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The effect of hole and electron doping in the perovskites RNiO;
(K = rare earths) has been studied. 8-, A,NiO; (R = La, Nd;
A = 38r, Th; O = x = 0.1} were prepared under 200 bars of oxygen
and were characterized by X-ray and neutron powder diffraction,
thermogravimetric analysis, differential scanning calorimetry,
and resistivity measurements. The neutron data for rhombohedral
Lag ¢Srp ;NiO; or orthorhombic Ndo_gsAu,osNiOg (A = Sr, Th)
show that Sr or Th replace at random the rare-earth cations,
whereas the oxygen positions remain fully occupied. NiOg octahe-
dra are either contracted, in the hole-doped Sr-containing sam-
ples, or expanded, in the electron-doped Th-containing com-
pounds, as a consequence of the decrease/increase of the Ni-O
bond lengths electronically induced by doping. Accordingly,
bond-valence calculations give a valence for nickel higher/lower
than +3, for the St/Th-doped compounds, respectively. The
transport properties dramatically change with vespect to the un-
doped compounds. The metak-to-insulator transition present in
NdNiQ; (T" = 200 K) disappears for Nd,_. 8¢ NiO,. which re-
mains metallic down te 1.5 K even for the smallest doping rate
(5%). This fact can be structurally related to the straightening, by
1.4° for x = 0.05, of the {(Ni--O-Ni} angles, which govern the
transfer integral between Ni-3d and O-2p  orbitals, For
Ndy 95Thg osNiQ; there is a suppression of the metal-insulator
transition toward low temperatures (T = 132 K). Electronic fac-
tors, related to the injection of holes or electrons into the bands of
the solid, are mostly responsible for the structural changes ob-
served in these doped compounds, which cannot be explained by
simple steric considerations.  © 1995 Academic Press, fnc.

INTRODUCTION

The discovery of high-temperature superconducting
copper oxides has drawn new interest to noncopper tran-
sition metal (TM) perovskite oxides, in an effort to give
insight which wili contribute to the understanding of

_high-temperature superconductivity. Among the TM
perovskite oxides, the majorily are insulating, a few are
melals and others exhibit a metal-insulator (MI) transi-
tion as a function of temperature or pressurc. Torrance ef
afl. (1} used a simple ionic modef to explain, within the

'To whom correspondence should be addressed.

146

(122-4596/95 $6.00
Copyright © 1995 by Academic Press, Tnc.
Al rights of reproduction in any Torm rescrved.

framework of Zaanen et al. (2), the farge differences in
conductivity behavior of TM oxides. However, the inter-
pretation of the Mi transitions in still complicated by the
fact that, in many cases, there are simultaneous changes
in the electronic, magnetic, and structural properties and
it is difficult to identify the cause and the effect.

The recent report of M1 transitions in the perovskites
RNIiO; (R = rare earths) {(3) has attracted considerable
aitention since these transitions seem to occur without
any noticeabie changes in lattice symmetry, which sim-
plifies an in-depth study of the different phenomena in-
volved. RNiO; (R = Pr, Nd, Sm, Eu) are orthorhombic,
crystallize in the GdFeO; structure (space group Pnma),
and exhibit MI transitions below 500 K. The detailed be-
havior of the phase transitions was mapped out for the
above-mentioned serics as a function of the rare carth (4).
The transition temperature (Ty;) decreases systemati-
cally as the rarc-¢arth ionic size becomes larger and the
subsequent distortion from the ideal cubic perovskite de-
creases, from Eu (Ty, = 480 K) to Pr (T = 135 K). For
LaNiO;, the large size of La determines a less-distorted
rhombohedral structure (space group R3¢) which, in fact,
keeps its metallic character down to 1.5 K, showing no
MI transition (5). LaNiO; in a Pauli paramagnetic metal,
by virtue of strong Ni—O-Ni interactions (6), in which
the conduction electrons seem to be highly correlated (7}.

The RNiO; oxides belong to a wider family of the so-
called charge-transfer-gap compounds (I, 2), having an
oxygen p-like valence band and a d-like conduction band.
it has been suggested that the MI transition in RNi0O; is
due to the broadening of the lower p-like band, which
induces a closing of the charge-transfer gap (4). The
width of the occupied oxygen p band is closely related 1o
the Oniooni angle, which governs the transfer integral be-
tween Ni-3d and O-2p orbitals. For small rare earths, the
distorted perovskite structure contains bent Ni-O-Ni
bonds, with a correspondingly low bandwidth which de-
termines the existence of a charge-transfer gap and an
insulating character. As the bandwidth is increased, ei-
ther by increasing the size of the rare earth {i.e., decreas-
ing the perovskite distortion and, hence, straightening
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the Ni—O-Ni angle) or by increasing the temperature, the
charge-transfer gap decreases, eventually going to zero,
giving rise to a metallic state. The structural anomalies
across the MI transition in PrNiQ; and NdNiO; were
investigated by neutron powder diffraction (8), showing a
subtle shrinkage of the cell when the compounds become
metallic, due to a slight decrease of the Ni-O distances
driven by ¢lectronic delocalization. This effect is accom-
panied by coupled tilts of NiQg octahedra, which implies
changes in the Ni-O-Ni angles (Af) = —0.5°).

The metallic state can also be induced by pressure (9,
10). A study of NdA(Pr)NiQ; showed that Ty decreases
under pressure, which hence stabilizes the metallic
phase. Within the framework of the charge-transfer-gap
insulators, the data suggest that the primary effect of
pressure is to straighten the Ni—O-Ni bond angle, lead-
ing to a broadening of the oxygen-like valence band and
hence reducing the gap.

In order to broaden the knowledge of these systems,
we have undertaken the preparation and study of hole-
and electron-doped RNiO; oxides. The aim of this paper
is to describe the different effects induced by such dop-
ing, as well as to try to establish a correlation between the
structural changes observed in these phases and the
transport properties. In this preliminary study, samples
of composition R,_, A, NiQy (R = La, Nd; A = Sr, Th;
0 = x = 0.1) were prepared and were characterized by X-
ray and neutron powder diffraction, thermogravimetric
analysis, differential scanning calorimetry, and resistivity
measurements.

EXPERIMENTAL

Polycrystalline samples of nominal compositions
R ANIO; (R =La, Nd; A = 8r, Th; 0 = x = (.1) were
prepared by a liquid-mix technique. Stoichiometric
amounts of analytical grade La(NO.); + 4Hy0 or Nd.Os,
NI(NO3)2 - 6H,0 and SI'(NO})z, or Th(N03)4 . SHzo WEre
solved in citric acid. The citrate selution was slowly de-
composed at temperatures up to 600°C. After an interme-
diate treatment at 800°C, in air, the black precursor pow-
ders were heated at 1000°C under a 200-bar oxygen
pressure for 12 hr. Then, the samples were cooled at
300°C hr~! down to room temperature in order to favor
the oxygenation of the products.

X-ray powder diffraction (XRD) patterns were ob-
tained with Cuk, radiation in a Siemens D-301 goniome-
ter controlled by a DACO-MP computer, by step-scan-
ning from 10° to 100° in 28, in increments of 0.05° and a
counting time of 4 sec each step.

The neutron powder diffraction diagrams of
LagoSre NiOy, NdogsSroesNiOs, and NdyggsThe.esNiGs
were collected at room temperature in the multidetector
DN35 diffractometer at the Siloé reactor of the Centre
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d’Etudes Nucléaires, Grenoble. A wavelength of 1.345 A
was selected from a Cu monochramator. The 800 detec-
tors covered a 2d range of 80°, from 26; = 18°. The count-
ing time was about 4 hr, using about 6 g of samplie.

Both X-ray and neutron diffraction patterns were ana-
lyzed by the Rietveld (11) method, using a strongly modi-
fied version (12) of the Wiles and Young refinement pro-
gram (i3). A pseudo-Voigt function was chosen to
generate the lineshape of the diffraction peaks. In the
neutron refinements, the coherent scattering lengths for
La, Nd, Sr, Th, Ni, and O were respectively 8.24, 7.69,
7.02, 9.84, 10.3, and 3.805 fm.

No regions were excluded in the refinements. In cases
where small amounts of unreacted NiQ (with rock-salt
structure) were detected in the pattern, the profile refine-
ment of the mixture was performed. In the final run the
following parameters were refined: background coeffi-
cients, zero-point, half-width, pseudo- Voight, and asym-
metry parameters or the peak shape; scale factors, posi-
tional, thermal isotropic factors (overall for X-ray data),
occupancy factors for the oxygen positions (neutron data
only), and unit-cell parameters.

Thermal analysis was carried out in a Mettler TA3000
system equipped with a TC10 processor unit. Thermo-
gravimetric (TG) curves were obtained in a TG50 unit,
working at a heating rate of 5°C min~!, in a reducing
H,(5%6)/N4(95%) flow of (.3 liter min~!. About 50 mg of
sample were used in each experiment. Differential scan-
ning calorimetry (DSC) experiments were performed in a
DSC30 unit, in the temperature range 120 to 300 K. The
heating rate was 10°C min~!, vusing about 70 mg of sample
in each run,

Resistivity measurements have been performed by the
standard dc four-probe method between 1.5 and 300 K.
Pellets were sintered at 1000°C under 200 bar of oxygen
for 12 hr.

RESULTS

1. Composition of the Samples

The undoped compounds (RNi(;, R = La, Nd), pre-
pared for comparative purposes, were obtained as black
well-crystallized powders. Although the synthesis of
both compounds can be carried out at atmospheric pres-
sure (14-16) by slow decomposition of organic precur-
sors at low temperatures (<850°C), the crystallinity of
the resulting powders is, by far, much poorer than that
reached under the more drastic conditions employed in
this work, Moreover, all trials of introducing Sr or Th
into the lattice at softer conditions led to the obtention of
the competitive K,;NiF, phases (e.g., La,_, S, NiGy). In
this case, the use of high oxygen pressure was shown to
be a key factor for the stabilization of the perovskite
phases.
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The Sr/Th doped szimples are, for x values up to 0.1,
perovskite phases showing the same symmetry as the
undoped compounds, i.e., rhombohedrally distorted for
the La derivatives or orthorhombically distorted for the
Nd oxides. The X-ray diffraction peaks of the Sy/Th-
coniaining phases are somewhat broadened with respect
to those of the undoped samples, probably as a conse-
quence of the structural disorder introduced by doping.
For substitutional levels higher than x = 0.1 {A = Sr, Th),
the appearance of SrQ or ThO, as impurity phases indi-
cates that the incorporation of Sr/Th is not total under
these conditions, and the obtention of higher doping lev-
els would probably require one to work under higher oxy-
gen pressures.

2. Structural Changes

X-ray and neutron diffraction diagrams for I.a and Nd
samples have been analyzed in the space groups R3c
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(hexagonal description) and Prma, respectively. No ad-
ditional peaks, which could indicate the presence of su-
perstructures or departure from the mentioned symme-
tries, were observed in any of the examined diagrams.
Table 1 shows the unit-cell parameters of the R_, A, NiQ;
compounds, refined from the X-ray diffraction patterns.
The variation of the lattice parameters and volume with
the Sr/Th contents is plotted in Fig. 1.

For the La phases, the incorporation of Sr or Th leads
respectively to a contraction or an expansion of the lat-
tice. Taking into account that Sr¥* is larger and Th** is
smaller in size than La’* (Shannon’s ionic radii (17) for
eight-coordinated La’*, 1.16 A; Sr2*, 1.26 A; Th**, 1.05
A), the observed behavior is opposite to that expected
from steric considerations and can only be explained by
assuming that the incorporation of 8r/Th is accompanied
by an increase/decrease of the mean oxidation state of
Ni, which ¢ould presumably shorten/lengthen the Ni-O
distances.
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FIG. 1. Variation of the unit-cell parameters and volume of R _,A,NiQ; (R = La, Nd; A = Sr, Th) as a function of the A content, x.
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TABLE t
Unit-Cell Parameters of the R, A;NiQ; Phases
R A x a (A b (A) c{A) V(AY
La St 0.1 544553 5445503}  13.1600(9)  337.97(5)
la — 0 SASTR(I}  S.4STR(1)  13.1323(2)  33B.7%D)
La — o 5.4573(1) 545731} 13.14623)  339.06(2)
Ta Th 0  5451(4) 54514 1315501  339.15(5)
Nd St 00 S40I(D)  5.364(1) 7617 N0
Nd  Sr 005 53951} 5367 TH1D 22021
Nd — 0 5.3895()  5.3778(4)  7.6082(8)  220.51(6)
Ng — v 5.3891(3) 5381602  7.6101(3)  220.71(3)
Nd Th 005 S5391K8)  5.380004)  7.617(1)  221.29(%)
Nd Th 01  538249) 53950(6)  7.620(1)  221.68(%)

o Unit-cell parameters taken from Ref. (8), obtained by neutron dif-
fraction.

For the Nd compounds (ionic size for Nd**, 1.109 A)
the variation of the unit-cell parameters is somewhat sur-
prising: b increases regularly from the sample with maxi-
mum St content to the compound with the iargest Th
content, whereas a and ¢ increase with x for both A
cations. This leads to an itregular variation of the unit-
cell volume. The observed behavior can be interpreted as
the result of a compromise between the steric (size differ-
ence between R and A) and electronic factors (variation
of the Ni-0O distances) and is better understood by ana-
lyzing the local distortions of the coordination polyhedra
of the perovskite.

Table 2 lists the structural parameters for Lag,
Sty NiO; and Ndgos AgosNIO; (A = Sr, Thy, refined from
neutron diffraction data, and Fig. 2 shows the diffraction
profiles. The good agreement factors for the proposed
models confirm that Sr2* or Th** replace at random the
rare-earth cations, i.e., occupying the 6a positions (La
compound, R3c¢) or 4¢ positions (Nd compounds, Prma).
On the other hand, the refinement of the Ol and O2 occu-
pancy factors shows that the oxygen positions are fully
occupied, within two times the standard deviations.
These data suggest that, in order to maintain the electro-
neutrality of the crystal, the electronic state of Ni is al-
tered by doping.

For the substitutional levels of the samples studied by
neutron diffraction, the changes in the atomic parameters
and, thus, in the interatomic distances, are very small but
significative. Samples with a higher substitutional level
{e.g., x = (.1 for the Nd compounds} were not structur-
ally studied because of its poorer crystallinity.

Table 3 shows, as expected, a reduction of the mean
Ni—O distances in the Sr-doped samples (for both La and
Nd compounds), suggesting that the formal valence of Ni
has increased in these compounds. The opposite effect is
observed in the Th-doped oxide, in which {Ni-Q) is
larger than that of the undoped compound.
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For the La samples, a single Ni~O distance can be
defined, which takes a value of 1.934(1) A for LaNiO;.
The almost regular NiQg octahedra experience a contrac-
tion in LagyoSry NiOs, driven by electronic factors: the
Ni-O bond is shortened by 0.004 A. The Ni-O-Ni angles
increase by 1.5°, in order to keep enough room for (La,
Sr) after the shortening of the Ni-O bonds. The distor-
tion of the perovskite is, hence, reduced. Despite the
straightening of the Ni-O-Ni bonds, the contraction of
the fattice determines slightly smalter (La, Sr)-O dis-
tances in the doped sample, in spite of the larger size of
the Sr** cations, which would demand slightly larger
holes to allocate them. The electronic factors which gov-
ern the shortening of the Ni-O bonds seem to predomi-
nate, thus, on purely steric considerations. Atomic posi-

TABLE 2
Atomic and Thermal Parameters Refined from Neutron Powder
Diffraction Data at 295 K for R, A NiO;

R=1a (R§c, hexagonal description)

A Sr —_
x: 0.1 0a
R, A g ©O0YH
B (AY 0.31¢4) 0.36(2)
Ni: 6h (0 0 0)
B (A 0.2003) 0.21(2)
O 18 (x 0
x 0.5410(2) 0.5456(2)
B(A) 0555 0.55(2)
Reliability factors®
x? 5.0 3.5
Ry 3.7 4.5
R = Nd (Pama)
A: Sr — Th
x: §.05 G2 (.65
R, A: 4c xy3)
x 0.998(2) 0.9941(8) 0.992(1)
¥ 0.0312(7) 0.0343(3) 0.0380(6)
B {1) 0.40(7) 0.61(3) D.21(8)
Ni: 4h CRURD)
B (AY 0.33(4) 0.51(1) 0.22(5)
O 4¢ (xy D
X 0.069(2) 0.07K1) 0.074(3}
y (.495(1) 3.4921(N 0.493(1)
B Ay 1.0(3) 0.76(5) 0.8(2)
Occupancy 0.96(5) — 1.14(7)
O2; 84 (xy )
X G.721(1) 3.7150(6) 0. 711(2)
¥ 0.2811(9) 0.2842(6) 0.287(2)
z 0.0363(M) 0.0378(4) 0.0339(9)
B (A?) 0.26(16)  0.88(4) 0.26(16)
Occupancy 0.99(3) -— 0.94(3)
Reljability factors®
X 6.3 4.5 2.4
Ry 4.1 4.2 3.5

< Data for the x = 0 compounds are taken from Ref. (8).
¢ Defined in Ref. (13).
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TABLE 3
Selected Distances (A) and Angles (°) for Ry_ A, NiO;
R=lLa
A Sr —~
X! 0.1 0
Ni-0 (x6) 1.930(1) 1.934(5)
La-0 (x3) 2.500(1) 2.480(1)
(&%) 2.946(1) 2.978(1)
(x6) 2.708(2) 2.708(1)
(La-0) 2.716(1) 2.719(D)
Ni~0-Ni 166.71(7) 165.22(5)
R =Nd
A: Sr - Th
X 0.05 0 0.05
Ni-Ot (%2) 1.939{2) 1.940(1) 1.946(2)
=02 (x2) 1.942(5) 1.939(2) 1.936(5)
~Q2i (x2) 1.930(5) 1.947(3) 1.954(5)
(Ni~O) 1.937(4) 1.942(2) 1.945(4)
10 Ay 0.069 0.030 0.144
(Nd, A}-01 2.904(9 2.944(4) 2.970(8)
25179 2.496(4) 2,492(8)
3.07(1) 3.04%7) 3.06(1)
2.34(1) 2.360(7) 2.36(1)
~02 (x2) 2.586(7) 2.584(4) 2.607(7)
(x2) 2.418(7) 2.384(3) 2.396(7)
(x2) 2 684(T) 2.677(4) 2.640(6)
((Nd, A)-0) 2.621(8) 2.614(5) 2.617(8)
Ni-O1-Ni (x2)  157.5(5) 157.4(2) 156.3(5)
Ni-02-Ni (x4)  158.6(11) 156.8(5) 157.0(10)
(Ni-O-Ni) 158.4(9) 157.0(4) 156.8(8)
01-Ni-02 89.4(4) 89.3(2) 90.3(4)
90.0(5) 89.7(2) 91.3(5)
90.0(4) 50.3(2) 88.7(4)
90.6(4) 90.7(4) 89.7(3)
02-Ni-Q2 88.5(4) 88.7(1) 89.0(4)
91.5(4) 91.3(2) 91.0{4)

Note. For the sake of consistency, the distances for the x = 0 com-
pounds have been caiculated for the atomic parameters determined by
neutron diffraction in Ref. (8) and the unit-cell parameters determined
by X-ray diffraction in the present work.

tions and interatomic distances for Lag ¢Thy ;NiO; are not
included in Tables 2 and 3 because neutron data were got
available, and the oxygen parameters obtained from X-
ray data are not reliable due to the low scattering power
of oxygen for X-rays.

For undoped NdNiO,, the NiOg octahedra are also al-
most regular. Figure 3 shows two projections of the
NdNiQ; structure, The parameter Ay, as defined in Ref.
{8), is a measurement of the distortion of the octahedra,
as far as distances are concerned. For NdNiO;, Ay =
0.030 x 1074. The distortion increases in both Sr- and Th-
doped samples, A; = 0.067 x 1074 and 0.144 x {4,
respectively. Let us examine the case of Ndggs
Srp.osNiO5. There is a remarkable contraction of the Ni—
Q2 distances (by 0.017 A) which, together with the ex-
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pansion of Ni-O2, gives rise to flattened NiQg octahedra.
A schematic representation of such distortion is shown in
Fig. 4. This effect takes place mainly ¢n the ab plane of
the lattice {only Ni—02 and Ni-02" are involved). Simul-
taneously, the in-plane Ni—O2-Ni angles increase by
1.8°, which, as we will discuss later on, will have a dra-
matic influence on the physical properties of this com-
pound.

In Ndgs5ThesN1Os, an opposite distortion is observed
in the ab plane: expansion of Ni~02i (by 0.007 A) and
contraction of Ni-O2 (by 0.003 A). This is comple-
mented by an increase of the Ni-O1 distances (by 0.006
A) along the ¢ axis, which is also supposed to be driven
by electronic factors. The octahedra are, also in this
case, flattened. In a trend to reduce the void for (Th, Nd)
(Th** is smaller than Nd?*) Ni-O1-Ni angles are addition-
ally bent by 1.1°. Even under these conditions, the elec-
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g 0.5k
z L J
21 P
Li
; L-.F' ‘”\j\, ‘\jl'
. | o
ODF] ) in 1 i il ! 1 ml Im4m el o et
et
20 £l 80 [221]
S b
5
-+
w!
~
Rel
© .5 i
=
)
(]
o
A ;
! b
j s U Ju
0<0’_| ] Porvianid 1 tmd JUE0 10 RGP pXIn FRRFRTY NEIITZ) NIGR RE Y0A0DEN 20N
] i) i ! H | [

THO THETA

FIG. 2. Observed (crosses), calculated (solid line}, and difference
(at the bottom) neutron diffraction profiles for (aj rhombohedrai
12,9510 (Ni(; and (b} orthorhombic Ndg o;Srp osN10; at 295 K. The two
series of thin marks indicate the positions of the allowed Bragg reflec-
tions for the main phase and NiO.



HOLE AND ELECTRON DOPING OF RNiO; (R = La, Nd)

15}

* Ope O O

= Ni
C) ol
O

OwWO¥O
£

b a

FIG. 3. Two projections of the NANIO; structure along (a) [0 0 1], and {b) [1 1 0]. Ni~O-Ni bends through O (small circles} and O2 (equatorial

vertices of the actahedra) are outlined. Large circles represent Nd.

tronic factor predominates: observe that the {(Nd, Th)-O
distance is, in average, slightly longer, and the c parame-
ter increases with respect to that of NdNiO;.

3. Thermal Analysis under Reducing Conditions
3.1, Undoped RNiCy Samples

The thermal behavior of RNiO; is a reducing Hy/N,
flow is illustrated in Fig. 5a for R = Nd. The TG curve
shows two well-defined steps, starting at 280 and 410°C,
respectively, with corresponding DTG peaks at 405 and
475°C. In the first one, the oxide undergoes a partial re-
duction to give a single phase with the composition
NdNiQO; 5. During the second step, the sample com-
pletely decomposes, also by oxygen loss, giving Nd;O;

1.

a

and Ni metal as reduction products. The total weight loss
corresponds to 1.51{2) oxygen atoms per formula. The
equations suggested for these reduction processes are

NdNiO; —2 NdNiO, s + 1/2 H,O (1]
NdNiO, s —25 1/2 Nd;03 + Ni + H;0. (2]

3.2. Ry_+A,NiO; Samples

Figures 5b and 5¢ show two typical TG curves obtained
in a H2/N: flow, corresponding to Ndgs Ag Ni(Q; (A = 5r,
Th). A more detailed description of the thermal analysis
for different rare-earths and A contents can be found
elsewhere (18). The overall thermal behavior significantly
differs for the Sr or Th samples.

FIG. 4. Schematic view of the structure of NdNiQ; doped with (a) Sr or (b) Th, projected along [0 0 1]. For the sake of clarity, the distortion of

the NiQO; octahedra on the ab plane has been enhanced.
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FIG. 5. TG (solid lines) and DTG (broken tines) curves obtained ina
Hy/N, flow for (a) NdNiQ,, {b) Ndg ¢St NiQ;, and (¢) NdgyTho NiO;.

3.2.{. NdyqaSra.NiO;. Two main steps can be disiin-
guished in the thermograms (Fig. 5b). The starting tem-
perature of the first process, 200°C, is remarkably lower
than the corresponding one for NdNiQ;. The DTG curve
shows a shoulder that clearly reveals the presence of two
overlapping processes, with maxima at 355 and 395°C.
Although it is difficult to draw conclusions from the indi-
vidual weight losses, due to the above-mentioned over-
lapping, it seems reasonable to describe them through the
following equations:
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Nd()_gsro_]NiOg —EL) ng_gSI‘o,]NiOz_s + 0.5 Hzo [3]
Ndg oSro 1 NiQ5 s —2 Ndg oSt NiQs 45 + 0.025H,0.  [4]

Equation [3] is similar to [1], excepting that, in this case,
the resulting oxygen-deficient phase contains Ni in an
intermediate (ID-({II) valence, due to the Sr content,
This phase seems to be unstable and immediately decom-
poses by further H; reduction, according to [4], to give a
Ni{(Il) oxygen-deficient compound. The total weight
losses for [3] 4 [4] are close to the calculated value of
(.55 oxygens per mole.

The second step of the thermogram, characterized by a
sharp DTG peak centered at 445°C, corresponds to the
total decomposition of the sample, by reduction to Ni
metal, according to

Ndg oSre 1NiO3 45

£51
1, 0.45 Nd,0; + 0.1 SrO + Ni + H,0.

The weight loss agrees with that established for this pro-

cess.

3.2.2. NdgoThy Ni©};. The sample is stable up to
290°C (Fig. 5¢). Bevond this temperature it decomposes
in two steps, characterized by DTG maxima centered at
430 and 465°C. Both processes can be described by the
folowing equations:

NdgsThe NiO; —» NdgsThe 1 NiOsss + 0.45 H,O
[6]

Ndp s Thg NIy 55 —2 0.45 Ncb,O3 + 0.1 ThO, + H0.
[71

In both Sr- and Th-doped samples, the total weight losses
observed after the complete reduction to Ni metal can be
used to have a rough estimate of the oxidation state of Ni
in the departure samples. If the full oxygen stoichiometry
is assumed (as it seems to be, from the neutron diffrac-
tion data), this measurement represents an indirect
method of checking the Sr or Th contents of the samples.
Nevertheless, the results of such analysis must be con-
sidered as just semiquantitative, given the associated er-
rors (up to £0.02 oxygens) and the small doping rates of
the samples.

4. DIFFERENTIAL SCANNING CALORIMETRY

Figure 6 shows the DSC curves for Nd, -, A, NiO; (A =
Sr, Th; x = 0, 0.05), obtained during the heating run. The
NdNiO; curve exhibits an endothermic peak centered at
~72.4°C (200.8 K) corresponding to the first-order insula-
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FIG. 6. DSC curves, obtained on heating, for NdNiQ, and Ndy;
AggsNIQ; (4 = Sr, Th).

tor-to-metal transition. The enthalpy variation associated
to this process is AH = 376 J mole™'. This figure is in
good agreement with that reported by Granados et al.
(19) for the heating process, AH = 353 ] mole~!. The
samples doped with either Sr or Th show no peaks in the
temperature range 120-300 K.

5. RESISTIVITY MEASUREMENTS

La Samples

LaNiO; behaves as a metal in the entire temperature
range. The room temperature resistivity, pip = 0.39 mQ
cm, agrees with the values reported in the literature (e.g.,
p = 0.38 mQ2 cm in Ref. (20)). A metallic behavior was
also observed for the Sr/Th-doped samples, with room
temperature resistivity slightly higher/lower with respect
to LaNiO;, which could be correlated with the change in
the number of carriers, induced by doping.

Nd Samples

The general behavior of the electrical resistance versus
temperature, recorded on the heating process, is shown
in Fig, 7. The curve of NdNi(}; shows a minimum at T =
199 K (200 K in Ref. (3) or 205 K in Ref. (19)), corre-
sponding to the well-described insulator-to-metal transi-
tion. psee is 1.3 m& cm, in good agreement with the value
reported by Granados er al. (19}, 1.2 mQ cm. For
Nd;_:8r,NiOs (x = (.05, 0.1), the MI transition vanishes,
exhibiting a metallic behavior down to 1.5 K. As for
Ndg gsThgosNiOy, the observed change in resistivity is
less dramatic than that present in NdNiOs, although two
regions (metallic, semiconducting) can clearly be distin-
guished in the R(T) curve. The MI transition is sup-
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FIG. 7. Resistance vs temperature plots for Nd,_, 5, NiOs, recorded
on heating.

pressed toward low temperatures: the change of slope
between the metallic and semiconducting region takes
place at 132 K for Nd(}_gSTho,gsNi();.

6. DISCUSSION

The changes in the unit-cell and structural parameters
as well as the particular features of the TG and DSC
curves and the transport properties constitute a solid ex-
perimental basis that allows us to confirm that 4 atoms
are introduced into the R sublattice of the studied RNiO,
compounds. Neutron data and thermal analysis are in
support of the full oxygen stoichiometry of these oxides.
From both facts we can conclude that the Sr2* or Thé+
substitution for R** leads to a hole or ¢lectron doping of
the electronic bands of these materials.

There is a question raised concerning the origin of the
subtle structural changes responsible for the differential
behavior of the doped phases. In principle, these changes
could be thought to be a result of the reaccommodation of
the structure after the introduction into the R sublattice
of A cations with different ionic sizes. The second key
factor is the variation of the Ni—QO distances as a conse-
quence of the hole or electron doping of the conduction
bands (of antibonding character), hence strengthening or
weakening, respectively, the Ni-O bonds. Both parame-
ters determine the tolerance factor of the perovskite
ABO,, defined as ¢ = d,_o/V2dso (21}, which gives 4
rough estimate of the distortion of the structure with re-
spect to the ideal cubic perovskite, in the framework of a
purely ionic model. A rise of  would mean a decrease in
the distortion of the perovskite, characterized by a reduc-
tion of the tilting angle of the B(Q,; octahedra. For
perovskites RNiO;, it can be assumed that there is a
linear relationship between small variations of the Ni-O
distance and the associated variation of the Ni—-Q-Ni
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angle (8), when purely steric factors are involved, ac-
cording to

Abnioni =~ —275dro/V2d¥i0)Adnio. [8]
Applving this equation to the changes observed in
Lag oSty (NiO; with respect to LaNiO;, for the observed
shortening of the Ni-O distances, 0.004 A, the associated
increase of the Ni-O=Ni angle should be 0.57° if steric
effects predominate. Even if, qualitatively, the reduction
of the Ni-Q distances is, in fact, accompanied by a
straightening of the Ni-O-Ni angles, the observed value,
A@ = 1.5°, is much higher than that expected from those
simple size considerations, which suggests that the elec-
tronic factors are strongly dominant in the rearrangement
of the structure of this Sr-doped compound.

For NdjusSrpgsNiQ; the overall behavior is similar:
there is a net opening of the Ni~-O-Ni angles, which
could be thought to be due to the introduction of Sr?*
cations, larger than Nd3*. The application of Eq. [8] for
the average reduction of the Ni-0 distances with respect
to NdNiOs, 0.005 A, gives an associated opening of the
Ni—O-Ni angles of only 0.68°, based upon size consider-
ations, whereas the observed average value is 1.4°
Again, electronic factors seem to be responsible for the
additional straightening of the Ni—-O-Ni angles. In addi-
tion, the situation is more complicated for the Nd sam-
ples by the fact that there is a considerable distorsion of
the octahedra, the origin of which is not well understood;
it is evident that that rearrangement of the structure
could have been made just by reducing the tilting of
smaller undistorted octahedra, with no need for distor-
tion. Also for NdyosThg osNiQ5, despite the smaller size
of Th*", Ni-OI1-Ni angles are slightly opened and the
void for A cations is slightly larger than that of NdNiO,
(Table 3). The NiQ, octahedra are also distorted, in an
opposite way as they are in the Sr compound. Both facts
also point out the predominance of the electronic factors
in the rearrangement of the structure.

The formulae R, 3r,Ni0O; and R,_,Th,NiO; suggest
that the formal oxidation state of Ni in these compounds
is 3 + x and 3 — x, respectively. Brown's bond-valence
model (22, 23} allows us to have a rough estimate of the
Ni valence within predefined coordination polyhedra. Ta-
ble 4 lists the valences calculated for Ni, from the Ni-0O
distances included in Table 3, in La;_ Sr,NiO; (x = 0,
0.1) and Nd;- A NiO; (A = Sr, Th; x = 0, 0.05). There is
an effective increment of the valence of Ni in both Sr-
doped compounds, and a decrease in the Th-containing
oxide. It is noteworthy to point out that, although the
valence changes are smaller than expected (24), the ob-
served teend is to increase/decrease the net Ni valence in
the hole/electron-doped compounds, in spite of the dis-
tortion of the NiQg octahedra in which some Ni-O dis-
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TABLE 4
Bond Valences (s;) for Ni—-Q Bonds, Multiplicity of the Bonds
[m]), and Ni Valences (Zs;) within the NiQ; Octahedra of
Ri-;ANIO;

(R, A) $i, Lm) s
LagsSty; 0.509, {6] 3.05
La 0.503, [6] 3.02
Ny 958r0.05 0.497, [2] 0.493, [2] 6.509, [2] 3.00
Nd 0.495, [2] 0.497, [2] 0.486, [2] 2.96
Ndys5Thg s 0.487, (2] 0.501, [2] 0.477, [2] 2.93

Note, Bond valences are calculated as 5; = exp {(ry — r)/BL; B =
0.37, ry = 1.68 for the Nif'l-0?~ pair (from Ref. (23)). Individual Ni-O
distances (r;) are taken from Table 3.

tances increasc and some decrease with respect to
NdANiQ;.

A surprising feature of the Sr-doped samples is the
metallization, with vanishing of the abrupt metal-insula-
tor transition of the Nd-containing compounds, as shown
by both resistivity and differential scanning catorimetry
techniques: transport measurements indicate that Sr-
doped sampies behave as a metal in the entire tempera-
ture range studied. We will try to establish some simple
relationships between the structural changes observed in
the doped phases and the described behavior. In terms of
the model suggested by Torrance et al. (4) for these
charge-transfer-gap oxides, the metallic conductivity is
reached via overlapping of the oxygen-like 2p valence
band and the metal-like 34 conduction band, by assuming
that this overlapping increases with temperature. The
transfer integral between Ni and O orbitals is governed
by the Ni-0O-Ni angles, which increase with both tem-
perature and rare-earth size, the insulator-to-metal tran-
sition taking place at ‘‘critical’’ values of these angles.
Table 5 collects the average (Ni—O-Ni) angles below and
above the transition for RNiO; (R = La, Pr, Nd}, taken
from Ref. (8), compared with those for Nd;osAggsNiOy

TABLE 5
Average {(Ni-O-Ni} Angles (°) in RNiO; (R = La, Pr, Nd),
Taken from Ref. (8), Compared with Those of the R;_ .4, NiO;
Doped Samples

(R, A} Insulating regime Metallic regime
La - 164.8 (1.5)-165.2 (RT)
Lao,gSru., —_— 166.7 (RT)
Pr 157.6 (1.5)-157.7 (110} 158.3 (110)-158.7 (RT)
Nd 156.0 (1.5)-156.2 {170} 156.8 (215y-157.1 (RT)
Ndo_gsst‘g,gj —_ 158.4 (RT)
Ndg5sTho.05 — 156.8 (RT)

Neote. The corresponding temperatures (K) are in parentheses.



HOLE AND ELECTRON DOPING OF RNiO; (R = La, Nd)

(A = Sr, Th). For the undoped samples, the characteris-
tic angle at which they become semiconducting clearly
depends upon the nature of the rare-earth element, prob-
ably because it partiaily determines the energy level of
the p-like oxygen bands. So far, no simple relationships
have been found between the absolute values of Ty and
those of a simple structural parameter. However, for a
given rare earth, some conclusions can be drawn from
Table 5. For NdNiOs, the “‘critical” angle is 156.8°. In
Nd;_, Sr.NiQOs, the room-temperature (Ni—-0-Ni) angle,
158.4°, s sufficiently above this “‘critical” angle, to ex-
plain the observed abscace of MI transition, taking into
account that the closing of such an angle by thermal ef-
fects is expected to be typically about —(.5° from RT to
1.5 K (8). In other words, the {Ni~O-Ni) angle for
Ndg as519 ¢sNiO; is 1.1° more open than that of NdNiO, at
room temperature, with a correspondingiy broader oxy-
gen-like valence band which seems to be enough to keep
the doped compound in the metallic regime down to
1.5 K.

The structural interpretation of the resistivity behavior
observed for NdgesThy gsNiQ5 is more complicated. The
value of the average (Ni—-(O-Ni) angle is slightly lower
than that for NdNiO; at room temperature (Table 3},
which would suggest an increase in the transition temper-
ature. However, if we look at the individual bond angles
we observe that Ni—Q2-Ni is, in fact, slightly more open
than the corresponding room-temperature angle in
NdNiQ;, which seems to ensure a sufficient degree of
overlapping, at least on the ab plane, to be responsible for
the metallic behavior down to a temperature even lower
than Ty for NdNiQ:. On the contrary, the Ni-O1-Ni
bond (along the ¢ direction) is, comparatively, extremely
bent (1.1° more than the corresponding in NdANiQO;),
which suggests a weaker overlapping along the [0 0 1]
crystallographic direction. Possibly, there is no metallic
conduction along this direction even at room tempera-
ture. It seems plausible that one of the effects of Th dop-
ing is the reduction of the dimensionality of this com-
pound, as far as the transport properties are concerned.
On the other hand, although the change of slope between
metallic and semiconducting regions for NdgesSry ¢sNiO;
is much less abrupt than that in NdNiQO;, complementary
measurements of the Seebeck coefficients for this Th-
doped sample (26) suggest that this change of slope corre-
sponds indeed to a MI transition, characterized by a sud-
den change in the number of carriers. The abserice of
noticeable peaks on the DSC curve could be due to a
lower value of the heat transfer involved during the pro-
cess, owing to a less dramatic structural rearrangement
upon the transition, or to the spread of the heat transfer
along a wider temperature range. More experimental
work is needed to complete the phenomenological de-
scription of these systems. Measurements of the Seebeck
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coefficient, specific heat, and magnetic properties are
now in progress.

CONCLUSIONS

The RNiO; (R = La, Nd) perovskites have been hole-
and electron-doped through the introduction of Sr** or
Th**, respectively, into the rare-earth sublattice. The ef-
fect of doping has a dramatic influence on the physical
properties, which can be related, in a qualitative way, to
subtle structural changes. Hole-doped samples exhibit
metallic behavior in the 1.5-300 K temperature range: for
R = La, the metallic character of LaNi(; is preserved in
the Sr-substitnted samples; for R = Nd, the M] transi-
tion, characteristic of NdNiQ;, vanishes for doping rates
as low as 5%, as shown by resistivity and DSC measure-
ments. This is correlated, in both hole-doped La and Nd
oxides, to the straightening of the Ni-O-Ni angles,
which governs the transfer integral between Ni-3d and O-
2p orbitals. Electron-doped NdNi(; behaves in a totally
different, nonsymmetrical way: the abrupt resistivity
change undergene by NdNiQ; becomes less dramatic and
it is suppressed toward lower temperatures in the Th-
containing compound. The structural correlation is, in
this case, more complex; only the Ni—O-Ni angles in the
ab plane are opened encugh to justify the metallic con-
ductivity in the high temperature region. In all these
doped compounds, the structural rearrangement cannot
be explained by simple steric considerations. We can
conclude that the electronic factors, related to the injec-
tion of holes or electrons into the bands of the solid, are
mostly responsible for the changes observed in the struc-
tures of these perovskites.
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