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The strongly correlated and nominally trivalent Ni oxides RNiQO; (R =Pr, Nd) show a sharp metal to
insulator transition at Ty, ; =135 and 200 K, respectively. Rare-earth (3d), Ni (1s,2p), and O (1s) x-ray
absorption measurements have been performed above and below the transition temperature in order to
investigate (a) the valence of Ni and O atoms and (b) the changes in the electronic structure across the
transition. Our results suggest that, in contrast to hole-doped Ni,_,Li,O and La,_,Sr,NiO,, s, the
electronic structure is characterized by a strongly hybridized ground state of mainly 3d’ character. The
differences between the absorption edges at low (insulating) and high (metallic) temperatures are dis-
cussed in terms of the possible mechanisms responsible for the metal-insulator transition.

I. INTRODUCTION

Since the absence of Cu®>* “formal valence” was estab-
lished in high-temperature superconducting cuprates
such as YBa,Cu;0 o, La,_, Sr,CuQ,, or
Bi,CaSr,Cu;05 5, there has been a great deal of interest
in the oxidation state of Cu and other late transition met-
als (TM’s) in oxides. Apart from Cu, great effort has
been devoted to investigate the hole-doped nickelates
(Li-doped NiO, Sr-doped La,;NiO,) (Refs. 1 and 2) and, in
general, all the TM oxides showing unusual 3d-metal
valencies such as Cu’* (NaCuO,, LaCuO;)** Ni**
(LaNiO;),* or Fe** (SrFe0;).%7

Thus, recently, Kuiper et al.! suggested that the “for-
mal” charge states Ni{', Lil*Ni;"0?*~ for Li-doped
NiO were actually wrong. As in the doped superconduct-
ing copper oxides, oxygen ls x-ray absorption (XAS) ex-
periments demonstrated that the holes compensating the
Li'* impurity charge in Li,Ni,_,0 (0<x <0.5) have O
2p character rather than Ni 3d character. A similar re-
sult has been found in polarization-dependent XAS mea-
surements on the electrical insulator La,NiO, 5 after be-
ing doped with Sr (La,_,Sr,NiO,, 0<x <1.15).? How-
ever, the conclusions derived by van Elp® from XPS (x-
ray photoelectron spectroscopy) and BIS (bremsstrahlung
isocromate spectroscopy) measurements concerning the
character and symmetry of the induced holes in Li-doped
CoO are in disagreement with recent XAS results report-
ed by de Groot.” Whereas van Elp suggests O 2p charac-
ter (dL[*T, ] symmetry) when 0 <x <0.2, de Groot pro-
poses Co 3d character (3d°%[! 4, ] symmetry) for the same
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range of concentrations.

There is also no general agreement concerning systems
such as LiNiO,, LaCuO;, and LaNiO,, where the elec-
tronic state of the TM cations is still very controver-
sial.»19-13 LiNiO, is probably the most deeply investigat-
ed among these compounds. In the literature, several
models with different spin and charge states for the Ni
and O ions have been proposed to explain various experi-
mental results. In particular, Goodenough, Wickham,
and Croft'* suggested a Ni*" low-spin state to explain the
results of crystallographic and magnetic measurements,
whereas Kuiper et al.! propose Ni**t antiferromagneti-
cally coupled with O 2p holes to interpret the results of
core-level x-ray spectroscopies. It is important to point
out that rigorous structural studies have not been report-
ed in previous investigations, presumably due to the
difficulties involved in achieving an accurate control of
the Li and O stoichiometry. This is, in our opinion, a
very crucial point which has to be solved in order to get a
solid physical interpretation.

On the other hand, some of the theoretical efforts made
in recent years for describing the differences between the
metallic and the insulating state have been recently con-
densed in a unified framework Zaanen-Sawatzky-Allen
theory.!> The most interesting feature of this approach is
that, using only a few parameters (fundamental electronic
energies), it has been shown to be able to account for the
electronic behavior of a great number of 3d TM oxides.'®
The involved parameters are (i) the d-d Coulomb interac-
tion U (which also includes exchange) defined as the exci-
tation energy necessary to produce charge fluctuations of
the type dd/'—d ~'d} ™' (here i and j label 3d-metal
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sites and n the 3d-orbital occupation); (ii) the charge-
transfer energy A, defined as E(d/"'d/L)>-E(d/d]),
where L stands for an anion (ligand) hole; and (iii) the
ligand (W) and metal (w) one-electron bandwidths. Thus,
by comparing the corresponding values of U, A, W, and
w, TM oxides can be easily classified as insulators (Mott-
Hubbard if W < U <A and charge transfer if W <A <U)
or metals (low U if U <w and low A if A< W).

Very recently, Mizokawa et al.'” pointed out that with
increasing atomic number or increasing formal valence of
the metal element, A systematically decreases. These au-
thors stressed that A may become very small or negative
with unusually high valencies such as Fe*™, Ni**, or
Cu®'. In this case, the d" 'L configuration should be
equally or even more favorable than the 3d” one. The ex-
pected charge fluctuations in the metallic state are of the
type d" Y1Ld" 'L —d" T'd" " 'L? and the existence of a
gap is only possible in the presence of O2p—-0O2p hole
correlations strong enough to split the O 2p band (p-p
gap). This seems to be the case for the insulator
NaCuO,, where XPS measurements and the cluster cal-
culation reported by Mizokawa et al.!” give a value of
A=—2(+1) eV. Following these authors, the gap in Na-
CuO, is neither of the Mott-Hubbard type nor of the
charge-transfer type, but of the p-p type.

The perovskite PrNiO;, one of the compounds report-
ed in this paper, was recently synthesized for the first
time by Lacorre et al.’® This one and the other RNiO,
perovskites (R =La, Pr, Nd, Sm, Eu, Lu, Y) form a very
interesting series because (i) Ni shows a high oxidation
state and (ii) they exhibit a metal-insulator (M-]) transi-
tion (R*La) where T, ; is controlled by the size of the
rare earth.!® Thus, whereas LaNiO; remains metallic,
Ty .1 =135, 200, 400, and 480 K for R =Pr, Nd, Sm, and
Eu, respectively. LuNiO; and YNiO; are insulators
below 500 K, but a M-I transition is expected to take
place at higher temperatures. The M-I transition is ac-
companied by subtle, electronically induced, structural
changes involving the Ni-O-Ni angles and the Ni-O dis-
tances.'? The mechanism controlling the gap opening in
the low-temperature insulating phase is controversial at
the present time. Torrance et al. propose a charge-
transfer gap'® but the high formal valence of Ni (3+)
makes these perovskites good candidates to show a p-p
gap, as suggested by Mizokawa et al.!’

Although it is evident that spectroscopic techniques
such as XAS, XPS, or BIS are more suitable to probe
electronic states, the results of the crystallographic
analysis by high-resolution neutron powder diffraction
and the valence-bond method!® (VBM) suggest that the
classical assumption R3*, Ni** (low spin), and O*~ is a
good starting point for an understanding of the electronic
structure of these systems.!? This idea is also supported
by the magnetic behavior found in these compounds.
Whereas metallic LaNiO; remains paramagnetic in all
the temperature range studied, the M-I transition in
PrNiO,; and NdNiO; is accompanied by a sudden forma-
tion of three-dimensional (3D) ordered S =1 magnetic
moments at the Ni sites.’® The insulating regime has a
magnetic ground state consisting of an unusual commens-

M. MEDARDE et al. 46

urate spin-density wave (SDW). The spin periodicity in-
volves four Ni-Ni distances along the three directions
{100) of the pseudocubic axes. This implies the symme-
trical coexistence of ferro- and antiferromagnetic interac-
tions which can be explained in terms of a nonuniform
orbital distribution of the single low-spin-Ni’* e, elec-
tron.?! This type of spin arrangement, whose existence is
clearly confirmed by the behavior of the paramagnetic
rare earth in the field created by the 3D ordered Ni mag-
netic moments, is unprecedented in a perovskite struc-
ture.

The appearance of this SDW is in principle open to
other interpretations, namely, those requiring a ground
state with a great amount of 3d 81 character. However,
the 3d®L state implies the existence of nonzero magnetic
moments at the O sites and, in consequence, complicates
the situation somewhat. Although in some oxides the ex-
istence of a nonzero spin density at the O sites has been
clearly established,? the observed magnetic intensities in
RNiO; compounds are, at the present time, very difficult
to conciliate with the presence of localized magnetic mo-
ments in the O sites.?

Last but not least, we want to emphasize that PrNiO,
and NdNiQ; are the only nondoped Ni perovskites where
(i) the electronic localization and the Néel state take
place at the same temperature (T =T, ;) and (ii) the
formation of a unusual SDW in the insulating state has
been reported. For SmNiO; and EuNiOj;, T, ; is respec-
tively 400 and 480 K, whereas the Néel temperatures are
dramatically lower (225 and 205 K, respectively). The
magnetic structure of the Sm and Eu compounds have
not yet been studied, but it would be very interesting to
investigate whether it is of the same type found in the
Ty =Ty _; compounds. This information is fundamental
to establish the relation between structural, magnetic,
and electronic properties and to advance the understand-
ing of the mechanism responsible of the M-I transition.

In the present work we report O (1s), Ni (1s,2p), and R
(3d) x-ray absorption measurements for RNiO,
(R =Pr,Nd) samples. As will be discussed below, these
data strongly suggest the presence of a highly hybridized
ground state of mainly 3d’ character. The different pos-
sibilities for the mechanism of the electronic transition
are also discussed.

II. EXPERIMENT

Polycrystalline samples of RNiO; (R =Pr, Nd) were
used in the present work. The preparation method is de-
scribed by Lacorre et al. in Ref. 18. Previous x-ray and
neutron-diffraction characterization showed the com-
pounds to be very well crystallized and virtually free of
structural defects.!> A very small amount of NiO (0.35%
of the total weight for PrNiO; and 3% for NdNiO;) was
the only detected impurity. The XAS measurements
were made in Orsay at LURE (Laboratoire pour
I'Utilisation du Rayonnement Electromagnétique) using
the synchrotron radiation emitted by the DCI (1.85 GeV)
and Super-ACO (0.8 GeV) storage rings.

Ni ls-edge XAS experiments were performed in
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transmission mode. This method is more sensitive to the
bulk properties of the material but requires a very good
particle-size homogeneity. In this case, samples were
ground (to become a fine powder) in an agatha mortar,
filtered, and spread between two kapton tapes. The spec-
tra were recorded in the time-resolved x-ray spectrometer
D11 at DCI using an asymmetrically cut (—12°) Si (311)
bent crystal. The energy resolution was better than 1 eV
at 9 KeV. The low-temperature experiments were car-
ried out with an He cryostat equipped with a temperature
controller (stability better than 1 K).

The Ni 2p and rare-earth 3d edges were measured at
Super-ACO in the SA22 experimental station using a
double-crystal monochromator equipped with beryl crys-
tals. The resolution for this instrument is better than 0.4
at 850 eV. The spectra were recorded at a vacuum of
107 Torr in the total electron yield mode. Samples were
compacted and heated at 800°C in air for 2 days in order
to produce rods which can be scraped in vacuum. Ther-
mogravimetric analysis showed that this thermal treat-
ment does not produce any O loss. Samples were mea-
sured at room temperature (RT) before and after scraping
with a diamond file. The energy scale was calibrated by
comparison with data from van der Laan et al.?

O 1s edges were measured at Super-ACO on the SA7
experimental station using a plane-grating monochroma-
tor. The resolution for this instrument is 0.35 at 500 eV.
The spectra were recorded at a vacuum of 10~° Torr in
the total electron yield mode. The energy-dependent
photon flux due to the contamination of the optical ele-
ments was found to be negligible in the O 1s region. The
samples were prepared in the same way as for the Ni 2p-
edge experiments. Measurements were made at room
temperature and at 77 K, using in the latter case a
liquid-N, refrigerated cold finger. Spectra were systemat-
ically taken before and after scraping the samples in vac-
uum. The energy scale was calibrated by comparison
with data of Kuiper et al.!

III. RESULTS

A. O ls edge

Figure 1 shows the O 1s edges of LaNiO;, PrNiO;, and
NdNiO; measured at RT. At high energies, the oscilla-

Total yield (arbitrary units)

1 1 1
522 530 538 547 555
Energy (eV)

FIG. 1. Room-temperature O ls edges of LaNiOj;, PrNiO;
and NdNiO;.

14 977

0 1s

Total yield (arbitrary units)

522 530 538 547 555
Energy (eV)

FIG. 2. Room-temperature O s edges of PrNiO; and NiO.

tions in the absorption cross section above 538.5 eV are
due to transitions to continuum states.” The nice overlap
of the PrNiO; and NdNiO; spectra in this region was
used as criterion for normalization due to the strong simi-
larities between the O environment in both compounds.
Differences between LaNiQ; and PrNiO; or PrNiO; at
E > 547 eV are probably due to the slightly different sym-
metry of the La (rhombohedral), and Pr, Nd (orthorhom-
bic) perovskites.!®

The structures between 532 and 538.5 eV are due to
transitions to oxygen 2p states hybridized with Ni(4s,4p)
and R (5d,4f) states.>** The decrease of the prominent
peak at 536 eV going from La to Nd can be tentatively
associated with the filling of the 4f rare-earth orbitals.

Finally, in the low-energy region, the most important
feature is the sharp and intense prepeak situated at 528.4
(La), 528.6 (Pr), and 528.8 (Nd) eV (see Table I). Using
the normalization procedure described above, its in-
tegrated intensity decreases going from La to Pr (9%)
and Nd (20%). A similar structure is also present in the
NiO O 1s edge (see Fig. 2), but its position (532 eV) is
about 3 eV higher than the RNiO; prepeak. This feature,
which has been also found in the O 1s edges of the other
transition-metal monoxides,? is due to the O 2p weight in
states of predominantly Ni 3d character.

Figure 3 shows the RT and 77-K O 1s edges of (a)
PrNiO; and (b) NdNiO;. Due to the small differences be-
tween the high- and low-temperature spectra, several
measurements were made at low temperature to be sure
that the observed effects are not due to surface contam-
ination (enhanced by cooling). A small increase of the in-
tegrated intensity of the prepeak (about 3%) is detected
in both cases when the sample goes from the metallic to
the insulating state. A simultaneous decrease of the 536-
eV structure was also systematically observed on cooling.

TABLE 1. Absolute energies (eV) and integrated intensities
(arbitrary units) of the room-temperature XAS O 1s prepeak of
LaNiO;, PrNiO;, and NdNiO,;.

LaNiO; PrNiO; NdNiO,
Energy 528.4 528.6 528.8
Int. intensity 2.185 1.985 1.735
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(arbitrary units)
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FIG. 3. O 1s edges of (a) PrNiO; and (b) NdNiO; at room
temperature and T=77 K.

B. Ni2p;3,;,,, edges

According to the electric dipole selection rules, Ni 2p
electrons may be excited into empty states either with 3d
or 4s symmetry. The transitions 2p —3d are about 30
times stronger in intensity than 2p —4s transitions** due
to the large overlap of the 3d wave functions with the 2p
ones. Even if the Ni 2p XAS spectrum does not repro-
duce the details of the 3d unoccupied density of states, its
integrated intensity is a measure of the total number of
empty 3d states at the Ni sites.”” In Fig. 4 the RT Ni 2p
edges for the compounds PrNiO;, NdNiO;, and NiO are
shown. The relatively weak Ni 2p,,, structure in the
LaNiO; spectrum appears in Fig. 6(a), overlayed by the
very strong La 3d;,,—4f transition. As can be clearly

I 1 1
) “ NdNiO3
[= D
= [ FaN
= DA FAANT—
- "‘JIQ PrNiO,
'é P R
& 1 I\
% ; L___./
= a.- NiO
s b e f

1 1 1

845 855 865 875 885
Energy (eV)

FIG. 4. Room-temperature Ni 2p;,,,,, edges of PrNiO;,
NdNiO;, and NiO.
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TABLE II. Absolute energies (eV) of the labeled features in
the room-temperature XAS Ni 2p;,,,,, edges of NiO, PrNiO;,
and NdNiO,.

NiO PrNiO, NdNiO,
(@) 853.2 (P) 853.6 853.3
(b) 855 (Q) 854.9 854.9
(e) 870.3
0 871.5 (R) 871.9 871.9

seen, the NiO spectrum is very different from the others.
The RNiO; spectra show quite similar shapes, the only
noticeable difference being the slightly higher intensity of
the P feature in the Nd compound. In our opinion, this
increase is due to the small amount of NiO (3% in
weight) present in the sample. The fact that the energy of
the NdNiO; P feature is (anomalously) closer to the NiO
a feature (see Table II) also supports this assignment.

C. Ni 1s edge

In a dipolar transition, Ni ls electrons can be excited
into empty states of p symmetry. However, dipole-
forbidden transitions can take place in some special cir-
cumstances. This is the case of the small structure at
E =3 eV present in the RNiO; Ni ls edges, which has
been identified as a 1s — 3d quadrupolar transition®® and
whose integrated intensity may be correlated with the
number of empty 3d states. Otherwise, the 4p states,
which are totally empty in transition metals, are the
lower dipole-allowed states reached by the photoelectron.
Thus, the effects due to Ni 3d states are seen only in-
directly.”’

Figure 5 shows the evolution of the Ni 1s edge spectra
of PrNiO; and NdNiO; across the M-I transition. Be-
cause of the lack of mechanical movement of the energy-
dispersive optics, we were able to measure with great ac-
curacy the small differences observed between the low-
and high-temperature spectra. Normalization, which
was made after subtraction of the same linearly increas-
ing background, was an easy task due to the minor
changes observed in the absorption cross section. The
zero energy corresponds, as is usually made in the
analysis of the x-ray absorption edges, to the first
inflexion point of the metallic Ni spectrum.

The evaluation of the energy positions of the labeled
features shown in Fig. 5 was made by fitting the whole
spectra (from —20 to 40 eV) with an arctangent plus
three Lorentzians. The results are summarized in Table
III. Figure 5 shows the existence of a change in the ab-

TABLE III. Absolute energies (eV), integrated intensities (ar-
bitrary units), and FWHM (eV) of the A4 and B features in the
room-temperature XAS Ni 1s edges of PrNiO; and NdNiO;.

(A4) PrNiO; (4) NdNiO; (B) PrNiO; (B) NdNiO;

Energy 17.0 17.0 24.6 24.6
Int. intensity 1589 1592 338 340
FWHM 3.66 3.68 3.66 3.68
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PrNiO;

ABSORPTION

S+ Metal (135K) 1
Insulator (20K)

[
+

20
E-Eo(eV)

(b) A

ABSORPTION

....... Metal (250K)
. Insulator (65K)

N
1 —+

e 2p 48
E-Ec(eV)
FIG. 5. Ni 1s edges of (a) PrNiO; and (b) NdNiO; in the me-
tallic and insulating regimes.

sorption cross section at about the same temperature of
the insulator to metal transition. This change consists of
an decrease of the intensity in the region on the right of
the A feature, and the simultaneous increase of the B
feature. This is clearly shown by substracting the high-
and low-temperature spectra: the difference signal has
two peaks separated by =5 eV, which is smaller than the
refined difference between the 4 and B features (7.6 eV).
For the sake of clarity, only two selected temperatures
are displayed, but we would like to emphasize the fact
that all the T'> T, ; spectra and all the T' < T, ; showed
the same shape as the two representative curves displayed
in Fig. 5. Moreover, the reported behavior was found to
be reversible and perfectly reproducible.

D. Rare-earth (La, Pr, Nd) 3d,, ;,, edges

Figure 6 shows the measured RT La, Pr, and Nd
3ds .1/, absorption edges, which probe the unoccupied
density of R 4f states. The features present in the spec-
tra are mainly due to the multiplet splitting of the quasi-
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atomic initial and final states. The hypothesis that the
effects coming from the environment of the rare earth can
be considered as negligible is supported by several experi-
mental works. These studies conclude that covalency
effects are significant only for the first two rare earths in
their tetravalent oxidation state (Ce**,Pr**).2%2 Thus,
a comparison with the XAS edges of well-characterized
materials can provide information on the valence of the
rare earth in our compounds. Examining the
La,0;, Pr,0;, and Nd,O; electron-energy-loss spectros-
copy (EELS) data reported by Alexander et al.,*® we can
conclude that all the rare earths are trivalent in the stud-
ied compounds.

T T I 1 T

La (a)
| 5/2-3/2 LaNiO
3

Total Yield (arbitrary units)

1 1 1 1 1
820 830 840 850 860 870 880
Energy (eV)

"(b)
Prad, . PINIQ,

Total Yield (arbitrary units)

1 1 1
920 930 940 950 960
Energy (eV)

— T T T T

2] (c)

S Ndadsu NdNiO
3

- I R

o

e Nd 3d

< b 3/2

ke’

o

> N

9

(o]

- L 1 1 1

965 975 985 995
Energy (eV)

1005 1015

FIG. 6. Room-temperature 3ds,,;,, edges of (a) La in
LaNiOs, (b) Pr in PrNiO;, and (c) Nd in NdNiO,.
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IV. DISCUSSION

A, O ls edge

The main goal of this section is to discuss the origin of
the sharp prepeak structure which appears at about 529
eV in the O 1s absorption edges. As discussed previously,
several hypotheses can be considered to describe the
ground state of these systems. Starting with a purely ion-
ic point of view, that is, assuming spherical charge distri-
butions localized around the atoms, we can write from a
simple charge balance:

R3TNi*H(0O?7); . (1

This description is known to be highly crude and unreal-
istic. Several recent spectroscopic works on TM oxides
show that a correct description of the electronic state of
these compounds requires an explicit consideration of co-
valency."?>% Though very different methods have been
used in the literature to describe covalency effects, the
most widely used among XAS spectroscopists is the
configuration-interaction method. Within this formal-
ism, the partial charge transfer from the anion to the cat-
ion is described by adding to the original ionic
configuration an admixture of configurations in which
one or more electrons have been transferred. In the
RNiOj; case, we can write the ground state of an “ionic”
NiOg octahedral cluster as

(WGionie ) =13d72p°) , 2)
and including covalency, as

WG vaten ) =@13d72p®) +BI3d°L ) +713d°L?) . ()

Here, a2+[3’2+7/2=1 and usually y << <a. The values
of a, 3, and ¥ can in principle be obtained by combining
the results of several x-ray spectroscopies. In the case of
the RNiO; perovskites, it was pointed out in the Intro-
duction the enormous importance of this information in
order to decide the right framework within which the
magnetic and transport properties must be explained. At
the O 1s K edge, and allowing only intra-atomic XAS
transition matrix elements, the intensity of the prepeak is
proportional to 82 and it is a measure of the covalency in
the ground state. Thus, it should be very useful to com-
pare the integrated intensities of the NiO and RNiO,
prepeak because, for the first compound, several calcula-
tions of the degree of hybridization are available. Unfor-
tunately, the presence of R 4f and 5d orbitals prevents a
direct comparison because of the impossibility of per-
forming a correct normalization. However, the intensity
of the prepeak in RNiO; spectra is clearly very impor-
tant, thus suggesting the existence of a highly covalent
ground state. The results of magnetic neutron-diffraction
experiments (Ni*" low spin, p; = lpp) implicitly support
this finding. If the presence of 6 oxygen neighbors had a
small effect in the electronic state of Ni, it should show
the high-spin state of the free-ion configuration. The sta-
bilization of the low-spin state is the signature of the ex-
istence of a crystal field due to the neighboring oxygens
strong enough to overcome the first Hund’s rule.
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Though it is not possible to quantify the values of a
and 3 without doing a full configuration-interaction cal-
culation, we can estimate them using the well-known
dependence of the Ni3d -O 2p transfer integrals, T,,, on
the interatomic distance (T,; ~B~1/ r33).3! This simple
method is able to predict a degree of covalent mixing in
TM oxides very close to the results obtained by more so-
phisticated calculations. A good example has been re-
ported by van Elp® for CoO and LiCoO,. A cluster
configuration-interaction calculation of the XPS and BIS
spectra gives for CoO a ground state described as

W) =al3d2p®) +BI3d5L ) +v|3d°L?) 4)
with a?=0. 80, 82=~0.20, and y%=0, and for LiCoO,,
W, )=al3d®2p®) +B]3d"L ) +v|3d3L?) , (5)

with a?=0.48, f?=0.44, and y?~0.08. Thus, the ratio
between S2(LiCo0,) and BXCo0) is ~2 2. From the
knowledge of the Co-O distances (2.13 A for CoO and
1.921 A for (LiCoO,) and using the Tpa~B~1/r*°
dependence, we found BALiCo0,)=2.06 f*(Co0), which
is in excellent agreement with the result of the reported
calculations.

In NiO, Ni atoms are surrounded by six equivalent O
atoms (dy;.0=2.090 A) and the ground state can be de-
scribed as

W) =al3d®2p®)+BI3d°L ) +y|3d'°L?) ()

with approximately a’~0.82, 8>~0.18, and y?~0.® In
the RNiO; compounds, the four basal and the two apical
O atoms of the NiOg octahedra are described by two
different Wyckoff positions, but the six Ni-O distances
are almost equal, differing only in a few thousandths of A
((dnio)=1.942 A for both PrNiO; and NdNiO,).
Thus, performing the same calculations as in the CoO
and LiCoO, case, we find B*RNiO;)=1.672
X BA(NiO)=0.30. Though it is only approximative, this
result suggests that (a) the Ni3d -0 2p hybridization in
RNiO; is stronger than in NiO and (b) the weight of the
3d’ configuration is more important than the 3d 3L one in
the ground state of these compounds.

The intensity variations of the prepeak on going from
La to Nd can be nicely correlated with changes in the
Ni3d -0O2p hybridization. Neutron-diffraction experi-
ments indicate that, even if the Ni-O average distance is
practically the same in all the compounds (1.933, 1.942,
and 1.942 A for La, Pr, and Nd, respectively, at RT), the
Ni-O-Ni superexchange angle (¢) becomes smaller by re-
ducing the size of the rare earth. Thus, ¢=165.2°
158.7°, and 157.1° for La, Pr, and Nd, respectively. Since
a decrease of the superexchange angle implies a less-
efficient overlap between Ni 3d and O 2p orbitals, the
Ni 3d -O2p hybridization is expected to be reduced on
going from La to Nd. This is consistent with the ob-
served diminuation of the integrated prepeak intensity.

The origin of the small displacements in the prepeak
positions (528.4, 528.6, and 528.8 eV for La, Pr, and Nd,
respectively) is more difficult to interpret. In the insulat-
ing precursors of several high-T, superconductors
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(La,CuO,, La,SrCu,0O4, YBa,Cu,;0¢ Nd,CuO,) a nega-
tive linear correlation between d(Cu-Oy,,,;) and the ener-
gy threshold of this prepeak has been established.*® This
behavior has been explained in terms of the smaller co-
valency expected from a higher Cu-O distance, which
supposes a better screening of the O 1s hole by the O 2p
orbitals. In our case, the variation of covalency does not
come from any distance variation, but from an angular
variation. Thus, the former rule is probably not applic-
able. In any case, it is worth stressing that in other di-
valent Ni oxides, the energy of the prepeak does not seem
to show any partlcular dependence on the Ni-O distance.
Kuiper et al.? showed that in both NiO (d Ni-o =2.090 A)
and LaZNlO4+8 (le O basal — =1.932 A, le O apical
=2.20 A), the O 1s XAS prepeak appears at E ~532 eV.
In La,NiOg,;, polarized O 1s XAS measurements indi-
cate that the intensity of the corresponding prepeak is
mainly due to the O 2p,,p, and Ni dxz-yz hybridization,
but its energy is the same as in NiO, even if in this com-
pound the Ni-Oy,, distance is about 8% larger. It would
be very useful to have more experimental O 1s data in or-
der to verify whether the behavior observed in NiO and
La,NiO,, 5 can be extended to other formally divalent Ni
oxides, but at the present time the origin of the different
dependence of E .., on the metal-Oy,g, distance in Cu
and Ni oxides remains unclear.

B. Ni 2p edge

The two most remarkable facts of the NiO and RNiO;
Ni 2p edges (see Fig. 4) are (a) the strong difference be-
tween the NiO and the RNiO; spectra and (b) the small
shift (0.4 eV) of the perovskite edges to high energies
(with respect to the NiO). The Ni 2p edges of divalent Ni
compounds, as NiO or Ni dihalides, have been extensive-
ly studied during recent years.”> The main features ap-
pearing in the spectra are quite similar in all the divalent
compounds, and the presence of small satellites or'the de-
crease of the multiplet splitting with smaller anion elec-
tronegativities are now well understood in terms of a co-
valent ground state of mainly Ni** (3d8) character plus
an anion-dependent fraction of the 3d°L and 3d'°L?
configurations.

For Ni*"T compounds, both experimental results and
theoretical calculations are quite scarce. To our
knowledge, published Ni’" spectra are inexistent (some
unpublished results are, however, available)*> and the
only theoretical calculations of the Ni** 2p XAS edge
have been recently published by de Groot et al.** consid-
ering a pure 3d’ configuration. Two reasons explain this
lack of information: first, the small number of Ni com-
pounds which nominally show this high oxidation state
(mainly due to the extreme synthesis conditions required
to stabilize the 3" valence) and second, the fact that
configuration-interaction calculations including a full
multiplet description are at the present time not a routine
task, especially for intermediate (3d> to 3d’) transition
metals.

Intuitively, the Ni’" 2p edge will show a much richer
multiplet structure and higher integrated intensity than
Ni?* due to its extra 3d hole. This is confirmed by de
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Groot’s calculations,*® where Ni3" high-spin spectra for
different crystal-field splittings are reported. Our experi-
mental data, which show much broader structures than
NiO, can in principle be interpreted as corresponding to
Ni**. Unfortunately, the absence of fine structures does
not allow a direct comparison with the available calcula-
tions. It should be noted that in this case, broadening is
not due to the lack of experimental resolution. The qual-
ity of the NiO spectrum, obtained with the same experi-
mental setup, is comparable with the data obtained in the
Dragon monochromator,* thus indicating that the origin
of the broadening is intrinsic to the sample.

In order to get additional information about the
Ni 3d -0 2p hybridization, it is very interesting to com-
pare the RNiO; spectra with the much more accessible
Co?™" octahedrically coordinated experimental data. Due
to the atomic origin of the main features appearing in the
2p absorption edges of 3d transition metals, we expect
strong similarities between Co’* and Ni*" spectra due to
their common 3d’ configuration. 3 Thus, looking at the
data reported by Sette et al.’* (see Fig. 7) for the Co 2p
edge of the inverse spinel CoFe,O4CoFe]{Fe}O,, we
found very similar structures which give us confidence in
the validity of our hypothesis. A possible origin for the
small differences between both spectra can be the
different spin states of Co®>* (high spin in CoFe,0,) and
Ni*" (low spin in RNiO;). Calculations including high-
and low-spin states are necessary in order to establish
their effect on the XAS spectra.

It is also very interesting to compare the Co 2p edges
of CoFe,0, and CoF, (rutile-type structure).’> In both
compounds Co?" shows octahedral coordination and
high-spin configuration (t3,¢2), but important differences
between Co-O and Co-F bonds are expected due to the
stronger electronegativity of the fluorine ion. Thus, co-
valency is expected to be more important in the oxide
that in the fluoride. Looking at the spectra, the similari-
ties between the Co 2p edges of both compounds are evi-
dent. However, the fine structure predicted by the atom-
ic theoretical calculations is clearly visible only in the last
one. Taking into account the more ionic nature of the
Co-F bonding, we can tentatively establish a direct corre-
lation between spectral smearing and covalency. Al-
though this is only a very qualitative argument, it ex-
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FIG. 7. Co 2p;3,5.,,, edges of CoFe,0, (from Ref. 34) and
CoF, (from Ref. 33). At the bottom, a calculation made by de
Groot et al. (Ref. 33) including multiplet spliting and an octahe-
dral crystal field is shown.



14 982

plains the smooth shape of the RNiO, spectra and gives
additional support to the existence of a highly hybridized
ground state in these compounds.

C. Ni K edge

It is well known that absorption edges are sensitive to
the oxidation state of the absorbing atom. In general, the
edge shifts to high energies when the oxidation state in-
creases, due to the less-efficient screening of the core-hole
potential. Much care needs to be taken in using this rule,
due to the possible existence of superimposed effects com-
ing from differences in the environment of the absorbing
atoms.>® It is, however, applicable for absorbers with the
same coordination. A good example is the work of Cres-
pin, Levitz, and Gatineau® made for the reduced forms
of LaNiO;.

Figure 8 shows the Ni s edge of Nd,NiO, and
NdNiO;. In the first compound Ni is formally divalent,
whereas in the second one, it shows a nominal 3+ oxida-
tion state. Since in both compounds Ni ions are oc-
tahedrically coordinated, we can in principle apply the
former rule. Some recent O 1s XAS experiments’ indi-
cate that the ground state of the NiO¢ octahedral clusters
in the isostructural compound La,NiO, is predominantly
of 3d® (Ni?*) character. In view of the very similar Ni-O
distances in both compounds (dn;o pasal = 19442 A,
dyio apical =2.235 A for La,NiO, and dyio basal
=1.9521 A, dyi0 apicat =2.231 A for Nd,NiO,), we will
suppose that NiOg units in Nd,NiO, have roughly the
same ground state. In order to make an estimation
of the expected displacement in the Ni s
edge due to variations in the Ni-O distance in a
a |3d®) +B13d°) (Ni**) compound, we have used the re-
sults obtained by some of us’’ with a single crystal of
Pr,NiO,. For this compound, which is isostructural with
the two former nickelates (dyj.o pasa =1-9537 A,
ANi.o apical — 2-221 A), XAS polarized measurements
indicate that a difference of dnio apica ~Ni-O basal
=0.267 A produces an energy shift in the Ni 1s edge of
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FIG. 8. Room-temperature Ni ls edges of NdNiO; and
Nd,NiO,.
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1.8 eV. Single crystals of RNiO; and Nd,NiO, are not
available, but we can relate the energy shift of the edges
in our powder data (3 eV) with the variation of average
Ni-O distances (0.103 A). This simple calculation shows
that the displacement to higher energies of the NdNiO,
spectrum is much more important than that expected
from such a distance reduction in a a|3d?®) +pB|3d°<)
compound. Thus, it is plausible to interpret the displace-
ment as the signature of the 3d” configuration.

Further experimental evidence supporting this con-
clusion is the high intensity of the forbidden quadrupolar
transition in NdNiO;. As pointed out in Sec. II1 C, the
integrated intensity of this feature can be correlated with
the total number of empty 3d states. If we consider pure-
ly ionic Ni’* and Ni*", the ratio [3d holes (Ni**)]/[3d
holes (Ni’*)]=1.5, which is roughly the same ratio than
that found for the NdNiO,;/Nd,NiO, integrated intensi-
ties.

V. METAL-INSULATOR TRANSITION

Many transition-metal compounds are known to exhib-
it a metal-insulator transition as a function of tempera-
ture, pressure, or chemical composition. In the first
group, which includes RNiO; perovskites, the electronic
localization is usually accompanied by structural distor-
tions and/or magnetic ordering. These extra features can
give additional insight about the nature of gap but, in
general, the determination of the driving mechanism of
the transition is not an easy task. A good example is NiS.
This compound undergoes a first-order Pauli-metal to
antiferromagnetic-semiconductor transition which is ac-
companied by an expansion of the unit cell.®® In order to
explain the opening of the gap, Mott-Hubbard,*® antifer-
romagnetic,”’ and charge-transfer mechanism*' have
been successively proposed.

A very different example is the LnCoQO; perovskites
(Ln=La, Nd, Gd, Dy, Ho).*> In this system, a very
broad (=200 K) metal-semiconductor transition takes
place for all the studied rare earths without any concomi-
tant structural or magnetic effects. In this case, all au-
thors agree with the interpretation of the electronic local-
ization as a thermally driven low-spin to high-spin transi-
tion, due to the progressive overlap between the =*
(O 2p-Nit,,) valence band and o* (O2p-Nie,) conduc-
tion band.****

The experimental facts on PrNiO; and NdNiO;
perovskites are very close to those observed in NiS: the
metal-insulator transition is abrupt (=10 K), the associ-
ated structural changes are very small, and 3D antiferro-
magnetic order develops in the insulating state. Thus,
the origin of the gap can in principle be magnetic, but
this hypothesis must be considered with caution due to
the separation between T, ; and T, in the compounds
with smaller rare earths (Sm, Eu). In any case, it would
be necessary to verify if, as it is the case in high-T, super-
conductors, magnetic correlations are still present in the
Ty <T < Ty range.

Concerning the possibility of a Jahn-Teller or a Peierls
distortion, polarized neutron-diffraction experiments®®
show that the small additional peaks which appear in the
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insulating state are purely magnetic. Thus, the structural
changes simply consist in an enhancement of the ortho-
rhombic distortion existing at higher temperatures.
Moreover, the steric behavior of the structure across the
M-I transition seems to indicate that the structural
changes are not the cause but the effect of the electronic
localization. 2

Considering pure (not magnetic) electronic correlation,
three kinds of gaps are envisageable: Mott-Hubbard
type, charge-transfer type, and negative-A type. From
the estimations made by Torrance et al.'® for the relative
values of U and A, we can in principle disregard the
Mott-Hubbard scheme. A negative-A mechanism seems
also to be unlikely. The main reason is that it requires
positive carriers (holes) in the metallic state, in contradic-
tion with the results of the Seebeck coefficient measure-
ments.*> A charge-transfer gap looks, in principle, more
suitable. It agrees with the estimations of Torrance et al.
of U and A and, if the opening of the gap takes place be-
cause of a narrowing of the O 2p band,® it is possible to
have negative carriers in the metallic state. In order to
test this hypothesis, we have compared the behavior of
the Ni 1s and O 1s XAS spectra across the M-I transition
with the one expected from the opening of such a gap. In
this figure, the 4 and B features at the Ni ls edges (see
Fig. 4) have been tentatively interpreted as corresponding
to the 1s—3d®L4p' and 1s—3d 4p!, transitions, respec-
tively. This assignment has been made by comparison
with the Ni 1s XAS spectrum of the charge-transfer insu-
lator Pr,NiO,. For this compound, which is isostructural
with La,NiO, and Nd,NiQ,, polarized XAS measure-
ments®’ allowed identification of the 4 and B features
with the well-screened 1s —3d°L2p' and poorly screened
1s—3d%p! transitions. The intensity ratio Iy /I, and
the energy separation of the features, Ez —E ,, can be
written in terms of the charge-transfer energy A, the
core-hole potential Q, and T={(3d"|H|3d%L ), the mix-
ing between the 3d” and 3d %L configurations®® as

Iz /I ,=tan(6'—0) , Eg—E ,=[(Q—A)*+4T?)'/?
)

with tan(20')=2T/(A—Q) and tan(20)=2T/A. 1t is
reasonable to suppose that A and Q remain constant
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across the metal-insulator transition. Therefore, any
variation in the I /I , ratio should be due to a change in
the hybridization in the ground state (7). From the re-
ported variation of the Ni-O distances and Ni-O-Ni an-
gles, it is reasonable to assume a decreasing of T going
from the metallic to the insulating regime. This implies a
decrease in the weight of the 3d®L configuration (4
feature) going from the metallic to the insulating state.
However, a clear increase of this feature is observed. The
same conclusion can be derived from the analysis of the
O 1s edges. The intensity of the prepeak, which is pro-
portional to 8? (the fraction of 3d®L configuration), in-
creases across the M-I transition, contrary to the behav-
ior expected from the structural changes.

At present, we are not able to give a satisfactory ex-
planation for this behavior. It would be very useful to
carry out further experiments such as low-temperature
Ni 2p XAS, which are expected to be more sensitive to
the electronic changes in Ni than the Ni 1s and O 1s ex-
periments. XPS and EPS measurements, which prove the
full density of states in the valence band, may also be very
helpful. Finally, some improvements should be made to
the actual theories, as for example, the inclusion of effects
associated with the appearance of the antiferromagnetic
ground state.

VI. CONCLUSIONS

The reported XAS experiments on RNiO; perovskites
have given some elements for the answer to the two main
open questions concerning the electronic behavior of
these compounds: the charge state of Ni and the mecha-
nism of the metal-insulator transition. The results of the
analysis of the O 1s, Ni 2p, and Ni 1s absorption edges in-
dicate that the relevant electronic structure is well de-
scribed in terms of a highly covalent ground state of
mainly (70%) 3d’ character. A charge-transfer gap
opening appears as the most likely mechanism to explain
the electronic localization. However, it is very difficult to
conciliate with the observed variations of the O 1s and Ni
ls edges across the transition. The last point indicates
the limited scope of the actual theories, and shows that
more-sophisticated mechanisms must be taken into ac-
count for further understanding of the metal-insulator
transitions.
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