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We report x-ray absorption spectra at the oxygen K edge for LaNiz M Os (M = Mn, Fe and
Co ) for values of z spanning the entire composition range which exhibit metal-insulator transitions
at critical values of x. This study clearly shows that the metal-insulator transition in the homovalent
substituted series is achieved by transferring hole states from near Ez to an energy position above
E~ due to the potential of the substituent. This is in strong contrast to hole doping, e.g. , as in
La& Sr Mn03 where states are formed within the band gap of the underlying electronic structure.
The sensitivity of the 0 K-edge spectra to substitution con6rms the large oxygen 2p admixture to
states at the Fermi level due to a substantial hopping interaction strength between the transition-
metal 3d and oxygen 2p derived states in these perovskite oxides. The present results suggest that
the electronic structures of these perovskite oxides are dominated by local interactions.

INTRODUCTION

The metal-insulator transition in transition-metal ox-
ides has been one of the most challenging, unresolved
questions in solid-state physics. In recent times there
has been renewed interest in this area both theoreti-
cally and experimentally, following the discovery of high-
T, cuprate superconductors, 2 which helped to focus on
many unanswered questions. In this class of compounds,
the insulator-metal transition is brought about by doping
charge carriers (electrons or holes) in a parent insulating
oxide by substituting one component in the oxide with
another component having a difFerent formal oxidation
state. This class of compounds has been extensively stud-
ied by various techniques in general, and by high-energy
spectroscopies in particular, over the last few years.
These studies have clearly demonstrated that such chem-
ically heteroealent substitution of La + with Sr + leads to
the formation of hole states with substantial 0 2p char-
acter near E~, causing the insulator-metal transition.
In particular, x-ray-absorption spectroscopy (XAS) and
electron energy loss spectroscopy at the oxygen K edge,
probing the unoccupied density of states, have shown
the systematic growth of doped hole states on heterova-

lent substitutions in the nickelates and cuprates. Prom
these studies it is now well established that the lowest en-
ergy charge excitation in the parent insulating oxides of
the late transition metals is of the charge-transfer type.
However, there is another class of compounds exhibiting
substitutionally driven metal-insulator (MI) transitions
due to homovalent substitutions without involving any
electron or hole doping. While there is a considerable
amount of results available on the electronic structure of
hole doped systems, there is hardly any study of the elec-
tronic structure of compounds undergoing MI transitions
driven by such homovalent substitutions. In view of this,
it was thought to be desirable that a comparative study
of the two diH'erent classes of compounds be carried out
in order to understand the nature of these two kinds of
MI transitions, using high-energy spectroscopies. For our
purpose, the MI transitions known in the LaMO3 se-
ries (M = 3d transition metals) of compounds appear to
be the most suitable for carrying out such a systematic
study. The entire series with M = Ti—Ni in the 3+ oxida-
tion state form in the three-dimensional perovskite struc-
ture with very similar lattice parameters. In these oxides,
it is known that LaNiOs is a metal, while LaMOs (M =
Mn, Fe, and Co) are semiconducting. More interestingly,
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LaNiq I Os exhibit MI transitions as a function of
the homovalent substitution of Ni + with M + at about
x = 0.1, 0.2, and 0.65 for M = Mn, Fe, and Co, respec-
tively. On the other hand, semiconducting LaMn03 can
be driven to a metallic state by the heterovalent substi-
tution of La + by Sr +, thereby effectively doping holes
into the system. '

We have investigated the electronic structure of these
two systems across the metal-insulator transitions using
soft x-ray-absorption spectroscopy at the oxygen K edge.
There is a recent report of the 0 K-edge x-ray-absorption
spectra of the heterovalent substituted La~ Sr Mn03
(Ref. 7); our results for this system are very similar to
those presented in Ref. 7. However, the main results
in the present work are on the three series of homova-
lent substituted compounds LaNiq M 03, for which
there has been no microscopic investigation of the elec-
tronic structure. Our results, besides providing informa-
tion on the electronic structure, clearly demonstrate the
distinctly different behavior of the underlying electronic
structure in these two different classes of MI transitions.

EXPERIMENT

The compounds LaNiq Mn Os (z = 0.0, 0.05, 0.1,
and 0.2), LaNiq Fe Os (z = 0.1, 0.2, 0.3, 0.5, 0.7,
and 1.0) and LaNiq Co Os (z = 0.2, 0.5, 0.6, 0.7, 0.8
and 1.0) were prepared by dissolving required propor-
tions of dried La20s, NiC204 2H20, MnCq04 2H20,
FeC204 2H20, and CoC204 2H20 in concentrated ni-

tric acid. The mixture was decomposed at about 400'C
and subsequently heated at 800'C with frequent regrind-
ing. The compounds Laq Sr MnOs (z = 0.0, 0.1, 0.2,
0.3, and 0.4) were prepared in an identical manner us-

ing dried La20s, MnC204 2H20, and SrCOs in the re-
quired proportions. The phase purity of each compound
was verified using x-ray diffraction. Potentiometric titra-
tions were carried out to determine the oxygen content
of the compounds. In the 6rst series, the compositions
were found to be LaNiq Mn 02 9q~o oq for all values of
z studied here. For the series LaNiq Co Os 4, b was
found to vary smoothly from 0.1 to 0.0 with changing
z; in particular, there was no perceptible change in b'

across the compositions showing the MI transition. On
the other hand, in LaNiq Fe Os s, h was found to be
0.1, 0.09, 0.07, 0.03 and 0.0 for x = 0.0, 0.1, 0.2, 0.3,
and x & 0.5, respectively. MI transitions in all the sys-
tems were ascertained by resistivity measurements. The
soft x-ray-absorption spectra at the oxygen K edge were
recorded on sintered pellets in the bulk sensitive Huores-
cence yield mode at the HE-PGM2 beamline of BESSY,
Berlin. The overall resolution at the 0 X edge was about
0.4 eV. The Fermi edge in each series was determined by
inspection of the leading low-energy edge in the spec-
trum of the most conducting metallic sample. The sam-
ples were scraped in situ with an alumina 61e in order
to remove the top few contaminated layers. The base
pressure in the spectrometer chamber was better than
5 x 10 mbar.

RESULTS AND DISCUSSION

In Fig. 1(a) we show the oxygen K-edge spec-
tra recorded in the Huorescence yield mode for
Laq Sr Mn03 with different values of z. These spectra
are similar to those from the same compounds recorded
in the total electron yield mode. For La~ Sr Mn03 we
Gnd the most intense peak at about 7.8 eV above E~, at-
tributed to oxygen p states covalently mixed with the La
5d and Sr 4d states, similar to the case of Laq Sr CoO~
(Ref. 8). In Fig. 1(a), we also find a peak at about 2.4 eV
above EJ; in the LaMn03 spectrum; this peak shows an
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FIG. 1. (a} The 0 K-edge XAS of Laq Sr MnOs, z =
0.0, 0.1, 0.2, 0.3, and 0.4. (b) The difFerence spectra of
Laq Sr MnOq, x = 0.1, 0.2, 0.3, and 0.4 showing the forma-
tion of new hole states.
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important tailing towards E~. This peak at 2.4 eV is at-
tributed to the spectral signature of the upper Hubbard
band derived &om the mixing of the Mn 3d states with
oxygen 2p states; this covalent mixing must be substan-
tial in order to explain the large intensity of this feature in
the 0 K-edge XA spectrum. This is consistent with the
interpretation of the ground state of LaMn03 being an
admixture of 50% d, 41% d L, and 9% d L characters,
where L represents a ligand hole state. When the band
gap is estimated by the midpoint of the rising edge of the
upper Hubbard band, we obtain a band gap larger than 1
eV. This value is considerably larger than the resistivity
band gap ' of about 0.25 eV. Such discrepancies between
the high-energy spectroscopies and resistivity measure-
ments are not uncommon; this primarily arises from the
presence of impurity states that are normally too weak
to be detected in the spectroscopic measurements but ef-

fectively reduce the transport band gap. Specifically, the
composition of the as-prepared sample has been found
to be close to LaMn03 ~3, indicating the presence of ex-
tensive hole states due to excess oxygen. This is certainly
a cause for the tailing of the spectral feature at 2.4 eV to-
wards EJ; in LaMn03. In this situation, the Fermi level
will be pinned by these doped hole states. Thus the band
gap will be determined by the onset of the occupied va-
lence band states. The gap between E~ and the onset of
the occupied bands has been found to be about 0.3 eV
in LaMnOs (Ref. 9) in good agreement with resistivity
data.

The changes in the spectral features on introducing Sr
are most easily seen in the difference spectra [Fig. 1(b)]
obtained by subtracting out the spectrum of LaMn03
from those of Laq Sr Mn03 with x & 0.0. While
there is no signi6cant change in the spectral features for
x = 0.1, we see a systematic emergence of the doped
hole states for x & 0.2 near EF [Fig. 1(b)]. Thus, we
find that the most significant change in the spectral fea-
tures on substituting Sr + in place of La + is to introduce
hole states with substantial oxygen p character, while
leaving the underlying electronic structure relatively un-
a8'ected. This is in agreement with most other reports
on the spectral changes obtained on doping holes by het-
erovalent substitutions in transition-metal oxides ' and
is due to the substantial mixed-valent character of the
ground state of LaMn03.

The erst series of homovalent substitution compounds
that we discuss here is LaNi~ Mn 03. It is interesting
to note that this series can be thought of as LaMn03
with Ni + doping at Mn + sites, instead of Sr + dop-
ing at La + sites as in the heterovalent substituted se-
ries, Laq Sr Mn03. Thus, these two diKering ways of
driving insulator-metal transitions is based on the same
parent insulating end member. We show the 0 K-edge
spectra for x = 0.0, 0.05, 0.1, and 0.2 in LaNiq Mn 03
[Fig. 2(a)]. The spectrum of LaNiOs exhibits a broad
peak at about 8.0 eV above E~ due to the 0 p—La 5d
hybridized states in good correspondence with the simi-
lar peak in Fig. 1(a) for Lai ~Sr MnOs. The spectral
feature at about 1.2 eV above E~ corresponding to tran-
sitions into the empty band states in this case, however,
is much closer to E~ compared to that in LaMn03, with
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FIG. 2. (a) The 0 K-edge XAS of LaNiz Mn 03j x
0.0, 0.05, 0.1, and 0.2. The arrovr indicates the position of the
prepeak in the LaMnOs spectrum. (b) The difference spec-
tra. of LaNi& Mn 03 obtained by subtracting the LaNi03
spectrum.

substantial intensity at E~ in accordance with the metal-
lic ground state of this compound. Noting the low-spin
tz e configuration of Ni + in LaNi03, it is evident that
this spectral feature with a peak at 1.2-eV is primarily
due to e~~ and e~~ antibonding bands. The considerable
intensity of this 1.2 eV feature is also an indication of ex-
tensive covalent mixing between Ni 3d and 0 2p states.
This is once again consistent with the analysis of Ni 2p
core-level spectrum in LaNiOs (Ref. 10) indicating a
ground state having 37.6% d, 50.1% d L, and 11.8%
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d L contributions.
On substituting Ni + with Mn +, we 6nd a system-

atic decrease in the spectral intensity at and near E~
and the emergence of a new spectral feature at about 2.2
eV above E~ with increasing x. These changes are best
illustrated in the difference spectra [Fig. 2(b)] between
LaNiq Mn 03 with x & 0.0 and LaNi03, in an analo-
gous way to that of Fig. 1(b). While the sample with
x = 0.05 shows very little change in the spectral features,
the difference spectra corresponding to z = 0.1 and 0.2
clearly exhibit the removal of empty states &om E~ by
the presence of a negative dip and the emergence of new
empty states by a positive peak in Fig. 2(b). Both the
dip and the peak are more pronounced for the z = 0.2
compared to the x = 0.1 sample. The peak position in
the difference spectra appear at about 2.5 eV above E~.
Comparing this peak energy with that corresponding to
the upper Hubbard band in LaMn03 appearing at 2.4
eV above E~ (see Fig. 1), it is apparent that there is
good agreement between the two values. Moreover, it
is to be noted that the integrated areas under the peak
and the dip in the difference spectra of Fig. 2(b) are
approximately equal in each case. Thus it appears that
the substitution of Mn + for Ni + leads to a redistribu-
tion of the empty states in sharp contrast to the case of
Laq Sr Mn03 discussed earlier, where new hole states
were introduced on substitution. The energy positions
of the difference spectral features suggest that the po-
tential at the Mns+ sites effectively removes states from
close to E~, to a new energy position considerably above
Ey and in agreement with that found in LaMn03. Thus
the potential mismatch between the Mn + and Ni + sites
results in the redistribution of spectral weights across
the Fermi level and is responsible for the metal-insulator
transition in LaNi~ Mn 03.

The above interpretation is substantiated further by
the changes in the spectral features in the 0 K-edge
XAS of the two other homovalent substituted series
LaNiq Fe Os and LaNiq Co Os. Figure 3(a) clearly
shows a systematic decrease in the spectral intensity at
and near Ey with the concomitant emergence of a two
peak structure at about 2.2-eV and 3.8 eV above E~
for the series LaNiq Fe 03. These two spectral fea-
tures correspond very well with the characteristic two
peak structure in LaFeOs [Fig. 3(a)]. The high-spin 3ds

(tz &e t) configuration of Fe + in LaFeOs suggests that
the unoccupied Fe 3d spectral density will have primarily
t2g~ and e~~ characters. ' Thus, we attribute the 2.2-
eV feature to transitions into the Fe t2g~ and the 3.8-eV
feature to egg bands, the energy difference between the
two being governed by the bare crystal-6eld splitting and
hybridization shifts. These results are in very good agree-
ment with results obtained from bremsstrahlung isochro-
mat spectroscopy. It has also been shown there that the
ground state of LaFeOs has 47.5'%%uo ds, 43.3'%%uo dsl, and
8.7%%uo d L characters The differen. ce spectra for the se-
ries LaNiq Fe 03 with x = 0.2, 0.3, 0.5, and 0.7 across
the metal-insulator transition are shown in Fig. 3(b).
These spectra, once again, illustrate the progressive re-
moval of empty states &om close to E~ to an energy
region dictated by the electronic structure of LaFe03,

with increasing Fes+ substitution for Ni +. The same
trend is also exhibited by Co + substitution for Ni + in
the series LaNiq Co 03 as shown in Fig. 4. In Fig.
4(a) we plot the 0 K-edge XA spectra of LaNiq Co Os
for x = 0.2, 0.5, 0.6, 0.7, 0.8, and 1.0. On increasing
the Co content x, the spectra show a broadening on the
higher-energy side of the prepeak observed in LaNi03
[Fig. 2(a)]. In the spectrum for the x = 1.0 composition,
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earlier. To see the effects of the homovalent substitu-
tions near E~ more clearly, we show the difference spec-
tra in Fig. 4(b) for z = 0.5, 0.6, 0.7, and 0.8, across the
metal-semiconductor transition at x = 0.65. The differ-
ence spectra show a systematic growth of empty states
centered at about 2.8 eV above E~, with an accompany-
ing decrease in intensity at and near Ep, for increasing
Co content. This behavior is very analogous to that ob-
served in LaNi~ Mn 03 and LaNiq Fe 03, giving rise
to a dip and peak of nearly equal area in the difference
curves [Figs. 2(b), 3(b), and 4(b)j.

Thus, we 6nd that the spectral changes on substi-
tution of Ni by Fe or Co are similar to the case of
LaNiz Mn 03, establishing the general validity of the
above description, wherein the potential mismatch be-
tween the substituents and Ni is suggested to induce a
transfer of spectral weight driving the metal-insulator
transition in these systems. The spectra in Figs. 2, 3, and
4 clearly show that the spectral features related to the
Ni06 octahedra do not exhibit any perceivable change
with substitution, suggesting that it is dominated by lo-
cal interactions and there is no substantial change in the
ground-state character. This is in agreement with Ni
2p core level spectra that do not show any pronounced
change in any of these compounds. It would be inter-
esting to study the valence band photoemission spectra
of these compounds to investigate the existence of similar
changes in the spectral features of the occupied density
of states.

In conclusion, we have reported the bulk sensitive Qu-

orescence yield spectra as a function of photon energy
across the oxygen K edge in three homovalent substi-
tuted series, LaNiq Mn Os (z = 0.0, 0.05, 0.1, and
0.2), LaNiq Fe Os (z = 0.1, 0.2, 0.3, 0.5, 0.7, and 1.0),
and LaNiq Co Os (z = 0.2, 0.5, 0.6, 0.7, 0.8, and 1.0)
and the heterovalent substituted system La& Sr Mn03.
While the La& Sr Mn03 series clearly shows the ex-
pected introduction of new hole states with increasing z
leading to the insulator-metal transition, the homovalent
substituted series LaNiq M Os (M = Mn, Fe, and Co)
exhibit a contrasting behavior of redistribution of spec-
tral weights. This redistribution is essentially in terms of
removal of states &om near E~ to considerably above EF
and is governed by the potential mismatch between the
substituent metal ion, Ms+ (M = Mn, Fe, and Co) and
Ni + in these compounds, leading to the MI transitions.

FIG. 4. (a) The 0 K-edge XAS of LaNiq Co Os, z =
0.2, 0.5, 0.6, 0.7, 0.8, and 1.0. (b} The difference spectra of
LaNiq ~co~03. ACKNOWLEDGMENTS
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