivities
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TABLE §

Selected Bond Distances (A) and Angles (°) for
the Reduced Phases Er,_,Ca, BaNiQ;_g

X

0.19 0.34
Ni-01 (x4) 2.177(3) 2.166(3)
-02 (%2} 1.8555(1) 1.8441(1}
(R, Ca)-0O1 (x4 2.400(2) 2.394(2)
-01 (x2) 2.228(3) 2.237(3)
-02 (x2) 2.313(2) 2.316(2)
Ba-01 (x8) 2.913(2) 2.900{2)
-02 (x2) 2.8732(2) 2.8736(2)
01-Ni-01 78.9(2) 79.3(2)
01-Ni-01 101.1(2) 100.7(2)

for the relatively high levels of doping (hole concentration
of 34% with respect to Ni for x = 0.34) suggest a poor
mobility of the carriers, although this fact could partially
reflect a bad electrical connectivity between adjacent mi-
crocrystals. The semiconducting behavior of the samples
seems to indicate that there is no charge delocalization
along the —O-Ni—O-Ni-O- chains: instead of equiva-
lent Ni cations with a mean 2 + x oxidation state along
each chain, it would be more precise to think about
trapped Ni** cations distributed at random in a Ni** sub-
lattice. Thus, there is an activation energy associated with
the hopping of the electrons between neighboring
Ni?*—Ni** cations, through O2 apical oxygens. Such inter-
valence transitions are characteristic of mixed valence
compounds in which the electrons are trapped by lattice
distortions (24). In this ¢ase, Ca’* cations are distributed
at random in the R*>* sublattice, producing local distor-
tions around which the bond lengths and strengths are

~4.04, 00000 x=0.34
5.2 00000 x=0.19
—~ 02‘8& oopoo x=0.0
! o 0%
£ &g,
o B.q
) —6.0 oL \8“8‘
E a, 8.
i~ | o \853
] o N
~ o s
a 8
o -8.0 o o
=]
Q
L]
-10.0 ' r
S 0.28 0.32

1/T!/4 (K—f/d‘)

FIG. 5. Electric conductivity vs T~" for Er,_,Ca,BaNiO;.
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FIG. 6. Infrared spectra of Er;_,Ca BaNiO; for x = 0 (upper curve)
and x = 0.19 (lower curve).

slightly different. Ni atoms directly linked to Ca (through
1) are especially favored for supporting ¢lectronic holes,
since Ca has a more basic character than R. Electronic
holes, and therefore Ni** cations, are thus preferentially
trapped in the neighborhood of Ca*" cations. The local
shortening of the bonds to oxygen around Ni**, distrib-
uted at random in the lattice, is detected by diffraction
methods as an average reduction of all the Ni—O dis-
tances. '

On the other hand, the absence of strong absorption in
the infrared region up to 4000 cm~! (0.5 eV), together
with the black color of the samples, which indicates the
absorption in the visible region, allows us to estimate an
activation energy for hopping higher than 0.13 eV, if we
assume that the activation energy is about one-fourth the
energy for optical absorption, as observed for some small-
polaron solids (24}.

The conductivity of the undoped Er,BaNiQ; sample,
even if it is one order of magnitude smaller than that of
the Ca-doped samples, suggests the presence of small
amounts of Ni** cations in the Ni?* sublattice,, which gives
ris¢ to a similar hopping conduction mechanism, A small
percentage of Ba’" or R** vacancies, due to volatilization
losses during the synthesis, are probably in the origin of
such effect.

The reduced R, ,Ca BaNiO._; samples can also be
considered as mixed-valence Ni{I)-Ni(II) compounds.
The observed insulating behavior can easily be under-
stood by taking into account that O2 oxygens, involved
in the electron hopping conduction mechanism described
for the oxidized samples, are partially missing here, which
breaks the continuity of the conduction paths along the
chains. Ni* and Ni** cations are, therefore, localized and
randomty distributed in the structure. The light-greenish
color of these compounds is also evidence suggesting the
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absence of the intervalence transitions observed in the
Ni-oxidized samples.

Compounds in which Ni(I) is stable are very rare. Cres-
pin et al. prepared and studied the reduced perovskite
LaNiO, (25), which was the first example of the, later so-
called, *“parent structure’ (17) of the high-7, supercon-
ductors. More recently, reduced samples in the system
La,_,Sr,NiO,_; (26-28) have been prepared and charac-
terized. These compounds have a defect structure that
can be interpreted as a K,NiF,-type structure, in which
there are oxygen vacancies in the basal plane, or, alterna-
tively, as a Sr,CuO;-type structure with interstitial oxy-
gens. The last example is provided by the compounds of
the system R,Ni;O; (R = La, Pr, Nd) (29), showing an
intermediate structure between LaNiO, and T'-Nd,CuQ,.
All of them have been obtained by progressive reduction
by hydrogen at relatively low temperatures (7 < 700 K).

It is worth pointing out the important role played by
Ca’" cations in the stabilization of Ni(I) in the reduced
Er,_,Ca BaNiO;_; samples. The treatment with Hy/N, of
the undoped Er,BaNiQ; phase leads to the destruction of
the structure by total reduction to metallic Ni. On the
contrary, the presence of Ca’*, distributed at random
in the Er** sublattice, allows the reduction to a Ni{])-
containing material, after a first step in which an oxygen-
deficient Ni(Il) phase can be isolated. Moreover, the max-
imum Ni(l) content in the reduced phases seems to be
equal (or, at least, proportional) to the Ca content; e.g.,
for R = Er, x = 0.34, a mean Ni valence of 1.62(4)+
(which means 38% of Ni(I)) can be reached in the reduced
phase Er (Ca, 3,BaNiOy g1)-

Similar results are reported for the reduction of lantha-
num nickelates (26-28). attempts at reducing La,NiQ,
lead to La,0, and Ni mixtures, but a lower reduction level
can be reached for La,_,Sr,NiQ,, e.g., the composition
LaSrNiQO,, can be isolated, maintaining a K,NiF,like
structure in which 80% of the total Ni is in the monovalent
formal state (27).

The ability of Ca to stabilize a higher oxidation state
for Ni is understandable taking into account the more
basic character of Ca’" with regard to the rare-earth cat-
ion. This is what happens in the oxidized R,_, Ca,BaNiQ;
samples, in which the mean oxidation state of Ni increases
regularly with the Ca content. But, surprisingly, the pres-
ence of Cal* seems also to facilitate the reduction pre-
cesses, by oxygen vacancy creation, that lead to a low-
ering of the mean oxidation state for Ni. Probably, the
oxygen vacancies created in the reduction are better sta-
bilized by the structure when Ca is present. This is in
connection with the kind of oxygen that is lost in the
reduction process: why are the O2 oxygens and not the
Ol preferentially eliminated? A possible explanation can
be found in the fact that each O2 is strongly bonded to 2
Ni atoms: these short Ni-O bonds have a larger covalent
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participation than any other bond to oxygen in the struc-
ture. Compared to the O1 oxygens, the O2 are less rich
in electron density, i.e., they are more ‘‘positively”
charged (or less negatively), so they are preferentially
chosen during the reduction process. At the same time,
structural stresses (7) are partially released with the elimi-
nation of these ‘‘overbonded’ O2 oxygens.

The fact that the maximum number of oxygen vacancies
that can be created without destroying the structure
equals the number of Ca atoms present in the compound
suggests that the O2 oxygen directly bonded to Ca (which
are distributed at random in the rare-earth sublattice) are
those eliminated in the reduction process, since each Ca
{or R) is bonded to only one O2 oxygen. When the corre-
sponding O2 vacancy is formed, the oxygen coordination
polyvhedron of Ca’" is a 601 trigonal prism, which seems
to be rather stable. Once all the O2 bonded to Ca are
removed, a further reduction leads to the destruction of
the structure, in the same way that the reduction of un-
doped R,BaNiO;.

Another question raised is whether the coordination
polyhedron of the Ni atoms in the neighborhood of the
0?2 vacancies is square planar (i.c. = 4) or square pyrami-
dal {i.c. = 5). The first possibility would imply that 02
vacancies are associated by pairs at both sides of Ni. If
we accept that each O2 vacancy is coupled to a Ca atom,
as shown before, a square pyramidal oxygen coordination
for Ni seems to be statistically more realistic: there is no
reason why Ca?* should be coupled by pairs in the oxi-
dized samples, taking into account the high synthesis tem-
peratures (1100-1200°C}) of these samples, to which a high
mixing entropy is associated.

CONCLUSIONS

A Ni(IIT)-Ni(II) mixed-valence state has been induced
by Ca doping in the R,BaNiO; (R = Y, Nd, Er, Lu)
phases. The doped samples are black in color, and the
electrical conductivity increases with the Ca content. The
conductivity is thermally activated due to the presence
oflocal distortions in the lattice that trap the electron holes
and hinder the electronic delocalization, which otherwise
would lead to metallic behavior. The Ni?*—Ni** interva-
lence transitions through O2 oxygen seem to be in the
origin of the semiconducting behavior of the samples.
These samples can be reduced in two steps. The first one
leads to grey oxygen-deficient compounds in which all
of the Ni** cations have been reduced to Ni**. A further
increase of the reduction level can be reached by isother-
mal heating under a Hy/N, flow, which gives rise to green-
ish Ni{I)-Ni(II) mixed-valence compounds. Even if the
overall crystal structure of the reduced R, Ca,BaNiO._;
phases remains basically unchanged, the lack of some O2
axial oxygens breaks the continuity of the chains of NiQ,
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octahedra, thus hindering the intervalence transitions be-
tween Ni'=Ni**, Both cations are, therefore, localized
and distributed at random in the structure. The presence
of Ca is essential for the stabilization of the oxygen vacan-
cies and, therefore, for the existence of Ni(I) in the crystal
lattice of the reduced samples: the reduction of undoped
R,BaNiO; phases leads directly to the destruction of the
structure by Ni metal formation.
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