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Electronic structure and metal-insulator transition in LaNiO 3Àd
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We studied the changes in the electronic structure of LaNiO32d across the metal-insulator transition. The
technique used in the study was mainly O 1s x-ray absorption spectroscopy~XAS!. The experimental spec-
trum of LaNiO3.00 was analyzed in terms of a cluster-model calculation. The spectrum of LaNiO3.00 presents a
sharp peak at a threshold that corresponds to 3d8LI →cI 3d9 transitions. Analysis of this peak indicates that the
charge carriers in LaNiO3.00 contain considerable oxygen character. The intensity of this peak decreases in the
spectrum of LaNiO2.75 and disappears almost completely for LaNiO2.50. This suggests that the metal-insulator
transition is related to the disappearance of the charge carriers and the ensuing band-gap opening. The peak in
the LaNiO2.75 compound is split due to the presence of two nonequivalent crystallographic sites. The metal-
insulator transition in this compound is tentatively attributed to potential disorder between these two sites.
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I. INTRODUCTION

The nickelates of general formulaRNiO3 (R5rare earth!
present very interesting changes in their physi
properties.1–3 For instance, LaNiO3 is metallic at all tem-
peratures, but the otherRNiO3 compounds present a meta
insulator transition. The transition temperatureTM -I is related
to crystallographic changes associated with differences in
ionic radii of R. In addition, whereas LaNiO3 is paramag-
netic, the otherRNiO3 compounds present antiferromagne
ordering (s51/2). The transition temperatureTM -I coincides
with the ordering temperatureTN for the PrNiO3 and
NdNiO3 compounds. On the other hand, the onset of m
netic ordering for the remaining rare-earth compounds ta
place at lower temperatures.

This rich variety of physical properties derives from t
interplay of structural, electronic, and magnetic degrees
freedom. Despite many studies, the electronic structure
the metal-insulator transition inRNiO3 compounds remain
still controversial.4 Medardeet al. proposed a highly cova
lent 3d7 ground state and a transition due to a charge-tran
gap opening.5 Barmanet al. suggested that the origin of th
metal-insulator transition was a change in the Ni 3d–O 2p
covalency.6 Mizokawaet al. indicated that the band gap wa
not entirely of thep-d type but rather of strongly hybridize
pd-pd character.7 The metal-insulator transitions consider
in all these studies were concerned only with stoichiome
compounds.

Alternatively, a metal-insulator transition can be induc
in the LaNiO32d compound controlling the oxygen conce
tration. LaNiO3.00 has trivalent Ni31, is metallic (]s/]T
,0), and exhibits Pauli paramagnetism, whereas LaNiO2.50
has divalent Ni21, is insulating (]s/]T.0), and is antifer-
romagnetic withTN5320 K.8 LaNiO2.75 is a mixed-valence
system (Ni31/Ni21) and presents a subtle metal-insula
transtion around 75 K, as well as spin localization and m
netic frustration.8 The Ni ions in LaNiO3.00 occupy only oc-
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tahedral sites, whereas in LaNiO2.50 they equally occupy oc-
tahedral and square planar sites. Finally, the occupation
the Ni ions in LaNiO2.75 is 66.6% in octahedral sites an
33.3% in square planar sites.

The electronic structure and metal-insulator transition
LaNiO32d are not completely understood yet. This provid
the motivation to study the electronic structure of LaNiO32d
as a function ofd. The experimental technique used in th
study was O 1s x-ray absorption spectroscopy~XAS!. This
technique provides useful information on the unoccup
electronic states in the conduction band.9 XAS is also a very
sensitive probe of the covalent mixing between the metald
and oxygen 2p levels.10 The potential of O 1s XAS was
demonstrated in several studies of metal-insulator transit
induced by temperature11,12 as well as substituition.13,14

II. EXPERIMENTAL DETAILS

The samples studied here were LaNiO3.00, LaNiO2.75,
and LaNiO2.50. The reference LaNiO3 sample was prepare
using a liquid mix method.8 The other samples were obtaine
by the reduction of LaNiO3 in a thermobalance. The flowing
H2 /Ar ratio was 0.2 and the temperature was 300 °C. T
samples were then anealed in Ar at 400 °C to improve
homogeneity. X-ray diffraction studies confirmed that
samples were single phase. The characterization also
cluded conductivity and susceptibility measurements. F
ther details on the preparation and characterization can
found in Ref. 8.

The XAS measurements were carried out at the spheri
grating-monochromator~SGM! beamline in the LNLS. The
base pressure in the experimental chamber was in the
1029-mbar range. The samples were scrapedin situ with a
diamond file to remove surface contamination. The Os
x-ray absorption spectra were measured using the total e
tron yield ~TEY! method. The probing depth of XAS usin
the TEY method is approximately 5 nm.15 The energy scale
was calibrated using the known peak positions in LaNiO3.5
©2002 The American Physical Society01-1
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The energy resolution at the O 1s x-ray absorption edge
~around 528.5 eV! was approximately 0.5 eV. The spect
were normalized to the maximum after a constant ba
ground substraction.

The Mn 2p x-ray photoelectron spectroscopy~XPS! mea-
surements were performed in a commercial VG equipm
The base pressure in the experimental chamber was in
low-10210-mbar range. The samples were scraped with a
mond file before their insertion into the main experimen
chamber. The spectra were taken using AlKa photons (hn
51486.6 eV) and an electrostatic energy analyzer. T
overall energy resolution of the system~photons1 analyzer!
was approximately 1.0 eV. Survey XPS spectra confirm
the quality of the samples with only a small C residual co
tamination. The spectra were corrected for the AlKa3,4
ghost lines. The spectra were normalized to the maxim
after a constant background substraction.

III. RESULTS AND DISCUSSION

A. O 1s XAS spectra of LaNiO3Àd

Figure 1 shows the O 1s x-ray absorption spectra o
LaNiO3.00, LaNiO2.75, and LaNiO2.50. First, we note that the
spectrum of LaNiO3 is in excellent agreement with previou

FIG. 1. O 1s x-ray absorption spectra of LaNiO3.00,
LaNiO2.75, and LaNiO2.50.
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reports.5 This spectrum corresponds to transitions to unoc
pied O p states in the conduction band. These states refl
through the oxygen-metal hybridization, bands of mos
metal character.10 The first peak around 528.5 eV corre
sponds to the Ni 3d band region, the broad structure arou
535 eV corresponds to the La 5d band region, and the two
bumps around 540–545 eV correspond to the Ni 4sp band
region. These assignments are consistent with prev
analysis of the LaMnO3, LaFeO3, and LaCoO3 spectra.16,17

The spectra of the nonstoichiometric compounds LaNiO2.75
and LaNiO2.50 exhibit several changes. The most releva
change concerns the lowest-lying states in the Ni 3d band
region.

B. Comparison with Li 1ÀxNixO

Figure 2 shows in more detail the Ni 3d band region of
LaNiO3.00, LaNiO2.75, and LaNiO2.50 ~dots!. These spectra
are compared to the Ni 3d band region of the LiNiO2 and
NiO compounds from Ref. 18~solid line!. The Ni ions in the
LaNiO3.00 compound are formally in a trivalent Ni31 (3d7)
state. The ground state of this compound is composed ma
of 3d7 and 3d8LI configurations, whereLI denotes a ligand

FIG. 2. Ni 3d region of the O 1s XAS spectra of LaNiO3.00,
LaNiO2.75, and LaNiO2.50 ~dots! compared to LiNiO2 and NiO
~solid line!.
1-2
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ELECTRONIC STRUCTURE AND METAL-INSULATOR . . . PHYSICAL REVIEW B65 155101
hole. The main peak in LaNiO3.00, around 528.5 eV, corre
sponds to 3d8LI →cI 3d8 (Ni31) transitions, wherecI denotes
an O 1s core hole. This absorption peak is in excellent co
cordance with that of the LiNiO2 compound, which has als
trivalent Ni31 ions.18 This peak decreases in the LaNiO2.75
compound and almost disappears in the LaNiO2.50 com-
pound. The residual intensity in the spectrum of LaNiO2.50 is
attributed to a slight oxygen excess. Following Kuiperet al.,
we estimate that the actual stoichiometry of this sample
approximately LaNiO2.57.19

The Ni ions in the LaNiO2.50 compound are in a formally
divalent Ni21 (3d8) state. The main contribution to th
ground state, in this case, is given by the 3d8 and 3d9LI
configurations. The main absorption channel in the LaNiO2.50
compound corresponds to 3d9LI →cI 3d9 (Ni21) transitions.
These transitions produce the main peak around 531.7 e
the spectrum of NiO,18 which has also divalent Ni21 ions.
The transitions in LaNiO2.50 appear at higher energies an
are masked by the stronger La 5d band region. Finally, the
Ni ions in the LaNiO2.75 compound are in a mixture of triva
lent Ni31 and divalent Ni21 states. The Ni 3d band region,
in this case, resembles approximately a linear combinatio
the parent compounds. The first peak shoulder correspon
Ni31 transitions, whereas the Ni21 transitions are again hid
den in the La 5d band region. The splitting of the Ni31

transitions in the LaNiO2.75 compound is related to the tw
nonequivalent sites; see below.

C. Comparison with La2ÀxSrxNiO4

Figure 3 compares the Ni 3d band region of LaNiO3.00,
LaNiO2.75, and LaNiO2.50 ~dots! to the spectra of La2NiO4
and La1.2Sr0.8NiO4 taken from Ref. 19~solid line!. The main
features in the La2NiO4 spectrum, which has also divalen
Ni21 ions, are rather similar to that of LaNiO2.50. The
3d9LI →cI 3d9 (Ni21) transitions in the La2NiO4 compound
are hidden by the stronger La 5d band region.19 The residual
absorption intensity around 529.5 eV in La2NiO4 was attrib-
uted to a slight oxygen excess.19 The interpretation of the
LaNiO2.50 spectrum is thus consistent with the previo
analysis of the La2NiO4 spectrum.19 The substitution of
trivalent La31 by divalent Sr21 introduces doped holes in th
mixed-valence La1.2Sr0.8NiO4 compound. The 3d8LI
→cI 3d8 (Ni31) transitions in the La1.2Sr0.8NiO4 spectrum
are rather similar to those in the LaNiO2.75 compound. The
3d9LI →cI 3d9 (Ni21) transitions in both compounds ar
again hidden by the relatively stronger La 5d band region.

D. Nonequivalent site splitting

The Ni31 transitions in the LaNiO2.75 compound are split
into a main peak at 528.5 eV and a shoulder around 53
eV. This splitting can be understood taking into account
presence of the two nonequivalent sites in this compou8

The main peak coincides with the peak in the spectrum
LaNiO3.00 and is thus ascribed to Ni31 ions in octahedral
(Oh) symmetry. On the other hand, the shoulder at hig
energies is attributed to Ni31 ions occupying square plana
(D4h) sites, as indicated in Fig. 3. This interpretation is su
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ported by the intensity ratio between the main peak a
shoulder, approximately 2:1; which is in perfect agreem
with the ratio of octahedral to square planar sites in
LaNiO2.75 compound.8 Further support to these assignmen
is given by the 1:1 intensity ratio of the residual Ni31 peaks
in LaNiO2.50, which has equally populatedOh and D4h

sites.8 The splitting of the Ni21 transitions in the LaNiO2.75

and LaNiO2.50 compounds is masked by the stronger Lad
band region.

The higher energy of the Ni31 transitions inD4h symme-
try can be related to changes in the charge-transfer energD.
The lower coordination in the square planar sites leads
smaller Madelung stabilization of the Ni31 ions. In turn, the
reduced energy of the Ni 3d level compared to the O 2p
level results in an increase in the charge-transfer energyD.
Finally, the larger value of the charge-transfer energyD
pushes up the first affinity state, giving higher-energy Ni31

transitions. The same argument could be applied to
charge-transfer energyD corresponding to the Ni21 ions oc-
cupying square planar sites. This means that the Ni21 tran-
sitions inD4h symmetry should, in principle, occur at highe
energies than inOh symmetry. This might help to explain

FIG. 3. Ni 3d region of the O 1s XAS spectra of LaNiO3.00,
LaNiO2.75, and LaNiO2.50 ~dots! compared to La1.2Sr0.8NiO4 and
La2NiO4 ~solid line!.
1-3
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M. ABBATE et al. PHYSICAL REVIEW B 65 155101
why the Ni21 transitions in both La2NiO4 and LaNiO2.50
appear at higher energies than in NiO. Unfortunately,
details of the Ni21 transitions in these compounds a
masked by the overlap with the stronger La 5d band region.

E. Metal-insulator transition

The metallic conduction in LaNiO3.00 is related to charge
fluctuations involving the lowest-lying Ni31 derived states.
But the Ni31 ions are continuously transformed into Ni21

ions as the oxygen content of the compound is decrea
Accordingly, the Ni31-derived states decrease in LaNiO2.75
and disappear almost completely in the LaNiO2.50 com-
pound. The next available states in LaNiO2.50 correspond to
the Ni21-derived states which appear at considerably hig
energies. The insulating character of LaNiO2.50 is thus attrib-
uted to the disappearance of the Ni31-derived states and th
ensuing band-gap opening. The overlap of the Ni21 transi-
tions and the La 5d band region precludes a precise det
mination of the band gap, but using the Fermi level fro
LaNiO3.00 and the tail of the La 5d band from LaNiO2.50 the
band gap should be at least 5 eV. The larger value of
band gap in LaNiO2.50 compared to NiO can be traced ba
to the larger charge-transfer energyD; see below.

The LaNiO2.75 compound represents an intermediate s
ation between the LaNiO3.00 and LaNiO2.50 compounds. The
intensity of the Ni31 transitions in this compound is consid
erable and there is no shift of the edge or peak positions
first sight, this would suggest a metallic character
LaNiO2.75 which is at variance with the observed electric
conductivity. This compound presents a relative
temperature-independent conductivity (]s/]T'0) and a
subtle metal-insulator transition around 75 K.8 This apparent
discrepancy could be reconciled assuming that
Ni31-derived states become localized in the LaNiO2.75 com-
pound. Following Sanchezet al., the localization is tenta-
tively attributed to potential disorder caused by the prese
of the oxygen vacancies.8 This interpretation is here sup
ported by the large energy difference observed between
Ni31 ions in octahedral and square planar sites. Additio
evidence comes from the relatively high sensitivity of t
electrical conductivity on the annealing conditions of t
LaNiO2.75 compound.8

F. Ni 2p XPS spectra

Figure 4 shows the Ni 2p1/2 peak region of the x-ray
photoelectron spectra of LaNiO3.00 and LaNiO2.50 ~the Ni
2p3/2 peak is not shown because it overlaps with the La 3d3/2
peak!. The spectra present a main Ni 2p1/2 peak around
876.5 eV and a relatively broad satellite about 885.5 eV. T
main peak corresponds to the so-calledwell-screenedfinal-
state configurationcI 3dn11LI , whereas the satellite corre
sponds to the so-calledpoorly screenedfinal-state configura-
tion cI 3dn ~wherecI denotes a core hole in the Ni 2p level!.
The Ni 2p1/2 XPS spectra were analyzed using the we
known configuration interaction approach. The main para
eters of the calculation are the core-hole potentialQ, the
Mott-Hubbard repulsionU, the charge-transfer energyD,
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and the transfer integral (pds) ~it is assumed that the core
hole potentialQ and the Mott-Hubbard repulsionU are
linked by the relationU'0.8Q).

Figure 4 compares the calculated~solid line! and the ex-
perimental~dots! spectra of LaNiO3.00 and LaNiO2.50. Good
agreement with the LaNiO3.00 spectrum is obtained forQ
59.0 eV, U57.0 eV, D51.0 eV , and (pds)51.8 eV.
The multiplet splitting and crystal field parameters were
to B50.14 eV,C50.53 eV, and 10Dq51.0 eV. This pa-
rameter set is in very good agreement with that of the rela
PrNiO3 compound.7 This gives a highly covalent low-spin
2E ground state with 28% 3d7, 60% 3d8LI , 10% 3d9LI 2, and
2% 3d10LI 3 ~the high-spin4T1 state appears at higher ene
gies, as in the PrNiO3 compound!.7 It is worth noting that
the occupation of the 3d8LI configuration is larger than tha
of the 3d7 configuration. The 3d8LI ground-state configura
tion appears actually at a lower energy due to multiplet
fects ~this means that the effective charge-transfer ene
De f f is negative!.20,21 Finally, the charge fluctuations in th
LaNiO3.00 compound are of strongly mixedpd-pd character,
as in the PrNiO3 case.7

Good agreement with the LaNiO2.50 spectrum is obatined
for Q510.0 eV, U58.0 eV, D56.0 eV, and (pds)
51.5 eV. The multiplet splitting and crystal field param

FIG. 4. Ni 2p1/2 X-ray photoelectron spectra of LaNiO3.00 and
LaNiO2.50 ~dots! compared to the configuration interaction calcu
tion ~solid line!.
1-4
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ELECTRONIC STRUCTURE AND METAL-INSULATOR . . . PHYSICAL REVIEW B65 155101
eters were set toB50.11 eV, C50.48 eV, and 10Dq
51.0 eV. This parameter set is in very good agreement w
that of the related La2NiO4 compound.19 The occupation of
the configurations in the rather ionic high-spin3A2 ground
state are 73% 3d8, 26% 3d9LI , and 1% 3d10LI 2 . The band
gap of LaNiO2.50 is dictated by the charge-transfer energyD
and involves mainlyp-d fluctuations. The charge-transfe
energy in the LaNiO2.50 compound,D56.0 eV, is larger
than in the NiO compound,D54.0 eV. This produces a
larger band gap and explains why the Ni21 transitions in
LaNiO2.50 appear at higher energies than in NiO. The sa
argument concerning the band gap and the Ni21 transitions
applies to the related La2NiO4 compound.19

G. Cluster-model calculations

Figure 5 shows the cluster-model calculations of the
3d region of the O 1s XAS spectra. The method of calcula
tion follows that used in the closely related PrNiO3
compound.7 The relative energy of the transitions is mos
given by the energies of the different 3dn final-state configu-
rations. The relative intensities of the transitions are mai
given by the occupations of the 3dnLI terms in the ground
state. The absolute energy and intensity of all the calc

FIG. 5. Ni 3d region of the O 1s XAS spectra of LaNiO3.00,
LaNiO2.75, and LaNiO2.50 ~dots! compared to the cluster-model ca
culation ~solid line!.
15510
h

e

i

y

a-

tions were adjusted so as to match the Ni31 transitions in
LaNiO3.00. The model parameters used in the calculat
were derived from analysis of the Ni 2p XPS spectra. The
calculation for the LaNiO3.00 compound included only
3d8LI →cI 3d8 (Ni31) transitions inOh symmetry. The result
for LaNiO3.00 is similar to that of the related PrNiO3 com-
pound and is in good agreement with the experiment.7 The
relatively high intensity of these transitions follows from th
large O character mixed in the ground state.

The calculation for the LaNiO2.50 compound included
3d9LI →cI 3d9 (Ni21) transitions inOh and D4h symmetry.
TheOh part represents the Ni21 ions in octahedral symmetry
and theD4h part the Ni21 ions in square planar symmetry
The model parameters used in the calculation were der
from the analysis of the Ni 2p XPS spectra. To simulate th
D4h environment, the hybridization with the Ni 3dz2 orbital
was switched off and the change of the Madelung ene
DM was set to 1.0 eV; see below. The calculation
LaNiO2.50 presents theOh andD4h transitions hidden in the
La 5d region of the spectrum. The energy shift between
Oh and D4h transitions is given by the differences in th
hybridization and the Madelung energy. The smaller inte
sity of theD4h transition is due to the reduced hybridizatio
in the ground state.

The calculation for the LaNiO2.75 compound included
Ni31 and Ni21 transitions inOh and D4h symmetry. The
parameters for the Ni31 calculation were taken from
LaNiO3.00 and those for the Ni21 calculation from
LaNiO2.50. To simulate theD4h environment, the hybridiza-
tion with the Ni 3dz2 orbital was switched off for both Ni31

and Ni21 transitions. In addition, the change of the Mad
lung energyDM was set to 1.5 eV for the Ni31 transitions
and 1.0 eV for the Ni21 transitions~the value ofDM for the
Ni31 transitions produces the right energy separation
tween theOh andD4h peaks; the value ofDM for the Ni21

transitions was scaled down according to the correspond
ionic charge!. The calculation for LaNiO2.75 reproduces rea-
sonably well all the Ni31 transitions in the experimenta
spectrum. The main peak at 528.5 eV corresponds to N31

transitions inOh symmetry, whereas the shoulder arou
530.0 eV corresponds to Ni31 transitions inD4h symmetry.
Unfortunately, as in the LaNiO2.50 compound, the Ni21 tran-
sitions inOh andD4h are completely masked by the strong
La 5d band region.

IV. SUMMARY AND CONCLUSIONS

In summary, we studied the changes in the electro
structure of LaNiO32d across the metal-insulator transitio
The technique used in the study was mainly O 1s x-ray
absorption spectroscopy. The experimental spectrum
LaNiO3.00 was analyzed in terms of a cluster-model calcu
tion. The spectrum of LaNiO3.00 presents a sharp peak
threshold which corresponds to 3d8LI →cI 3d9 transitions.
Analysis of this peak indicates that the charge carriers
LaNiO3.00 contain considerable oxygen character. The int
sity of this peak decreases in the spectrum of LaNiO2.75 and
disappears almost completely for LaNiO2.50. This suggests
1-5
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that the metal-insulator transition is related to the disapp
ance of the charge carriers and the ensuing band-gap o
ing. The peak in the LaNiO2.75 compound is split due to the
presence of two nonequivalent crystallographic sites. T
metal-insulator transition in this compound is tentatively
tributed to potential disorder between these two sites.
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