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In the RNi03 series {R=La,Pr,Nd, Sm), the metal-insulator (M-I) transition temperature rises sys-

tematically as the size of the rare earth decreases and as the subsequent distortion from the ideal cubic
perovskite increases. For R =La the system keeps its metallic character down to 1.5 K, while for
R =Pr, Nd, and Sm electronic localization occurs at 135, 200, and 400 K, respectively. High-resolution
neutron-powder-diffraction experiments have been performed to investigate the structural anomalies
across the first-order M-I transition in the orthorhombic PrNi03 and NdNi03 compounds. The cell
volume undergoes a subtle increase when the compounds become insulating, due to a slight increase of
the Ni-0 distances. This effect is accompanied by coupled tilts of Ni06 octahedra, which imply changes
in the Ni-0-Ni angles (pep N p 0.5 ) governing the transfer integral between Ni eg and 0 2P orbit-
als. These changes are sterically driven by the observed increase of the nickel-oxygen distances

0

(hdN;p=+0. 004 A) in the insulating (low-temperature) phase. The results of valence-bond calcula-
tions suggest the existence of Ni'+(d ) and R '+ states for nickel and rare earth.

INTRODUCTION

The electronic structures of both simple and complex
oxides of transition metals (TM's) have regained interest
since the recent discovery of the high-T, superconduc-
tors. It is worth remembering that these oxides belong to
a more extensive group of TM compounds whose mag-
netic and transport properties have been controversial to-
pics for the last 50 years.

Many TM compounds are known to exhibit metal-
nonmetal transitions as a function of temperature or pres-
sure. In most cases their mechanism is not yet well un-
derstood. Most of the theories presented to explain the
lack of conductivity in the insulating TM oxides, su16des,
and halides can be extended to give a M-I transition. The
strong correlation effects found in these materials are the
reason for the breakdown of the one-electron picture, as
presented in the theory of solids by Bloch' and Wilson.
Historically, the model of noninteracting electrons given
by Wilson was followed by many other attempts, which
can be divided into three nonisolated groups, depending
on whether the insulating state is due to electron-electron
interactions, antiferromagnetic correlations, or electron-
phonon interactions. In order to understand the nature
of band gaps, the origin of magnetism, and the conduc-
tion properties, it is essential to know the fundamental
electronic energies that determine the broad spectrum of
behaviors exhibited by these TM compounds.

Mott and, later, Hubbard broached the breakdown of
the one-electron description by including the d-d
Coulomb and exchange energies (U), involved in charge
fluctuations of the type d;"d "~d," 'd~"+' (where i and j
label sites and n the d-orbital occupation). For U » W
(W the conduction-band width) these charge fluctuations
become of high energy compared with the spin-only exci-
tations and are suppressed, justifying the use of spin-only
Hamiltonians to describe the low-energy scale properties
of magnetic insulators. These ideas were successfully ap-
plied to many systems (V, Ti, and Cr oxides and halides),
especially to the early (Ti—Cr) TM compounds, repro-
ducing phase diagrams that included metallic, paramag-
netic insulating, and antiferromagnetic insulating regions.

In 1985, Zaanen, Sawatzky, and Allen (ZSA) (Ref. 6)
showed that for the late TM compounds (Mn~Cu) the
Mott-Hubbard picture, in which the lowest-energy
charge fluctuations excitations involve only d states,
should be extended to also include charge-fluctuation en-
ergies that do not involve U, namely the charge transfer
(b) d;"~d J'L, where L denotes a hole in the anion
valance band. Both (U and b, ) are energies fundamental
to our understanding of the undoped Cu- and Ni-oxide
systems and underlie the assumptions of the different
theories for the high-T, superconductors.

The ZSA framework describes band gaps and electron-
ic structures of TM compounds as a function of W (the
one-electron dispersional bandwidth), the charge-transfer
energy (b, ), the d-d Coulomb interaction (U), which also
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includes exchange, and the hybridization interaction ('I)
described in the ligand-field theory. In this theory, insu-
lating oxides (as well as halides, sulfides, etc.) are divided
into charge-transfer insulators (W&h& U) and Mott-
Hubbard insulators (W & U & b,). The metallic region in
the theoretical phase diagram includes two types, low-6
metals (b, & W) and low-U metals (U & W), depending on
the main character (p or d) of the band with which the
lowest-lying metallic conduction band overlaps. A par-
ticularly simple procedure for estimating the values of U
and 6 from ionization and Madelung potentials has been
developed in Ref. 7.

Within the context of electronically correlated late TM
systems, the perovskite-type compounds RNi03 (R
stands for a rare earth) have been prepared, but little
work has been reported on their properties. One of the
reasons lies in the difficulty of synthesizing these com-
pounds, since they require elevated temperatures and
high oxygen pressures.

Though not extensively investigated, LaNi03 is the
best known among these nickelates. The compound is
metallic over the whole temperature range and Pauli
paramagnetic by virtue of strong Ni-0-Ni orbital over-
lap. Rhombohedrically distorted, it shows no evidence of
a static Jahn-Teller distortion associated with the single
e electron (if one admits the low spin Ni"' state for nick-
el: tz e'). This partially filled e orbital would be
transformed into partially filled cr' band states. There is
no spontaneous magnetization of the conduction-band
states. The Pauli susceptibility (y~ -9.09 X 10
emu/mol) is anomalously high (over an order of magni-
tude greater than expected from a simple band model). It
was studied by Goodenough et a/. , who interpreted its
enhanced value and temperature dependence in the light
of a highly correlated gas of ferromagnetically coupled
spin polarons.

Recent spectroscopic work' provides evidence that
the density of states near the Fermi level (Ez) is very low
(much lower than expected from band calculations and
from the Pauli susceptibility). This, together with a large
effective mass, could be a consequence of the
conduction-band width being not substantially greater
than its critical value for the metallic state stability. A
comparison with other TM oxides suggests that LaNi03
falls on the boundary between metal and charge-transfer
insulator.

Very recently" a metal-insulator (M-I) transition has
been observed from resistivity measurements in the
RNi03 series with R =Pr, Nd, and Sm, and neutron-
diffraction experiments have shown small structural
changes at the transition. The transition temperature
( TM I) rises systematically as the lanthanide ionic size be-
comes smaller (i.e., as orthorhombic distortion increases).
For Pr, Nd, and Sm nickelates the electronic localization
occurs at 135, 200, and 400 K, respectively.

Another important fact concerning the electronic
structure is the lack of knowledge about the real charge
state of nickel in these oxides. The apparent evidence
that doping or nonstoichiometry makes holes in the oxy-
gen band (0 ) in several nickel and copper oxides'2
(as Li„Ni, „0 or La& „Sr„Ni04) implies reasonable

doubts about the electronic state of nickel, that is, about
the primary character of holes in RNi03 when the system
is seen as the extreme of oxygen doped RNi02 5

(R '+NP+O'-
We have initiated an extensive experimental study (x-

ray absorption, transport and magnetic measurements,
polarized neutrons) on these compounds in order to get a
deeper insight into the relevant phenomena determining
the M-I transition. The results of these experiments will
be published in subsequent papers. In the present work,
we report the results of a high-resolution neutron-
powder-diffraction study of PrNi03 and NdNi03 at
room, low temperatures and on both sides of the M-I
transition. These studies reveal the existence of structur-
al anomalies associated with the change in the electronic
state, and the detailed analysis of the structure gives im-
portant information about the electronic state of nickel in
these systems. The compound LaNi03 has also been
studied by neutron diffraction in order to have better
structural parameters than those given in the literature.
However, in this paper, only selected geometrical values
are used for comparison purposes. Also, the thermal evo-
lution of the cell parameters of SmNi03 across its M-I
transition at 400 K has been studied by high-temperature
x-ray diffraction.

EXPERIMENT

Sample preparation

The RNi03 (R =Pr,Nd, Sm) polycrystalline samples
were synthesized according to the procedure described in
Ref. 11. The resulting samples were dark brown to black
in color. LaNi03 was prepared at 850'C in 1 atm of
fiowing oxygen.

Neutron dim'raction

Several neutron-diffraction experiments were carried
out at the High Flux Reactor of the Institut Laue
Langevin (Grenoble). Three samples prepared with the
methods described above were used: LaNi03, PrNi03,
and NdNi03.

Neutron experiments were performed in the medium-
resolution D1B diffractometer (A, =2.52 A) and the high-
resolution powder diffractometer D2B (A, =1.594 A). For
the low-temperature range, a vanadium can with the sam-
ple inside was placed in a helium cryostat. The tempera-
ture stability was approximately +0. 1 K. Both
diffractometers are equipped with multidetectors span-
ning an angular range of 80 and 160 degrees (28), respec-
tively. The D1B experimental conditions are given in
Ref. 11. Diffraction patterns on D28 were recorded at
the following temperatures: 1.5, 30, 100, and 293 K for
LaNi03, 1.5, 110, 145, and 293 K for PrNi03; and 1.5,
170, 190, 215, and 293 K for NdNi03. The total measur-
ing time for each sample and temperature ranged from 3
to 4h.

X-ray difFraction

Because of the very high absorption coefficient of Sm
for neutrons, the structural changes at the M-I transition
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at 400 K of SmNi03 were studied by means of high-
temperature x-ray diffraction. A Siemens D5000 powder
diffractometer (Co Ka radiation) equipped with a
position-sensitive detector was used. The sample was
placed inside a protective chamber, on a horizontal plati-
num plate used both as sample holder and heating resis-
tance. Data over a 20' —140' 20 range were obtained at
20 different temperature settings between 278 and 483 K.
The temperature stability was —1 K. Three diffraction
patterns, each of them with a measuring time of 30 min,
were collected at each temperature, then summed before
data analysis.

Data analysis

All the data were analyzed by the Rietveld method by
using the programs available in the STRAF package. ' A
very small amount of NiO was detected and included as a
second phase. Single and automatic sequential
refinements were performed. Patterns on D2B were ana-
lyzed by interpolating the background between selected
points or by refinement of a six-parameter polynomial
function. For the cyclic refinements (D1B data) the back-
ground was refined using three free parameters. A previ-
ous account of the D1B experimental results was given in
Ref. 11.

The data obtained on D2B were carefully analyzed in
order to thoroughly study the details of the structure
(mainly oxygen positions and distances) because relatively
small changes were expected. Special care was taken to
detect any dependence of the parameter values at conver-
gence on changes in the starting point. The shapes of the
Bragg peaks were fitted with a pseudo-Voigt function.

RESULTS AND DISCUSSION

Crystal structure of LaNi03 down to 1.5 K

Although the structure of LaNi03 is relatively well

known at RT, the lack of neutron-diffraction data led us

to complete our study with some high-resolution mea-
surements on this metallic and rhombohedral compound.
As was shown by Wold, Post, and Banks, ' the rhom-
bohedral distortion has R 3c symmetry, which arises from
a rotation of the Ni06 octahedra about the threefold axis
of the ideal cubic perovskite. The structural parameters,
referred to the hexagonal axes, at four temperatures
down to 1.5 K are displayed in Table I. Cell parameters
are in good agreement with those reported in Refs. 16
and 17. They exhibit a smooth evolution from RT down
to 1.5 K, consisting of a continuous but very slight in-
crease in the rhombohedral distortion as the temperature
is reduced.

Room-temperature crystal structures
of PrNi03 and NdNi03

As been previously reported, '" PrNi03 and NdNi03
have orthorhombic GdFe03-type structures up to high
temperatures' (see Fig. 1). At RT the space group is
Pbnm, which is the most common in perovskites with or-
thorhombic distortion. ' From differential thermal
analysis (DTA), the transition to rhombohedral symme-
try (R3c) takes place at =500'C in PrNi03 and =920'C
in NdNi03.

The refined atomic positions, lattice parameters, and
isotropic temperature factors B for all atoms, together
with reliability factors, are listed in Table II. Tables III
and IV show the main distances and angles, calculated
from the refined atomic coordinates. These results are
generally in good agreement with those previously re-
ported from independent x-ray and neutron-diffraction
data. "' Selected observed and calculated patterns are
shown in Fig. 2.

The oxygen content was verified by refining the occu-
pation factors of the oxygen sites in all samples. The
stoichiometry was found to be exactly the nominal,
within the calculated standard errors (0.5% for oxygen

TABLE I. Structural parameters for metallic and rhombohedral (R3c) LaNi03. (The structure is re-
ferred to the hexagonal axes. ) La occupies the site (6a) (00 ~), the Ni atom is at (6b) (000), and oxygen

is at (18e) (x 0 4).

Temperature

LaB (A )

NiB (A )

0 x
B (A)

1.5 K

0.06(2)
0.08(2)
0.5468(1)
0.23(2)

LaNiO,
30 K

0.07(2)
0.07(2)
0.5468(1)
0.22(2)

0.12(2)
0.09(2)
0.5467(1)
0.27(2)

0.36(2)
0.21(2)
0.5456(2)
0.55(2)

Cell parameters
a (A)
c (A)

5.4535(1)
13.1010(3)

5.4535(1)
13.1014(3)

5.4536(1)
13.1062(3)

5.4573(1)
13.1462(3)

Reliability factors (%)
x'
R~

5.5
4.1

3.9
43

3.9
4.1

3.5
4.5

dN;o (A)
/Ni-0-Ni (deg)

1.933(1)
164.8(1)

1.933(1)
164.8(1)

1.933(1)
164.9(1)

1.935(1)
165.2(1)
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FIG. 1. Crystal structure of orthorhombic RNi03 showing
the tilt of octahedra (see explanation in the text).

occupancy). This is an essential result for the discussion
of the physical properties of these materials.

The main component of the distortion from the ideal
cubic perovskite structure corresponds to the tilting of
the NiO& octahedra, which is of the a b+c+ type. [In
Glazer's terminology' the distortion is of a b c+-
pseudocubic type. For simplicity, we shall take the or-
thorhombic axes as reference. Hence a b+c+ means
that tilts only occur around b or c orthorhombic axes.
The positive signs mean that b and c tilts are in phase
when successive octahedra along the same axis are con-
sidered (Fig. 1).] We define, up to first-order approxima-
tion, b and c tilts as follows: [b] tilt =(180'—a)/2, [c]
tilt =(180'—p)/2, where a and p angles are defined as
a=ZNi-O(1)-Ni and P=lNi-O(2)-Ni. These angles are
basic parameters in the magnetic and electronic behavior
of these systems because they govern the transfer integral
between Ni e and 0 2p orbitals and, therefore, the elec-
tronic transfer and exchange energy among them. Their
values, being about 20' away from the ideal 180' case, are
presented in Table III.

Tilts are usually caused by the free space left in the
structure, which is largely determined by the small size of
R atoms and their positions in the z=(2n+1)/4 ab
planes (n being integer). Thus, R displacements are ac-
companied by tilts of octahedra. Concerning the distor-
tion of oxygen octahedra around the Ni atoms, Table III
demonstrates that it is very small.

From the values in Table III, the average Ni-0 dis-
tance in the Pr and Nd compounds
[(dN;o) =1.942(1) A] is very similar to that found by
Demazeau et al. in the insulator HoNiO& (1.94 A).
They reported flattened octahedra (dN;o~&i=1. 92 A,
dN; o~2~ =1.94 and 1.96 A at RT) having ten times higher
distortion, 6d =0.354X10, than ours. From our data,
octahedra are nearly perfect at this temperature. The
more distorted octahedra found by Demazeau et al.
could be due to the low scattering power of 0 compared
to Ho and Ni for x rays and, therefore, the lower reliabili-

ty of the derived oxygen positions.
It is clearly apparent that, although quite similar, the

octahedra tiltings are more important with Nd than they
are with Pr, where the metallic state is more stable down
to lower temperatures.

Iill lllt I lllllll I il III!Illllllii II lllll II! I II!IIII I!'. Ill! ' ll! I I' l i. & II. ~ I. I! I I!I!!I! I i I ll!!.' Ir! '!!I!& I III! i &I I II!IIIIII II!I I!lilt!!!'! ll llllr III I II!I!IIIII II

20 40 60 80 100 120 140
2O (deg)

FIG. 2. Observed (+) and calculated ( ) neutron-
diffraction patterns (from D2B data) for PrNi03 at RT.

STRUCTURAL CHANGES
AT THE M-I TRANSITION (R =Pr,Nd, Sm)

The high-resolution neutron study across the M-I tran-
sition has revealed subtle structural changes coinciding
with the electronic localization. In addition, neutron-
diffraction patterns showed the appearance of several
very small reflections below 135 and 200 K for Pr and Nd
compounds, respectively. We know, from a study with
polarized neutrons, that these small peaks are magnetic
in origin. In the present work, we shall concentrate our
analysis on the structural changes at the electronic transi-
tion.

The appearance of a gap at the Fermi level, probably
between mixed oxygen 2p and e metal orbital states at
the 0* subbands, is of first order, as are the associated
structural changes. Figures 3(a)—3(c) show the discon-
tinuous volume change for all three compounds
(R =Pr,Nd, Sm). Table V displays the volume expansion
with respect to the volume on the metallic side, as well as
the thermal expansion coeScients (ai) just above and
below the transition. In all three compounds, az be-
comes smaller in the semiconducting regime.

Figure 4 represents the thermal evolution of SmNi03
cell parameters compared with those of PrNi03 from
D1B experiment. " These data have allowed us to calcu-
late the three linear thermal expansion coefficients on
both sides of the transition (cf. Table VI).

The angular range spanned by the D1B instrument
only covered 11 nuclear reflections of NdNi03, and this
small number was not enough to separate accurate1y the
changes with temperature of the a and b parameters in
this compound, due to its pseudocubic nature. This
disadvantage was somewhat overcome by the use of the
high-resolution diffractometer D2B, which covers a much
wider angular range and works with a shorter wave-
length. A total of 224 different nuclear Bragg reflections
were included in the data analysis. Figure 5 shows the
values obtained from D2B measurements on NdNi03.

Although they seem rather dramatic, it should be em-
phasized that the static structural changes revealed by
neutrons and x rays are relatively small. Differences in
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cell parameters and distances are always only a few
thousandths of an A.

In PrNi03 and SmNi03 the cell parameters undergo an
abrupt change at the transition. The biggest changes
(Table VI) occur in the c and b axes, whereas the a-axis
jump is comparatively much smaller in both compounds.
(It is interesting to remember that a (b in SmNi03,
whereas a ) b in PrNi03. ) Although cell parameters ex-

PrNi03
NdNi03
SmNi03

hV/V (%)

0.25
0.23
0.15

a& (semicond. )

0.56
1.37
1.63

az (metal)

1.57
2.30
2.87

TABLE V. Cell volume changes (hV/V) at the M-I transi-

tion, and volume thermal expansion coefficients [10'aI (K ')]
in both regimes for RNi03 (R =Pr,Nd, Sm).

prNi03

5.42

221.9-

221.8-
0

221.7-

221.6-
(a)

5.41-
o+

5.40-

5.39

TI

5.38-

(a) PrNi03
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~44'~
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FIG. 3. Temperature dependence of volume of (a) PrNi03,
(b) NdNi03 (neutron diffraction, instrument D1B, from Ref. 11),
and (c) SmNi03 (x-ray diffraction, this work).

FIG. 4. Thermal evolution of (a) PrNi03 and (b) SmNi03 lat-
tice constants showing the anomalous thermal expansion
through the metal-insulator transition.
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TABLE VI. Increment of cell parameters (%) and linear thermal expansion coefficients [10 a; (K ')]
through the transition for PrNi03 (neutron di6'raction) and SmNi03 (x-ray dift'raction) (i =a, b, e). (The
estimated error for a; is 10 .)

Pr (%) Sm (%)
a; (semicond. )

Pr Sm
a; (metal)

Pr Sm Pr Sm

0.03
0.12
0.10

0.01
0.11
0.05

—0.3
—3.8
10.7

11.2
—0.4
10.0

5.4
1.1
8.3

13.4
3.0

12.5

5.6
4.9

—2.4

2.2
3.4
2.5

perience different thermal expansion depending on the
compound and on the regime, it is to be noticed that, for
both compounds, the b parameter exhibits the smallest
overall thermal expansion, but the largest discontinuity
at the transition. This also seems to be the case in
NdNi03 (Fig. 5). Nevertheless, in this last compound,
the a axis seems to decrease at the I-I transition, oppo-
site to what happens in PrNi03 and SmNi03. However,
any quick conclusion about an "anomaly" in NdNi03
must be viewed with caution because of the lower accura-
cy as a result of the cell pseudocubicity.

The lattice parameter variation is a manifestation of
subtle changes in the structural arrangement. The results
of our calculations for PrNi03 and NdNi03 are presented
in Tables II—IV. Because of the low scattering power of
oxygen for x rays, no reliable information could be ob-
tained on the structural changes in SmNi03. The four
sets of data for PrNi03 and NdNi03 were collected al-

ways from low to high temperatures to avoid hysteretic
effects. Essentially, changes at the transition are (i) an in-
crease in Ni-0 distances, and (ii) a sudden increase in the
tilts of octahedra.

The first important feature underlying the structural
changes is the very slight (but significant) increase of Ni-
0 bond lengths, as is shown in Table III and Fig. 6. This
small effect appears to be practically identical in both
compounds. It should also be emphasized that it is of the
same magnitude as the discontinuity in the unit-ce11 size.

The collective displacement of oxygen atoms, shown
schematically in Fig. 7, corresponds to coupled tilts of
octahedra in the sense of increasing rotation angles
around the b and c axes. Therefore, the compounds al-

ways keep the a b+c+ symmetry and, within the margin
of error imposed by resolution, the crystallographic
structure in the insulator state down to 1.5 K is also well
described in the Pbnm space group (see agreement factors
in Table II), so that it appears that there is no change in

symmetry across the M-I transition, only a small incre-
ment in the size of the unit cell. The tilting of octahedra
at the transition is close to 0.5' for both PrNi03 and
NdNi03 (see Table III and Fig. 8).

It is well known that, in a perovskite ABO3, the toler-
ance factor'

d a-o ~de-o+2

which is based on steric considerations, is a relevant pa-
rarneter for estimating the degree of distortion of the cell
when no other effects interfere. For instance, the ortho-
rhombic distortion increases when t decreases. On the
other hand, the e~ o ~ angle, which is a measure of the
tilting of octahedra, is directly correlated to the cell dis-
tortion, e decreasing when the distortion increases.
Therefore, t and e vary in the same way, and it is tempt-
ing to try to derive a correlation between these two pa-
rameters. In PrNiO, and NdNi03, the tolerance factors
calculated with dN;o=1. 940 A and dz o as given for
eightfold-coordinated rare-earth cations ' are 0.9229 and
0.9171, and average Ni-0-Ni angles are 158.7' and 157.1',
respectively (see Table III). These values are close to-
gether, and a linear extrapolation between them should
give a reasonable approximation of the correlation be-
tween small increments in tolerance factor and Ni-0-Ni
angle, namely

59=275ht' .
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FIG. 5. Temperature dependence of NdNi03 cell parameters
from D2B data.

FIG. 6. Variation of (dN; o) distance showing the effect of
localization at the M-I transition. Bold dotted lines show the
transition temperatures.
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ing physical phenomenon would thus be the sudden elec-
tronic localization, the structural framework sterically
reacting in order to compensate for the increased Ni-0
distance.

EFFECTIVE d STATE
OF Ni AND BOND VALENCE CALCULATIONS

FIG. 7. xy projection of the Ni06 coupled tilts around (010)
and (001) axis that accompany the electronic localization upon

cooling through the transition.

159.0
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0

~ ( Nl-0(i)-Ni
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FIG. 8. Jump at the M-I transition, in PrNiO„of the su-
perexckange Ni-0-Ni angles, which govern the transfer integral
between Ni 3d and 0 2p orbitals.

On the other hand, differentiating (1) gives the relation-
ship between small increments in Ni-0 distance and
tolerance factor. Combining with (2) provides a simple
relationship between small variations in d N; Q and
BQ' Q N' when ruled by steric effects:

b,8;;= —275(d„d; &2)b,d;
%hen applied to the increment in Ni-0 distance ob-

served at the M-I transition in PrNi03 and NdNi03 (the
average apparent jump is AdN; o =0.0035 A}, it gives an

approximation to what should be the variation of the
average Ni-0-Ni angle if steric effects predominate,
namely b,8N; o N;= —0.46'. This is the same sign and or-
der of magnitude as 58 measured in these compounds at
the transition (see Fig. 8 and Table III). It is a strong in-

dication that oxygen displacements upon decreasing tem-
perature through the transition are merely a regular ac-
commodation of the perovskite framework to the abrupt
slight enhancement of the Ni-0 distance, which itself is
triggered by the electronic localization. The fact that the
structure keeps the Pbnm symmetry through the transi-
tion con6rms that no parasitic effects interfere. The driv-

An important point to be considered in the RNi03
series concerns the electronic structure of the Ni ions.
As pointed out above in the Introduction, doping (or
nonstoichiometry) creates holes in the oxygen p band
(0 } in several nickel and copper oxides. ' ' However
there is no general agreement about systems such as
LiNiOz or LaCu03, where the electronic state of the TM
cations is still very controversial. Thus, in our case there
may be reasonable doubts about the primary character of
created holes in RNi03 when the system is seen as
oxygen-doped RNiOz 5 (R +Ni +0

2 5), that is, about
the effective d state of Ni in these systems. To tackle this
problem, it is evident that a spectroscopic technique
directly probing electronic con6gurations would be desir-
able, and such a study has been undertaken using x-ray
absorption near E shells of nickel and oxygen.

The results of the crystallographic analysis by high-
resolution powder diffraction provide an empirical way to
say something about the problem of "formal" valences of
the different ions in RNi03. The approach followed in

this section is a chemical one: the valence-bond method
(VBM) as described by Brown or O'Keeffe is a power-
ful and simple procedure for obtaining an insight into the
valence from the observed bond lengths. 2

All the calculations have been done at room tempera-
ture, where the Ro parameters are known. The com-
pounds are metallic, but VBM is not sensitive enough to
discriminate their metallic or insulator nature. This may
be an indication of a low number of carriers per Ni atom.
The calculations using the room-temperature values of
Ro with the data at low temperature give essentially the
same relative results, with only a small increase in all for-
mal valences.

If we assume R + and 0, the calculated valance of
R cations, using the standard values for Ro, must give a
value very near to 3. This assumption (Table VII) seems
quite correct because, even in the metallic state, it gives a
maximum discrepancy of about 2.1%. If we consider
that RNi03 can be treated as an oxygen (hole) -doped
R +Ni +0 25, and holes are localized (at least in the
insulator state) on oxygen atoms, the chemical formula in

the ionic limit could be written as R +Ni +0 20' . In
that case there must be two crystallographic positions for
oxygen, with a ratio of multiplicities equal to 2. This is
actually the case for orthorhombic R Ni03. However, the
difference between the distances dN;Q~, ~

and dN'Q(2) is
too small ((0.01 A) in all cases to believe in a "selec-
tive" hole localization. If one is convinced (as is the
Sawatzky's team' '

) that the electronic structure of
hole-doped Ni oxides is better described by states of the
form d L, one has to consider that "holes" in RNi03
must be "shared" by a11 the oxygens even in the insulator
state. That gives rise to a formal valence of —,

' =1.667 for
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TABLE VII. Average cation-anion distances ((R)) in A,
coordination numbers (N), valence sums (V), and deviation from
the valence-sum rule (expected charge) [5V(% ) = 100( V
—Q)/Q]. The Ro constant for the Ni"'-02 pair was taken
from Ref. 25 (Ro=1.68) and the predicted average distance is
1.937 A.

0 3/5 s s

ik

0.380

0.375

0.370

0,

\

b

—-0- Pr

— 0.1S0

0.175

0.170

I ~ ~
J

I I I I j I I ~ ~ $ ~ I I ~ f
~ I I I 0185

La
(a) LaNi03 (RT)

Ni 0
0.365

0.360
i- 0(l)
~ — o(z) ~-- 0.160

(R)
N

5V (%)

2.719(1)
12
3.05(1)
1.6

Pr

1.935(1)
6
3.01(1)
0.4

(b) PrNi03 (RT)
Ni

6
2.02(1)
1.0

O(1) O(2)

0.355
50

I I I I i I ~ ~ I ~ ~ I ~ I 0 ] 5 5
100 150 200 250 300

Temperature (K)

FIG. 9. In PrNi03, atomic shifts in A from the ideal cubic
perovskite atomic positions as a function of temperature.
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CONCLUSIONS

These results should be analyzed in the light of what is
known about the extreme compound of the series,
LaNi03, that is, metallic behavior with highly correlated
conduction electrons of large effective mass (m =6m, )

and a low density of states near E„ I0.5 —1.0 state/eV per
unit cell is the value expected from a band calculation, '

whereas photoelectron spectroscopy gives n(E~)=0. 1

state/eV per unit cell]. This indicates that, probably, hy-
bridization between the TM 3d and oxygen 2p orbitals

oxygen. The predicted average distance, from
Ro 1 654 25 for a Ni2+ 02- bond is 2.06 A in an octa-
hedrally coordinated Ni +, which is obviously too high
compared with the average distance dN; & =1.942 A ob-
served for R Ni03. In the hypothesis of shared holes we
can deduce the Ro value for the Ni +-0' bond from
the observed distance. This value (Ro =1.685 A) is very
similar to the Ro(Ni'"-0 ) = 1.68 derived in Ref. 25. If
the hypothesis Ni +-0' is retained, it is necessary to
suppose that Ro(R +-O~ )=Ro(R +-0' ), which
seems unphysical.

The VBM calculations suggest that the classical
valence states R +, Ni'" (low spin), and 0 are a good
first approximation to the electronic structure in this sys-
tem. The summary of VBM calculations is given in Table
VII with Ro parameters taken from Ref. 25. The con-
clusion is that R Ni03 cannot be considered as an
"oxygen-localized-holes" compound as Li-doped NiO
seems to be. Magnetic data have been found to be con-
sistent with this conclusion.

(T d) determines a dispersional conduction-band width

(W) very close to the critical value imposed by the
charge-transfer excitations energy (5, assuming, accord-
ing to Ref. 7, their location at the boundary between the
metallic and the charge-transfer insulating regions). This
picture is highly supported by the discovery" of the
metal-insulator transition in PrNi03, NdNi03, and

SmNi03, whose critical temperature rises systematically
with the closing of the Ni-0-Ni angles and, therefore,
with the covalence T d parameter. However, no simple
relationship has been found yet between the absolute
values of T~ I and those of the relevant simple structural
parameters analyzed in this work.

At the present stage, it is very dif6cult to infer the real
origin of the electronic transition. Further experimental
work and a detailed knowledge of the electronic structure
are needed. The described slight structural changes,
which are electronically driven and keep the Pbnm sym-
metry, are only one aspect of the physics involved.

In Fig. 9 atomic shifts, in A, from the ideal perovskite
positions for PrNi03 are represented as a function of
temperature. As temperature is lowered, atoms are dis-

placed more and more from the ideal positions, which
implies a systematic closing of Ni-0-Ni exchange angles
and variations of the Ni-0 covalence and probably of
conduction-band width. High-resolution x-ray-
absorption studies are necessary to get into the details of
the changes in the electronic structure leading to the
enhancement of the nickel to oxygen bond lengths below

TM I, which is responsible for the structural anomalies
described in this work.

In summary, in addition to the structural description,
valence-bond calculations of the high-resolution data
(consistent with the magnetic behavior ) suggest that the
electronic state of nickel in RNi03 is most probably low-

spin Ni"'. These results are in contrast with the presence
of oxygen holes reported for other nickel oxides such as
Li Ni, „0and La2 „Sr„NiO4. '

ACKNOWLEDGMENTS

The authors express their thanks to Dr. R. Retoux for
having performed the high-temperature x-ray
thermodiffractometry on SmNi03. The Laboratoire des
Fluorures is "Unite Associee au Centre National de la
Recherche Scientifique No. 449."



46 NEUTRON-DIFFKACTION STUDY OF RNi03. . . 4425

~F. Bloch, Z. Phys. 57, 545 (1929).
2A. H. Wilson, Proc. R. Soc. London Ser. A 133,458 {1931).
N. F. Mott, Proc. Phys. Soc. London Sec. A 62, 416 (1949).

4J. Hubbard, Proc. R. Soc. London Ser. A 277, 237 (1964); 277,
401 (1964).

5D. B.McWhan, J. P. Remeika, T. M. Rice, W. F. Brinkman, J.
Maita, and A. Menth, Phys. Rev. Lett. 27, 941 (1971);Phys.
Rev. B 5, 2252 (1972).

J. Zaanen, G. A. Sawatzky, and J. W. Allen, Phys. Rev. Lett.
55, 418 (1985).

~J. B. Torrance, P. Lacorre, C. Asavaroengchai, and R. M.
Metzger, J. Solid State Chem. 90, 168 (1991).

G. Demazeau, A. Marbeuf, M. Pouchard, and P. Hagenmuller,
J. Solid State Chem. 3, 582 (1971).

J. B. Goodenough, N. F. Mott, M. Pouchard, G. Demazeau,
and P. Hagenmuller, Mater. Res. Bull. 8, 647 (1973).
J. P. Kemp and P. A. Cox, Solid State Commun. 75, 731
(1990).

' P. Lacorre, J. B. Torrance, J. Pannetier, A. I. Nazzal, P. W.
Wang, T. C. Huang, and R. L. Siemens, J. Solid State Chem.
91, 225 (1991).

~ Jan van Elp, Ph.D. thesis, University of Groningen, The
Netherlands, 1991,Chap. 1.

' P. Kuiper, G. Kruizinga, J. Ghijsen, and G. A. Sawatzky,
Phys. Rev. Lett. 62, 221 (1989).
P. Kuiper, G. Kruizinga, J. Ghijsen, M. Grioni et al. , Phys.
Rev. B 38, 6483 (1988).
J. Rodriguez, M. Anne, and J. Pannetier (unpublished).
A. Wold, B. Post, and E. Banks, J. Am. Chem. Soc. 79, 4911
(1957).

' T. C. Huang, W. Parrish, H. Toraya, P. Lacorre, and J. B.

Torrance, Mat. Res. Bull. 25, 1091 (1990).
J. B. Goodenough and J. M. Longo, in Magnetic and Other
Properties in Oxides and Related Compounds, edited by K. H.
Hellwege and A. M. Hellwege, Landolt-Bornstein, New
Series, Group III, Vol. 4a (Springer-Verlag, Berlin, 1970),
Chap. 3, p. 126.

~9A. M. Glazer, Acta Crystallogr. Sec. A 31, 756 (1975).
~ J. L. Garcia-Murioz, J. Rodriguez-Carvajal, and P. Lacorre

(unpubh shed).
'P. Poix, C. R. Acad. Sci. Ser. C 270, 1852 (1970).
I. D. Brown, in Struct. Bonding in Crystals, edited by M.
O'Keeffe and A. Navrotsky {Academic, New York, 1981),
Vol. 2, pp. 1-30.
M. O'Keeffe, Struct. Bonding {Berlin) 71, 162 (1989).
The VBM is based on the empirical relationship between the
bond length and the valence of the bond:

s;, =exp[(R0 —d,, )/8], where Ro is a constant characteristic
of the cation-anion pair, and 8 =0.37 A is a "universal" con-
stant. The valence-sum rule (VSR), V; =gs;J, states that the
sum of valence bonds around a cation (anion) must be equal
to the formal charge of the cation (anion). The VSR is
verified, within a few percent, for all inorganic compounds
having crystal structures with enough degrees of freedom
(e.g., atoms in general positions). In those cases and when
two kinds of cations coexist in the structure, it would be pos-
sible to test different assumptions about formal charges and
select one of them because the assumed charge for the anion
must satisfy the VSR for the two kind of cations. The case of
R Ni03 clearly belongs to this class of structures.
N. E. Brese and M. O'Keeffe, Acta Crystallogr. Sec. B 47, 192
(1991).


