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Dynamical mean-field solution for a model of metal-insulator transitions
in moderately doped manganites
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We propose that a specific spatial configuration of lattice sites that energetically favor 3+ Mn ions
in moderately doped manganites constitutes approximately a spatially random two-energy-level system. Such
an effect results in a mechanism of metal-insulator transitions that appears to be different from both the
Anderson transition and the Mott-Hubbard transition. Correspondingly, a disordered Kondo lattice model is put
forward, whose dynamical mean-field solution agrees reasonably with experif&t63-18208)03047-1

The discovery of “colossal” magnetoresistan@@MR)  the experiments.Objections to such vibronic models have
has stimulated a renaissance of interest in doped rare-earéiso been suggested, emphasizing the effects of interference
manganese oxides because of their promising practical applnd localization on the electron scatterifig.
cations and their similarity to the cuprate superconduttor. Looking into the electrical, magnetic, and structural phase
Although great efforts have been devoted to this systemiransitions, we note the following important facts. The
there is still no consensus on its mechanism so far. In pardoping-induced MIT can appear in both the paramagnetic
ticular, why and how the metal-insulator transitidh4lT's) and ferromagnetic phasé&sand a higher critical doping con-
occur in this system for a moderate doping range are yet toentrationx is needed in the former. It is noted that a para-
be clearly understood. magnetic metal has only been observed so fairniglecrys-

Various types of phase transitions are displayed in theals of La_,Sr,MnO;,2 whose large tolerance factor
perovskite-type manganites Bf _,A,MnOs, with Ratriva-  (rg.o/\2rwno. Wherer is the averaged distance between
lent rare-earth element arda divalent alkaline earth ion. It the two indicated ionsapproaches 1, a perfect size match.
is well known that the Mn @ levels split in an approxi- Special attention should be paid to the sensitivity of the ob-
mately octahedral ligand into @ doublet and d,, triplet; ~ servations to such extrinsic factors as preparation
the former is mobile and the latter half-filleg, levels are  conditions®?
believed to form localized spins &= 3/2. The parent com- Accordingly, an essential ingredient is the double ex-
pound RMnO; is insulating and antiferromagnetic. Doping change leading to the magnetic ordering. This ordering in
of A%* ions creates M‘h*(tgg) holes in a Mﬁ*(tggeé) ma-  turn facilitates hopping of the, electrons, resulting in a
trix; and a sufficient number of holes render the mixed-broadening of the electron bandwidth. Another crucial ele-
valence compound metallic and paramagnetic or ferromagment is the splitting of the, bands. In addition to the broad-
netic depending on the temperature. Besides these dopinghing of these bands by the spin ordering, which gives rise to
induced MIT’s, there is another MIT accompanying the a higherx, for the MIT in the paramagnetic phase, they must
ferromagnetic to paramagnetic phase transition as the tenbe broadened by doping as well, so that doping can trigger
perature is raised in the most interesting doping range othe MIT’s. The analysis here is based on a band-closing
0.2<x=0.5. The critical temperature of this transition varies MIT, but this is evidenced by spectroscopic observatidins.
with an applied magnetic field, resulting in the CMR  The key point now is the mechanism of the splitting. An
effect’? Lattice effectd* and even structural phase important fact that is universal in the doped manganites is
transitions also interplay, making the enigmatic phenomenathe presence of the two valence states*Mrand Mrf*,
further intricate. which can even become ordered for appropriate doping. A

The mechanism of the CMR effect is yet controversial. Itsalient effect of the doping is to create a specific spatial
was originally believed to be mediated by the so-calledarrangementrandom but quenchgaf A%* such that there
“double exchange” since the large ferromagnetic Hund'sis a corresponding preferable spatial distribution of lattice
rule coupling tends to align all thé spins as the mobile, sites that energetically favor#3 and 4+ Mn ions (we call
electrons hop between the Mn iohdlthough the original  them 3+ and 4+ site9.'* Consequently, that a|y electron
model of double exchange in the limits of infinite spatial hops from a 3 site to a 4+ site to form a MA™ will cost
dimensions and classical spins was nicely pursued bwn extra energyd, which was estimated to fall within the
Furukawa’ Millis et al® argued that models involving only order of magnitude of the bandwidth even accounting for
double exchange, yield results such as the magnetic transieasonable screenifg.Fluctuations, induced, for example,
tion temperaturd . and the resistivity abové,. that deviate by individual environment, around the two energies should
from the experiments by orders of magnitude. Accordingly,be secondary as the two valence states are prominent. Al-
they proposed that the dynamical Jahn-Te(lan effect was  though such doping-induced disorder is likely argued to trig-
crucial. Yet an anomalously large electron-phonon couplingger a disorder-induced Anderson transition, one usually has
of the JT origin is used to give a qualitative resemblance tdo invoke the mass-enhancement from the polaronic effects

0163-1829/98/5@3)/153104)/$15.00 PRB 58 15310 ©1998 The American Physical Society



PRB 58 BRIEF REPORTS 15311

of size mismatch or of spin disorder in order to realize 1
localization*® We shall show below that the main result of G(e,iowy) = p——y T
the two randomly distributed levels is to split gpband into T .
two subbands, which can become overlapped by dopinthe exact single-particle Green’s function, with the self-
and/or spin ordering. Such a physical picture seems to dombnergyz(iwn)zgo(iwn)*l—g(iwn)*l. In Eq.(3), w is the
nate the systems under consideration that exhibit concluchemical potential to be determined by the doping
sively band-closing and behave elect&rénically as a linear su-
perposition of its end-point compounds. +oe —

To capture the essential physics, we neglect the fluctua- 1_X:§U: fﬁm flw)Ay(w)do, ®)
tions aroundA and include a diagonal disorder with only a
binary-alloy distribution. As a simplified model, we consider Where f(w) =1[exp(Bw)+1] is the Fermi function, and
only the classical spin limit. Therefore, the Hamiltonian is A, (w)=—ImG_ (w+i0")/7 the single-particle density of

4

given by, states(DOS). Moreover, the resistivity is given By®
H=2> eicl,ci,— X tjlclc,+Hc]-I2 a-m;, p(T>=po(2 fD(e)def A, (€,0) — &;(;") dw)l,
" o U ©®
where m;=(m’,m’,m{) and |m|=1, t; stands for the where A, (€,0)=—ImG,(€,0+i0")/m and p, gives the

unit of the resistivity.

nearest-neighbor hopping integral ahthe Hund'’s rule cou- e T i i .
For simplicity, only J—« is considered. Defining.=

pling, cfr(r (ci,) creates(destroy$ an electron at sité with 2 i e
spin o, and the set of random variablesassumes an inde- — 9+ 9x andQ=w+4u,” and taking the direction of the
pendent identical probability-distributiofper unit energy spontaneous mggneuzatld)m to be along thez axis, we fi-
p(e)=x8(s — A/2)+(1—x) 8(s + A/2), where the Diracs ~ Nally obtain(setting co$=¢)
function has its usual meaning. Clearly, the giy#=) cor-
responds to that the concentration of 3sites is (1-x) M
while the concentration of unfavorablet4sites isx.

The first two terms of Eq(1) form simply the Anderson

1

1
(1_X)J71PA(§)§d§+XJ 1PB(§)§d§, (7a)

+ o
model of disorder, while the last two terms represent a fer- _
romagnetic Kondo lattice model. Our combination of these Pas(é)= ZA’BGXF{HZ"Qc In(bOn—blnéiA)}, (70)
two models is expected to manifest an interplay of disorder,
electricity, and ferromagnet.ism. Note that a}_similar but far 1—x PA(&) X Ps(&)
more complex model that includes, in addition to the two by=2Q— — dé— 5| ———F—=<dé,

; ; : 2 bo—bé+A 2) bp—bi&—A
nonequivalent sites, oxygen orbitals as well as strong Cou- (70
lomb and exchange interactions, has been used to calculate
the band structur®. . - . 1—x PA(E)E X Pa(&)é

A remarkable reward of the two-level approximation is b,= 5 b —b +Ad§+ > b—b——Adg’
that it renders the model analytically solvable in the limit of 0~ bié 0~ ba1g (70

infinite spatial dimensiond, or, within the dynamical mean-
field theory:® Although atd—ce, this method is unable to with ~ G,=4Q0—2by+20b,,  (0==*1),  Zag
capture the effects of Anderson localization, the results 0b=fexp{EnIn(bon—blngiA)]dg, bon=Dbo(iw,) and bin
tained are already nontrivial. In this limit, the disordered=p,(jw,,).

system reduces to an ensemble of self-consistently deter- For a given splittingA, dopingx, and temperaturg, the
mined Anderson impurity models via proper rescaling of theset of E.(7) can be solved generally by numerical methods.
nearest hopping integrah;=t/y2d. The effective band- Several situations can, however, be further treated analyti-
width t, to be set to 1 below, fixes the energy scale. Thecally. These areT=0, A=0, and T>T,, the magnetic-
on-site Green’s functioiG (i w,) is calculated exactly from transition temperature just below whith 0.

the effective fieldGy(i w,) as For T>T,, no magnetic ordering appears andbge-=0,
— — — Po=Pg, andM =0, andG,=G =g(w). One immediately
G(iwn) =([Go(iwy) "—e—Im-a] “)p, (2)  obtains from Eqgs(7),

where overbars denote an average over disorder; ),

B_a0n2 2 _AA249Vg— _ _
thermal average ovem,’ and w,=(2n+1)#/B=(2n g7~ 80g7+ (1607~ 4A%+2)g—8Q +4(2x~1)A=0,

+1)#T are the Matsubara frequencies. On the Bethe lattice, ®
the self-consistent condition redfis which is identical to Eq(44) of Ref. 19 except that a differ-
ent energy scale is chosen. Fb+ 0, the main contribution
Goliwy) " t=iwy,+u—G(iw,)/4, (3) to P, and Py comes fromé=1. Consequentlyb;=20Q
o —bp, s0G;=80—4by, butG =0, i.e., the electrons are
ensuring G(iw,) =2 G(k,iw,)=D(€)G(¢,iwy)de, completely polarized. One finds, thus, a similar equation to

where D(e)=21— €%/ is the noninteracting density of EQq. (8) except with different coefficients that lead to a sub-
states on the Bethe lattice, and stantially broader bandwidttFig. 1). For A=0, we recover
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FIG. 1. Density of states fox=0.2 at different temperatures. FIG. 2. Resistivity vs temperatures. Experimental data from Ref.

Solid, T=0.035 (>T,); dashedT=0.01 (<T.); and dotted.T 2 are shown in the inset. Solid liness=0.2; and dashed=0.3.
=0. For comparison, the spin-down density fg=0.3 at T
=0.035 (>T,) (dash-dotteflis given in both the main figure and The resistivity is shown in Fig. 2 with experimental data
the inset(magnified plot neaw=0). taken from Ref. 2. The agreements, including the positions
of the peaks signaling ., are remarkable by noticing that
the results of Furukawh.One obtains, forT>T,, g(w)  only asingleset of A and p, has been chosen and several
=20-2i\1/2-0% while at T=0, G (®)=2Q |imits have been made in such an extremely simplified
—2iy1-02. Thus, for moderate doping, there are only theory. Note that although for=0.3 andT>T, the bands
partly filled bands so that no insulating behavior exists at allhave already overlapped, the resistivity still exhibits some-
With these known cases as references, it is not difficulthow an insulating behaviodp/dT<0). This “pseudogap”
albeit tedious, to solve Eqg7) self-consistently. Here we behavior has also been found in Ref. 9, namely, as soon as a
shall only present the results for the DOS am(dl). We  dip, rather than a real gap, developseat 0 in the spectral
choose reasonably the effective bandwidth to be 1.12 eV anflinction, the resistivity starts to rise with decreasing tem-
po=10"% (Qcm) 1" Thus, a splittingA=0.67 corre- perature. ActuallyA andp, depend in general or So we
sponds to 0.75 eV an@i=0.01-130.0 K. may readily choose other sets of the parameters to produce a
Figure 1 displays the DOS for several values of the pabetter agreement with experiments, but this is trivial, as Fig.
rameters, manifesting various possible transitions. For each has already touched the essence. The reason for the devia-
orientation of the localized spins, tieg band splits, due to tions from experiments is conceivable. As has been pointed
the Hund coupling, into a high-energy antiparallel band ancbut above, once the spins are in order and hence the bands
a low-energy parallel band; only the latter is relevant here, aroaden belowT., the bonding strengthens, leading to a
the separation is of the order &f Such a splitting is similar more compact or less distorted lattice. Consequently, the ef-
to the Hubbard coulomb correlation. The point here, howfective bandwidtht increases below the transitions, giving
ever, is that for a nonzerd, each band splits further into rise to the more drastic drops of the resistivities observed
two bands. From the spin “down” densities @=0.035 acrossT.. Therefore, a more realistic description of the
(>T,) (identical to the “up” one$ of x=0.2 andx=0.3 for ~ CMR should include the coupling to the lattice degrees of
A=0.67, it is seen that the spectral weight transfers from théreedom in order to “dress’” the “bare’t and als\, so that
lower-filled electron band to the upper empty hole bana as they can vary with the transitions.
increases. As a result, when the critical dopiqds reached, In summary, we have put forward a theory that explains
the two bands overlap, leading to a doping-induced MIT. naturally the doping-induced metal-insulator transitions in
At T=0.01, lower tharT;, the magnetic ordering renders both the paramagnetic and ferromagnetic phases, as well as
the spectral weight for the two spin orientations unequivalenthe magnetic-phase transitions, with the results of doping-
(dashed lines More importantly, it substantially broadens and temperature-dependent resistivities being in reasonable
the bandwidth, so that the two split bands»>£0.2 atT  agreement with experiments. Essential in the theory is a ran-
>T. now overlap. Consequently, an insulator-metal transi-dom lattice of two-energy levels that represent the relative
tion occurs accompanying with the paramagnetic to ferroenergies of the two species of sites that energetically favor
magnetic transition. Moreover, as the bands broaden in the+ and 4+ Mn ions created by doping. So our theory is
ferromagnetic phase, gets smaller for the same. more appropriate for moderately dopiffjThe central physi-
On the other hand, as increases, a largex; is required.  cal picture is that the Hund's-rule spi, band is further
For a sufficiently largeA, no doping-induced MIT will be split on the two levels into a filled electron and an empty
present in the paramagnetic phase. This is likely the case fdrole band, which can become overlapped by doping and/or
systems with a more distorted lattice or a smaller tolerancspin ordering. Such a mechanism of electronic MIT appears
factor. WhenA becomes so large that even for<T, the to be different from the two usual classésthe Mott-
two bands are still split, a transition then occurs from a paraHubbard and the Anderson transitions, since the former is
magnetic insulator to a ferromagnetic insulator, or a cantedue to Coulomb correlation, and the latter is realized by
antiferromagnetic insulator due to the antiferromagnetic susweeping the Fermi energy across the mobility edge. Further,
perexchange coupling between the localized spins. it may be expected to shed light on some other multicompo-
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nent systems. Although our model is extremely simplified,Coulomb correlation, to list but a few. Applications to other
the physical picture for the metal-insulator transitions isproblems are also attracting.
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