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Disorder Effects in Electronic Structure of Substituted Transition Metal Compounds
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Investigating LaNj—,M,O; (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 resulis-a-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

The last few years have seen a spectacular resurgenceinfcontrast to the AA theory. Additionally, while these
interest in investigating the phenomena of metal-insulatoconflicting scenarios relate only to ground state electronic
transitions (MIT) in substituted transition metal oxides structures, experimentally various interesting crossovers of
(TMO). MIT which are driven by electron interaction ef- transport properties are often observed as a function of
fects as in the Mott-Hubbard picture [1,2], or by disordertemperature, suggesting changes in the electronic structure
effects causing an Anderson transition [3], have led to disever a low-energy scale with changing temperature [11].
tinctly different paradigms. However, experimental real- In most cases of substituted TMO, the MIT is achieved
izations of MIT in substituted TMOQO’s show signatures of by altering the composition via substitution chemistry,
both these effects. A few theoretical attempts [4—8] havehereby tuning the charge carrier density by doping. While
been made to study the electronic structure in the simulthis way of doping charge carriersvariably introduces
taneous presence of interaction and disorder. Howevedisorder in the system, this aspect is often ignored. This
these do not provide a unifying description of the groundhas led to the widespread use of a homogeneous model
state electronic structure and the MIT. Briefly summa-like the Hubbard model which includes only interaction
rizing, Altshuler-Aronov (AA) theory for disordered met- effects to describe the evolution of electronic structures in
als [4] predicts a characteristi€ — Ez|'/2 cusp atEy  these systems. However, in many cases there are obvious
progressively depleting the density of states (DOS) at thexperimental signatures not understood within Hubbard-
Fermi energyN(EFr), on approaching the MIT boundary like models; for example, at very low temperatures,La
from the metallic side. On the other hand, a disorder driversr, CuQ; with x = 0.02 shows Coulomb gap behavior
insulator would open up a soft Coulomb gap [5] characterwhich changes to variable range hopping for= 0.05
ized by a(E — Er)? dependence of DOS ne#l in the [12]. The need to dope macroscopic charge carrier con-
presence of long range interactions. The AA theory, recentrations (often up to 0.2 or even more per transition
stricting itself to a narrow energy scale within the metal-metal site) to drive the insulator-to-metal transition is also
lic state, or the Coulomb gap insulating phase, does ndieyond the scope of any homogeneous model. However,
provide a description for either the evolution of the elec-disorder induced changes in the electronic structure are of-
tronic structure across the transition, or the electroniden difficult to probe in the presence of chemical substitu-
structure over a larger energy scatel{ or W). Treating tions, since such substitutions result in large changes in the
diagonal disorders in a Hubbard-like model within the dy-electronic structure due to the doping of new (electron or
namical mean-field theory [9], it has been predicted [7,10hole) states; these tend to dominate over every other subtle
that the electronic structure of a substituted TMO resemehange in the electronic structure. Additionally, doping
bles an additive average of the electronic structures of themduced structural transitions can make it impossible to ex-
two stoichiometric end members on a wide energy scaldricate the effects of disordeis-a-viscorrelations.

While this is the only prediction available for the evolu- In order to study the evolution of the electronic structure
tion of electronic structures over a wide energy scale foof a correlated system exhibiting a MIT due to static dis-
disordered substituted TMO, it suggests the formation obrder, but in absence of (i) charge carrier alteration in the
a narrow resonance peait Er within the metallic phase form of doped states, as well as (ii) a structural instability,
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we have carried out a detailed spectroscopic investigation
of the isostructural series, LaNi,M,O; (M = Mn, Fe,
or Co). While LaNiQ is a correlated metallic oxide [13],
LaM O; with M = Mn, Fe, and Co are insulating, and the
solid solutions LaNi-,M,0; exhibit [14] MIT with in-
creasingx. In early work, this transition was discussed
essentially in terms of percolation models, since the end
members of the solid solution have differing ground state
electronic properties. However, percolation theory cannot
obviously account for very different values of the criti-
cal concentrationx. with changingM: x.(Mn) = 0.1,
x.(Fe) = 0.2, andx.(Co) = 0.65 for the same structure, .
with lattice parameters remaining more or less unaltered. O Experimental
Moreover, this is a case of homovalent substitution’ {Ni Synthesized
by M3*") as against heterovalent substitution (e.g3'La .
by SP*, which dopes hole states). This makes the sys- -1 0 1 2 3
tem ideally suited for investigating possible manifestations Energy above Eg (eV)
of disorder effects within the strongly interacting transi-
tion metal-oxide system. We show that indeed there is e . ; >)

Sized spectra (solid lines) for intermediate compositions are

pronounced cusp in the DOS at low-energy scales (Withirbenerated by weighted average of the spectra of the end mem-
200 meV of Er) in contrast to the resonance expectedpers, LaNiQ and LaMnQ; the relative weight of the LaMnQ
within the Hubbard-like model. Interestingly, however, component in the synthesized spectra is shown as a function of

changes in the electronic structure over a wider energy by the open circles in the inset, exhibiting a linear depen-
scale are in agreement with this model, suggesting that tHif"Ce as expected.

existing theories are only partially successful in describ- . )

ing the evolution of the electronic structure with changingexplain the occurrence of the MIT in the ground state
disorder in such strongly correlated systems. Addition-2cross a finite value of. .
ally, spectral functions exhibit changes that correlate with For the near-ground state low-energy scale electronic
the crossover of the transport behavior as a function oftructure of these systems, we have obtained point-contact
temperature. conductance spectra of the series LaNMn,O; at 4.2 K

The sample preparation and characterization have bedhid. 2). Since the point-contact tunneling conductance,
described earlier [15]. Photoemission experiments were
carried out at SX-700-11 and 3M-NIM-I beam lines of
BESSY using a high-resolution VG ESCALAB system
with a resolution of about 100 meV. Bremsstrahlung iso-
chromat spectra (BIS) were recorded in a VSW spectrome-
ter with a resolution of about 0.7 eV. The samples were
maintained at 100 K to avoid surface degradation and
intermittently scrapedn situ to obtain a clean surface.
Point-contact conductance spectra were obtained at 4.2 K,
using electrochemically etched gold tips.

We show BIS of LaNj-,Mn,0O; in Fig. 1 which is
dominated by transition metali states over the first 3 eV
with minimal overlap from other states. LaNjGpectrum
clearly shows a large intensity, while LaMa@xhibits . © £ -
negligible intensity atEr, consistent with the metallic 02
and insulating properties, respectively. It turns out that N, ’ )
the spectra of the intermediate compositions can be well
described by a weighted average of the spectra of the end N APV B L Ly 1
members (LaNi@ and LaMnQ), as shown by solid lines -200 -100 0 100 200
superimposed on the experimental data. This remarkable V (meV)
agreement over a wide energy scale is consistent with
the dynamical mean-field result of a Hubbard-like modelF!G. 2. Point-contact tunneling conductance of LaNi
with diagonal disorder [7,10]. While similar conclusions Mn:Os. Inset I shows the conductance as a function//af.

Iso be d the basis of d The solid lines are guides to the eye. Inset Il shows the
can also be drawn on the basis of oxygeredge x-ray comparison of tunneling conductance for= 0.2 sample at

absorption spectra of all the three series, LaNM.O; 4.2 and 10 K, exhibiting a vanishing of the hard gap and an
(with M = Mn, Fe, or Co) [15], these observations cannotincrease in the zero bias conductance.
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to a first order, is given by the DOS at low temperatures
and small bias voltages [16], these spectra provide a repre-
sentation of the changes in the DOS with high resolution.
The conductance of the metallic systems witks 0.1 as

a function of the applied voltagé clearly shows the typi-

cal cusp atEr for a disordered system. A linear plot
of the conductance vE'/2 (inset | of Fig. 2) establishes
the characteristic square-root dependence. Moreover, it is
known that a cusped DOS & leads to ar''/? depen-
dence of the conductivity at low temperatures [6]. Such
aT'/2 dependence has indeed been observed [17] in theses
samples. This is in sharp contrast to the predictions based &
on the dynamical mean-field theory of the Hubbard-like
model which predicts the formation of an increasingly nar-
row Kondo-like peak aEr. These results on the spectral
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(b) LaNi;_Fe O,
evolution with increasing disorder are directly relevant X
not only for the resistivity, but also for other physical
properties such as specific heat, which depend on the
DOS atEr. Thus, while the dynamical mean-field theory
appears to describe the large-energy scale behavior reason
ably well, it fails to depict the actual changes in the low-
energy scale nedy. Forthe semiconducting composition
(x = 0.2), the conductance inear in V and shows the 10
signature of a hard ga(=20 meV) at Er. Qualitatively
similar tunneling spectra have also been obtained [18] for 05
LaNi;_,Co,0s;. However, the transport measurements at o * 0t
higher temperatures for the insulating composition [17] do 05704703 02 61 00
not reveal an activated behavior characteristic of a hard 04 02
gap. Instead, variable range hopping is observed even
at 10 K suggesting the existence of finite localized DOS
at Er. Interestingly, tunneling conductance measured ag|G, 3. Photoemission spectra of LaNiM,O; [(a) M =
10 K for x = 0.2 sample exhibits a wiping out of the hard Mn and (b) M = Fe] with kv = 55 eV. Spectra are super-

gap with a significant increase in the zero bias conductangeosed in inset | to illustrate the systematic depletion of states
as shown in inset Il of Fig. 2. close to Er with increasingx. The full lines show a fit to

. . imulate the depletion in the DOS with the corresponding DOS
In order to probe the nature of single particle Sp(':'Ctraghown in inset Il. The dashed lines are the best fits to the spec-

weights in the vicinity ofEr at finite temperatures, We tra assuming the DOS to be linear near with a hard gap of
have studied the photoemission spectra of LaiVvin, O; 20 meV.

and LaNi_,Fe,O; series at 100 K, withhy = 55 eV

shown in Fig. 3 over a narrow energy scale. The spectrave simulate the spectra of the metallic compositions with
of LaMnQO; [19] and LaFeQ@ [20], being wide band gap x > 0.0 by a DOS that is identical to that obtained from
(=1.3 and 2.0 eV, respectively) materials, have no appretaNiO; farther away fromEr as suggested by the inset,
ciable weight over the narrow energy range nearand  but with a|E — Ez|'/2 cusp neai; prompted by the de-
the spectral function at the intermediate compositions ipletion of spectral weights ned in the photoemission
dominated by the LaNi©@component of the solid solu- spectra and the results in Fig. 2. We find that the simu-
tion. The results show that there is a systematic depletiolated spectra (solid lines) describe the experimental results
of spectral weight withir=200 meV of Er with increasing  well. However, our attempt to describe the spectra of the
Mn and Fe concentrations as is clearly evident in the ininsulating compositions in terms of a linear DOS n&ar
sets. The spectral function modifications in the two seriesvith a hard gap as suggested by the conductance spectra
are very similar, indicating that the nature of changes in th€Fig. 2) was not successful, as shown by dashed lines in
spectral functions arises only from the disorder caused bifig. 3. Clearly there is a lot more intensity &f in the

the substitution, and follows the same qualitative behavexperimental curve to be compatible with a gap even after
ior. In order to quantify the changes in the spectral functaking into account the resolution and thermal broadenings,
tion nearEr, we have first analyzed the LaNj@pectrum  suggesting a finite density of statesfat at elevated tem-

in terms of a polynomial DOS varying smoothly acrossperatures for the compositions with an insulating ground
Er, broadened by the resolution function and temperastate (for Mnx = 0.2, and for Fex = 0.3 and 0.4). Thus,
ture (Fermi-Dirac statistics). The resulting fit is shown bywe attempt to describe the spectral features for these com-
solid lines through the data points in Fig. 3. Subsequentlypositions with a DOS identical to LaNiOin the wider

4006

Intensity (arb. uni

Extracted DOS

Inset IT
02 01 %% 0.0

T T r T T
-0.6 0.0

Binding Energy (eV)



VOLUME 80, NUMBER 18 PHYSICAL REVIEW LETTERS 4 My 1998

energy scale with &£ — Er|"™ dependence close B  disorder like Altshuler-Aronov theory which captures the
in order to represent the pronounced depletion of stateew-energy features of disorder effects. While such a the-
there. We find thain = % provides a good description ory has not been attempted so far, we believe that the
also for insulating compositions as shown by the solid linegpresent results will motivate efforts in this direction.
in the figures. We show the extracted DOS for all the cases D.D. S. thanks Forschungszentrum, Jilich for hospital-
without the resolution and thermal broadening in insets lity during a part of this work; A. C. and S. R. K. thank the
in Figs. 3(a) and 3(b). These plots clearly show the for-CSIR, India for financial support. This research is funded
mation of the cusp for the substituted compositions withby the Department of Science and Technology, Govern-
a progressive depletion of states néar. At finite tem-  ment of India.
peratures, the insulating compositions appear to be char-
acterized by a deeper cusp existing over a wider energy *Also at Jawaharlal Nehru Centre for Advanced Scien-
scale. In every case, the extracted DOS farther away from tific Research, Bangalore, India.
Er is very similar to that of LaNi@. Electronic address: sarma@sscu.iisc.ernet.in
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