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Disorder Effects in Electronic Structure of Substituted Transition Metal Compounds
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Investigating LaNi12xMxO3 (M ­ Mn and Fe), we identify a characteristic evolution of the spectral
function with increasing disorder in the presence of strong interaction effects across the metal-insulator
transition. We discuss these resultsvis-à-visexisting theories of electronic structure in the simultaneous
presence of disorder and interaction. [S0031-9007(98)05947-X]

PACS numbers: 71.30.+h, 71.27.+a, 71.28.+d, 79.60.Ht
nic
of
of

ture
].
d

y,
ile

his
del
n
in

ious
rd-

r

on-
on
so
er,
of-
u-
the
or
btle
g
x-

re
s-
he
y,
The last few years have seen a spectacular resurgenc
interest in investigating the phenomena of metal-insulat
transitions (MIT) in substituted transition metal oxides
(TMO). MIT which are driven by electron interaction ef-
fects as in the Mott-Hubbard picture [1,2], or by disorde
effects causing an Anderson transition [3], have led to di
tinctly different paradigms. However, experimental real
izations of MIT in substituted TMO’s show signatures o
both these effects. A few theoretical attempts [4–8] hav
been made to study the electronic structure in the simu
taneous presence of interaction and disorder. Howev
these do not provide a unifying description of the groun
state electronic structure and the MIT. Briefly summa
rizing, Altshuler-Aronov (AA) theory for disordered met-
als [4] predicts a characteristicjE 2 EF j1y2 cusp atEF

progressively depleting the density of states (DOS) at th
Fermi energy,NsEFd, on approaching the MIT boundary
from the metallic side. On the other hand, a disorder drive
insulator would open up a soft Coulomb gap [5] characte
ized by asE 2 EFd2 dependence of DOS nearEF in the
presence of long range interactions. The AA theory, re
stricting itself to a narrow energy scale within the metal
lic state, or the Coulomb gap insulating phase, does n
provide a description for either the evolution of the elec
tronic structure across the transition, or the electron
structure over a larger energy scale (,U or W ). Treating
diagonal disorders in a Hubbard-like model within the dy
namical mean-field theory [9], it has been predicted [7,10
that the electronic structure of a substituted TMO resem
bles an additive average of the electronic structures of t
two stoichiometric end members on a wide energy scal
While this is the only prediction available for the evolu-
tion of electronic structures over a wide energy scale fo
disordered substituted TMO, it suggests the formation o
a narrow resonance peakat EF within the metallic phase
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in contrast to the AA theory. Additionally, while these
conflicting scenarios relate only to ground state electro
structures, experimentally various interesting crossovers
transport properties are often observed as a function
temperature, suggesting changes in the electronic struc
over a low-energy scale with changing temperature [11

In most cases of substituted TMO, the MIT is achieve
by altering the composition via substitution chemistr
thereby tuning the charge carrier density by doping. Wh
this way of doping charge carriersinvariably introduces
disorder in the system, this aspect is often ignored. T
has led to the widespread use of a homogeneous mo
like the Hubbard model which includes only interactio
effects to describe the evolution of electronic structures
these systems. However, in many cases there are obv
experimental signatures not understood within Hubba
like models; for example, at very low temperatures, La22x-
SrxCuO4 with x ­ 0.02 shows Coulomb gap behavio
which changes to variable range hopping forx ­ 0.05
[12]. The need to dope macroscopic charge carrier c
centrations (often up to 0.2 or even more per transiti
metal site) to drive the insulator-to-metal transition is al
beyond the scope of any homogeneous model. Howev
disorder induced changes in the electronic structure are
ten difficult to probe in the presence of chemical substit
tions, since such substitutions result in large changes in
electronic structure due to the doping of new (electron
hole) states; these tend to dominate over every other su
change in the electronic structure. Additionally, dopin
induced structural transitions can make it impossible to e
tricate the effects of disordervis-à-viscorrelations.

In order to study the evolution of the electronic structu
of a correlated system exhibiting a MIT due to static di
order, but in absence of (i) charge carrier alteration in t
form of doped states, as well as (ii) a structural instabilit
© 1998 The American Physical Society
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we have carried out a detailed spectroscopic investigat
of the isostructural series, LaNi12xMxO3 (M ­ Mn, Fe,
or Co). While LaNiO3 is a correlated metallic oxide [13],
LaMO3 with M ­ Mn, Fe, and Co are insulating, and th
solid solutions LaNi12xMxO3 exhibit [14] MIT with in-
creasingx. In early work, this transition was discusse
essentially in terms of percolation models, since the e
members of the solid solution have differing ground sta
electronic properties. However, percolation theory cann
obviously account for very different values of the criti
cal concentration,xc with changingM: xcsMnd ø 0.1,
xcsFed ø 0.2, andxcsCod ø 0.65 for the same structure,
with lattice parameters remaining more or less unaltere
Moreover, this is a case of homovalent substitution (Ni31

by M31) as against heterovalent substitution (e.g., La31

by Sr21, which dopes hole states). This makes the sy
tem ideally suited for investigating possible manifestatio
of disorder effects within the strongly interacting trans
tion metal-oxide system. We show that indeed there is
pronounced cusp in the DOS at low-energy scales (with
200 meV of EF) in contrast to the resonance expecte
within the Hubbard-like model. Interestingly, howeve
changes in the electronic structure over a wider ener
scale are in agreement with this model, suggesting that
existing theories are only partially successful in descri
ing the evolution of the electronic structure with changin
disorder in such strongly correlated systems. Additio
ally, spectral functions exhibit changes that correlate w
the crossover of the transport behavior as a function
temperature.

The sample preparation and characterization have b
described earlier [15]. Photoemission experiments we
carried out at SX-700-II and 3M-NIM-I beam lines o
BESSY using a high-resolution VG ESCALAB system
with a resolution of about 100 meV. Bremsstrahlung is
chromat spectra (BIS) were recorded in a VSW spectrom
ter with a resolution of about 0.7 eV. The samples we
maintained at 100 K to avoid surface degradation a
intermittently scrapedin situ to obtain a clean surface.
Point-contact conductance spectra were obtained at 4.2
using electrochemically etched gold tips.

We show BIS of LaNi12xMnxO3 in Fig. 1 which is
dominated by transition metal3d states over the first 3 eV
with minimal overlap from other states. LaNiO3 spectrum
clearly shows a large intensity, while LaMnO3 exhibits
negligible intensity atEF, consistent with the metallic
and insulating properties, respectively. It turns out th
the spectra of the intermediate compositions can be w
described by a weighted average of the spectra of the e
members (LaNiO3 and LaMnO3), as shown by solid lines
superimposed on the experimental data. This remarka
agreement over a wide energy scale is consistent w
the dynamical mean-field result of a Hubbard-like mod
with diagonal disorder [7,10]. While similar conclusion
can also be drawn on the basis of oxygenK-edge x-ray
absorption spectra of all the three series, LaNi12xMxO3

(with M ­ Mn, Fe, or Co) [15], these observations cann
ion
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FIG. 1. BIS of LaNi12xMnxO3 (open circles). The synthe-
sized spectra (solid lines) for intermediate compositions ar
generated by weighted average of the spectra of the end me
bers, LaNiO3 and LaMnO3; the relative weight of the LaMnO3
component in the synthesized spectra is shown as a function
x by the open circles in the inset, exhibiting a linear depen
dence as expected.

explain the occurrence of the MIT in the ground state
across a finite value ofx.

For the near-ground state low-energy scale electron
structure of these systems, we have obtained point-conta
conductance spectra of the series LaNi12xMnxO3 at 4.2 K
(Fig. 2). Since the point-contact tunneling conductance

FIG. 2. Point-contact tunneling conductance of LaNi12x-
MnxO3. Inset I shows the conductance as a function of

p
V .

The solid lines are guides to the eye. Inset II shows th
comparison of tunneling conductance forx ­ 0.2 sample at
4.2 and 10 K, exhibiting a vanishing of the hard gap and a
increase in the zero bias conductance.
4005
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to a first order, is given by the DOS at low temperature
and small bias voltages [16], these spectra provide a rep
sentation of the changes in the DOS with high resolutio
The conductance of the metallic systems withx # 0.1 as
a function of the applied voltageV clearly shows the typi-
cal cusp atEF for a disordered system. A linear plot
of the conductance vsV 1y2 (inset I of Fig. 2) establishes
the characteristic square-root dependence. Moreover, i
known that a cusped DOS atEF leads to aT 1y2 depen-
dence of the conductivity at low temperatures [6]. Suc
a T1y2 dependence has indeed been observed [17] in the
samples. This is in sharp contrast to the predictions bas
on the dynamical mean-field theory of the Hubbard-lik
model which predicts the formation of an increasingly na
row Kondo-like peak atEF. These results on the spectra
evolution with increasing disorder are directly relevan
not only for the resistivity, but also for other physica
properties such as specific heat, which depend on t
DOS atEF . Thus, while the dynamical mean-field theory
appears to describe the large-energy scale behavior reas
ably well, it fails to depict the actual changes in the low
energy scale nearEF . For the semiconducting composition
sx ­ 0.2d, the conductance islinear in V and shows the
signature of a hard gapsø20 meVd at EF . Qualitatively
similar tunneling spectra have also been obtained [18] f
LaNi12xCoxO3. However, the transport measurements
higher temperatures for the insulating composition [17] d
not reveal an activated behavior characteristic of a ha
gap. Instead, variable range hopping is observed ev
at 10 K suggesting the existence of finite localized DO
at EF . Interestingly, tunneling conductance measured
10 K for x ­ 0.2 sample exhibits a wiping out of the hard
gap with a significant increase in the zero bias conductan
as shown in inset II of Fig. 2.

In order to probe the nature of single particle spectr
weights in the vicinity ofEF at finite temperatures, we
have studied the photoemission spectra of LaNi12xMnxO3

and LaNi12xFexO3 series at 100 K, withhn ­ 55 eV
shown in Fig. 3 over a narrow energy scale. The spec
of LaMnO3 [19] and LaFeO3 [20], being wide band gap
(ø1.3 and 2.0 eV, respectively) materials, have no appr
ciable weight over the narrow energy range nearEF , and
the spectral function at the intermediate compositions
dominated by the LaNiO3 component of the solid solu-
tion. The results show that there is a systematic depleti
of spectral weight withinø200 meV ofEF with increasing
Mn and Fe concentrations as is clearly evident in the i
sets. The spectral function modifications in the two serie
are very similar, indicating that the nature of changes in th
spectral functions arises only from the disorder caused
the substitution, and follows the same qualitative beha
ior. In order to quantify the changes in the spectral func
tion nearEF , we have first analyzed the LaNiO3 spectrum
in terms of a polynomial DOS varying smoothly acros
EF , broadened by the resolution function and temper
ture (Fermi-Dirac statistics). The resulting fit is shown b
solid lines through the data points in Fig. 3. Subsequent
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FIG. 3. Photoemission spectra of LaNi12xMxO3 [(a) M ­
Mn and (b) M ­ Fe] with hn ­ 55 eV. Spectra are super-
posed in inset I to illustrate the systematic depletion of stat
close to EF with increasingx. The full lines show a fit to
simulate the depletion in the DOS with the corresponding DO
shown in inset II. The dashed lines are the best fits to the spe
tra assuming the DOS to be linear nearEF with a hard gap of
20 meV.

we simulate the spectra of the metallic compositions wi
x . 0.0 by a DOS that is identical to that obtained from
LaNiO3 farther away fromEF as suggested by the inset
but with ajE 2 EF j1y2 cusp nearEF prompted by the de-
pletion of spectral weights nearEF in the photoemission
spectra and the results in Fig. 2. We find that the sim
lated spectra (solid lines) describe the experimental resu
well. However, our attempt to describe the spectra of th
insulating compositions in terms of a linear DOS nearEF

with a hard gap as suggested by the conductance spe
(Fig. 2) was not successful, as shown by dashed lines
Fig. 3. Clearly there is a lot more intensity atEF in the
experimental curve to be compatible with a gap even aft
taking into account the resolution and thermal broadening
suggesting a finite density of states atEF at elevated tem-
peratures for the compositions with an insulating groun
state (for Mn,x ­ 0.2, and for Fe,x ­ 0.3 and 0.4). Thus,
we attempt to describe the spectral features for these co
positions with a DOS identical to LaNiO3 in the wider
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energy scale with ajE 2 EF jm dependence close toEF

in order to represent the pronounced depletion of stat
there. We find thatm ­ 1

2 provides a good description
also for insulating compositions as shown by the solid line
in the figures. We show the extracted DOS for all the cas
without the resolution and thermal broadening in insets
in Figs. 3(a) and 3(b). These plots clearly show the fo
mation of the cusp for the substituted compositions wit
a progressive depletion of states nearEF. At finite tem-
peratures, the insulating compositions appear to be ch
acterized by a deeper cusp existing over a wider ener
scale. In every case, the extracted DOS farther away fro
EF is very similar to that of LaNiO3.

To summarize the present resultsvis-à-visexisting theo-
ries, we find that the ground state electronic structu
within the metallic phase in the substituted compound
over a narrow energy scale is in agreement with AA theo
[4] with a characteristic cusp atEF. This is in contrast with
the formation of a sharp resonance peak atEF expected on
the basis of Hubbard-like models [7,10]; we further poin
out that the expected resonance peak is absent even in
parent stoichiometric LaNiO3. On the other hand, the for-
mation of a hard gap in the ground state on the insulatin
side of the MIT is not consistent with the soft Coulomb ga
predicted for disordered insulating systems in the presen
of long range interactions and may indicate the dominan
of on-site interactions as in the Hubbard model. It is inte
esting to note that the spectral evolution over a wide ener
scale (ignoring the subtle changes close toEF) is consis-
tent with the prediction of the Hubbard-like model with
diagonal disorder. In any case, it is clear that none of th
existing theories is sufficient to describe entirely the evolu
tion of the ground state electronic structure across the M
in substituted TMO. The present results provide eviden
of a strong influence of disorder on the electronic structu
of substituted TMO. It also explains the systematic chang
in the valuesxcd of critical substitution required for driving
the MIT in this family of compounds, LaNi12xMxO3 (with
M ­ Mn, Fe, or Co). As the substitutional elementM is
farther away from Ni in the Periodic Table, the strengt
of the disorder as measured by the difference of the ba
energies at the Ni and theM sites increases, requiring less
number of disordered sites to drive the transition and lea
ing to the decreasing trend ofxc as observed. Addition-
ally, the present results provide evidence of a wiping out
the ground state hard gap of the insulating compositions
elevated temperatures. It is a challenging theoretical ta
to provide a microscopic basis for such interesting dynam
ics of the gap with temperature. Even more fundament
is the question of the ground state metal-insulator tran
tion in substitutional transition metal compounds with clea
evidence for a simultaneous presence of strong interact
and disorder effects, since it is clear that no existing theo
is able to explain all the experimentally observed chang
in the electronic structure across the transition. Our r
sults emphasize the need to include the on-site Coulom
interaction as in the Hubbard model within a theory o
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disorder like Altshuler-Aronov theory which captures th
low-energy features of disorder effects. While such a th
ory has not been attempted so far, we believe that t
present results will motivate efforts in this direction.
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