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Insulator-to-metal transition induced by disorder in a model for manganites
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The physics of manganites appears to be dominated by phase competition among ferromagnetic metallic and
charge-ordered antiferromagnetic insulating states. Previous investiggBiorgy et al, Phys. Rev. Lett.87,
277202(2001)] have shown that quenched disorder is important to smear the first-order transition between
those competing states, and induce nanoscale inhomogeneities that produce the colossal magnetoresistance
effect. Recent studigdlotomeet al,, Phys. Rev. Lett91, 167204(2003)] have provided further evidence that
disorder is crucial in the manganite context, unveiling an unexpected insulator-to-metal transition triggered by
disorder in a one-orbital model with cooperative phonons. In this paper, a qualitative explanation for this effect
is presented. It is argued that the transition occurs for disorder in the form of local random energies. Acting
over an insulating states made out of a checkerboard arrangement of charge, with “effective” site energies
positive and negative, this form of disorder can produce lattice sites with an effective energy near zero,
favorable for the transport of charge. This explanation is based on Monte Carlo simulations and the study of
simplified toy models, calculating the density-of-states, cluster conductances using the Landauer formalism,
and other observables. A percolative picture emerges. The applicability of these ideas to real manganites is
discussed.
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I. INTRODUCTION the state that is believed to be abnormally susceptible to
The study of manganites—the materials with the colossafxternal magnetic fields is made out of coexisting clusters of
magnetoresistance—continues attracting the attention of cof’0 competing phases. The clusters involving the FM state

densed matter expert€. These compounds are interesting have random orientations of their magnetic moments, lead-

for their potential technological applications as “read seniNd to an overall vanishing magnetization. However, the
sors” in computers, as well as for the basic science chal-Puilding blocks” of the FM statéi.e., the FM nano clusteys
are preformed and for this reason the state reacts rapidly to

magnetic fields, aligning the nanocluster moments in the

standing of transition-metal oxides. It is widely believed that . ; o oo
gesence of small fields. Energetically it is quite different to

strong correlations are crucial to understand these mangan - N ;
orm a FM state from “scratch,” as opposed to having pre-

oxides, either in the form of large Coulombic interactions or _ . : -
large electron Jahn-Teller phonon couplings, or both simuformed FM islands that only need to reorient their magnetic
moments to generate global ferromagnetism. The competing

taneously. Some of their unusual properties include a re- ' Also | i th d X .
markable response to magnetic fields, with the dc resistiviptate IS also important in the proposed CMR state, since it
rovides walls that prevent the alignment of the nanoclusters

changing by as much as 10 or more orders of magnitude ifl o6l
some compounds upon the application of fields of order 1N the absence of external fields.

Tesla. Another interesting property is the rich phase diagram N order to stabilize this type of CMR ?tate_s, the role of
that these materials present, with competition of very differ-duénched disorder appears to be importahhis disorder

ent states mainly involving ferromagnetieM) metallic and ~ Prévents the system from being totally ferromagnetic or to-
charge-orderedCO) antiferromagnetidAF) phases. More- tally CO-AF, as it occurs in the clean limit where a first-order
over, in recent years a plethora of experiments have unveileghase transition separates the stafeSmall amounts of

a remarkable tendency to form inhomogeneities, which occu?]“enched disorder locally favor one phase over the other,

mainly at the nanoscale but with some investigations report.£2ding to the inhomogeneous patterns found in simulations,

ing domains as large as a submicrometer in $iZbis spon- which are pel_ieved to corres_pond to t_hose in experiments.
taneous generation of nanoclusters was predicted theoretln€se predictions were beautifully confirmed by the group of
cally when phase separation tendencies were unveiled in thEokura;’ by means of a careful study of a particular Mn-
first Monte Carlo simulations of models for manganites inoxide that spontaneously forms a structure very close to the
1998 by Yunokiet al,* then confirmed and refined experi- clean limit, since all ions order in a regular pattern. This
mentally in dozens of efforts. The successful cross- compound presents a “bicritical” phase diagram, with a first-
fertilization between theory and experiment is remarkable irorder FM-AF transition in excellent agreement with Monte
the area of Mn-oxides, leading to considerable progress iarlo simulations.When the material is rapidly quenched in
recent years. These studies may have consequences not ottig growing process, such that the disorder is now incorpo-
for manganites, but for a variety of other compounds whergated in the distribution of trivalent ions, then a behavior
inhomogeneities have been found in experiments, includingharacteristic of many other manganites is recovered. In par-
the famous high-temperature superconduciors. ticular, a large CMR is found in the presence of disorder, a
Among the leading candidates to understand the CMResult compatible with the theoretical predicti®sRecent
effect is the “phase separation” scenard.In this context, investigations by Sato, Lynn, and Dabrow$karrived to
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similar conclusions studying lkaBay 4gVINO5. Other recent  with easy-to-understand qualitative argumentations. This
investigation$' have shown that the addition of lattice elastic adds extra support to the idea that quenched disorder is cru-
effects(due to the cooperative nature of the Jahn-Teller discial in CMR manganites.

tortiong makes the disorder strength needed to induce the The organization of the paper is as follows. In Sec. Il, the
CMR phenomenon smaller in magnitude than without elasmodel with cooperative phonons and disorder is discussed.
t|C|ty, and avoids limitations in the Cr|t|Ca| dimension that the The main results of the Monte Carlo ana|ysis are in Sec. |||'
naive use of Imry-Ma argumentatidisvould suggest. The  jncluding the phase diagram, density-of-states with and with-
relevance of elastic effects has been remarked extensively i disorder, and the calculation of conductances. A simpli-
recent literature as welf. Other power-law decaying effects, fioq model that captures the essence of the main model is
ot L2 e ; fiftroduced in Sec. IV. Both models behave very similarly.
proposed as relevant in this contékin addition, investiga- Our proposed explanation of the insulator-metal transition is

tions of a variety of models of percolation have shown that . :
“correlated” disgrder—to mimi(F:) elastic effects—can eVenpresented in Sec. V, where the inhomogeneous nature of the

change the order of the transition rendering it first ofdé. ”?eta'"c state is d_escribed. Si.mulatio_ns with random hop.—
may occur that “infinitesimal” disorder is enough to trigger P'N9S aqd by freezmg the localized Spins are also reported in
and stabilize a phase separation process that is intrinsic {1 Séction. Conclusions are presented in Sec. VI.
systems with first-order phase transitions. Nevertheless, in
practice at least small amounts of disorder appear to be cru-
cial to produce the inhomogeneous state that theorists pro- Il. MODEL
poTvIed as the kte_y factt(_)r t? undte)rst'?ﬂn(il the CQ/IR Ehysms. d The Hamiltonian used in this study contains Mjitiner-
ore recent investigations by hotome, Furukawa, anty .t ejectrons coupled to thtg, Mn core-spins, and also to
Nagaos# have provided important information for the the- h :
: . i onons according &
oretical understanding of manganese oxides. Monte CarIB

simulations of the one-orbital double-exchange model in- H=-t > (¢l g,+hc)-20,> s S

cluding cooperative phonons have revealed an interesting o i

transition from an insulator to a metal upon the introduction

of quenched disorder into a CO state. The disorder is in the - M_E (Ui - = Uy o)l Cir 1)
form of on-site random energies. Once again, the key role of hawo

disorder is unveiled by these simulations. IndependentlyHere, the first term represents the kinetic energy of the car-
Aliaga et al? arrived at similar conclusions studying a two- riers hopping between Mn atoms ondadimensional cubic
orbital model for manganites mclu_dmg cooperative Jahn‘l_attice, with t the hopping amplitude for the process,)
Teller phonons. These authors noticed that d|sord.er qr?‘StHenotes nearest-neighbor pairs of sites, and the rest of the
cally affects the CE charge-ordered state, transforming it int@,station is standard. The second term is the Hund interaction
a “CE glass.” ngrall, it is clear that the use of cooperativepaiween itinerang and localizedS; spins, withJ,, the Hund
phonons(for previous work see Refs. 17 and 18 and refer-cqypling constant. The third term describes the energy cor-
ences therein as opposed to the simpler case of noncoopyesponding to the lattice-carrier interaction, wittdenoting
erative lattice d|sto_rt|ons, is important to unveil interestinghe electron-phonon coupling. The appropriate redefinitions
effects of manganite models, that may be of relevance @ yariables allow us to have the energy unixplicitly in
experiments. o _ o this term(see Ref. 18 The distortions of the six oxygens

It is our purpose in this work to provide an intuitive un- syrrounding Mn at sité are given by the classical numbers
derst_a_ndlng of the_ results of Ref. 16, mainly ad_clressmg_thf,gli +, Where in 3D(2D) « runs over thregtwo) directionsx,
transition from an insulator to a metal upon the |ntroduct|ony “andz (x,y). Quantum phonons are much harder to study
o_f disorder, a result which seems counter-intuitive at f'rStnumericaIIy, and their analysis is postponed to future publi-
sight. Here, it is argued that the transition occurs through aRations. One widely-used simplification to the above Hamil-

interestingpercolative-likeprocess due to the effect of ran- tonian, without losing essential physics, is to take the limit

dom on-site energies over a charge-ordered state. The sites pf_ ., " since in manganese oxides the Hund interaction is
the lattice that had an effective “negative energy” in the Coexperimentally known to be large. In this limit, the

state—namely those that were populated with localized elecs _gjectron spin perfectly aligns along the-spin direction.

trons in the checkerboard arrangement—may acquire s gllows us to reduce the first two terms of the double
nearly zero total energy due to the influence of that type OExchange Hamiltonian %o

disorder. The “nearly zero energy” sites can contribute to

form a metallic state which is highly inhomogeneous in in- Hpe=- >, [ﬂSi,S)ddej +h.c], 2)
stantaneous Monte Carlo snapshots, although it slowly (i)

evolves with timgdynamica) as the Monte Carlo simulation h

progresses. It is concluded that the case found in Refs. 9 any"ere

16 provides another very interesting example where a com- ) 6 i) 0 .

bination of explicit quenched disorder and charge-ordering ~ 7(S,§) =t COSE' COS‘ZL + sinE' sin ‘Zle'(¢i_¢j) )
tendencies leads to nontrivial physics, including insulator-

metal transitions. The main merit of the present manuscript i¥, and ¢, are the spherical coordinates of the core spiat
to clarify the key role of disorder in a very simple model, sitei. The new operatordiT create an electron at sitewith
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spin parallel to the core spin at Within this large Hund-  1ll. INSULATOR-TO-METAL TRANSITION INDUCED BY
coupling approximation, the third term that produces lattice QUENCHED DISORDER

distortions becomes A. Phase diagram

Hoon= =MD (U —u )dd. (4) The phase diagram of the model discussed in the previous
e-ph e el section was investigated using spin-spin and density-density
real-space correlation functions, as well as spin and charge
This tendency is balanced by an opposite crystal elastic erstructure functions ing-space, which are defined, respec-

ergy that represents the stiffness of the Mn-O bonds: tively, as follows:
1
Hon=t (Ui o)2. (5) SX) = 12 (S S, ()
i,a i
In the present investigations, it is important to also consider 1 2
a disorF()jer term of thegform P n(x) = E (M)(Nisx) = N(E <ni>) , (10
I I
HAngini, (6) S(Q):E<Si _%>eiq.(ri—rj), (12)
ij

where A; is chosen randomly from some distributidinox, _
bimodal, Gaussigrandn;=dd,. Hence, the full Hamiltonian n(q) = 2 (n)(ny)ea i), (12
used in the present study is given by b
In all of the correlations{®) stands for the thermal average
H=Hpg + He.pnt Hpn t Ha. (7)) of the operato© and is defined by

In this paper, we have considered two types of disordea ()= TrlOe "]
binary or bimodal distribution wher&;= +A, with A being a C TieAH)
constant, andii) a box distribution where\ can take any ) ] )
value in some interval-A’,A']. In order to compare the Wheregis the inverse temperaturld,is the total number of

results between these two distributions, one should establishtes: and the rest of the notation is _standérkm the follow-
a relation among them. This can be done by requiring thalnd sections, results are given in unitstpunless otherwise

the standard deviatioax should be the same for both. Since Stated. In addition, all the results shown in this manuscript
(x)=0, one has correspond to the case of half-filling=0.5, where on aver-

age there is one electron for every two sites. This was the
o electronic density studied in Refs. 9 and 16, and typically
(AX)? = (x?) = f dxX@P(x), (8) such density is easily analyzed numericattgntrary to other
- cases where more complicated charge patterns occur, requir-
ing larger lattices Moreover, many real manganites have
whereP(x) = 8(x+A) + 8(x—A) for the binary distribution and =0.5.

(13

P(x)=1 in the intervalk e [-A’,A’] for the box distribution. As a criterion to decide whether a particular ordered
This gives(x?)=2A? for the former, andx?)=2A'3/3 forthe  phase is stable, namely whether long-range order is present,
latter. Hence, the relation betwe@nand A’ should beA’ the equal-time spin and charge correlation functions were
=(3A%)13, used. More specifically, a charge-ordef&@D) phase is here

The model used in this paper contains only one orbital ifdefined as stable i) the real-space charge correlatiofx)
the e, sector, instead of the more realistic case of two activedt the maximum distance possible in the finite-size clusters
orbitals. Since using two orbitals increases substantially thétudied is at least 5% of the maximum value found at dis-
CPU time, in this first analysis the focus is on the one-orbitatance zera(0). The 5% criterion is certainly arbitrary, nev-
situation. Also note that Motome and collaborators haveertheless it is qualitatively representative of the physics un-
studied a similar modéf, as remarked in the Introduction, der investigation here. Other criteria, i.e. 10% or 1%, simply
but they implemented the cooperative effect between oxylead to phase diagrams slightly shifted up or down in tem-
gens(namely the effect by which a given oxygen is sharedperature. In addition(ii) maxn(q) must have its maximum
by two octahedrpin a different manner. This does not rep- value atq=(, ), for a checkerboard charge-ordered state
resent a problem since our results for the phase diagram artd be defined as stable. These two criteria give very similar
density-of-states are very similar to those of Ref. 16. Finallyresults in practice. For the ferromagnetiiM) phase, a simi-
the technique to be used involves the exact diagonalizatiolar definition was used: in this case a FM phase is said to
of the fermionic sector, while for the classical degrees ofexist whenS(x) at the maximum distance is larger than 1%
freedom, a standard Metropolis is used. Additional details obf S(0), which is already normalized to one. In addition, the
the numerical methods are not presented here since they hagpin correlation in momentum space must have a robust peak
been extensively discussed in previous literattre. at (0,0). The excellent agreement found here with previous
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FIG. 1. Monte Carlo phase diagram of tdg=c one-orbital §°‘3
model as given by the Hamiltonian in E), for an 8x 8 lattice, 0.2r
and overall densityn=0.5. Results at the values of disorder indi- 0.1
cated are shown. The error bars are representative of the differer 0 , =
critical temperatures obtained using different starting configura- 0 OJTer(r){geratS‘r% (1)0'4 05

tions, as discussed in the text. The number of quenched disorder
configurations used for the averages varies from point to point, but g 2. (Color onling The criteria used for the determination of
the smoothness of the results indicates that there is no crucial dgne Curie temperatur@,: spin-spin correlation function at maxi-

pendence with that number. mum distance for the cluster studied vs temperature) fod.6 (a)

. S 16 . Lo andA=1.2(b). The S(Xpa0 =0.01 line is 1% of its maximum value,
investigation$'6 leads us to believe that our criteria for the the criteria used here to determine FM critical temperatirei-

determina_tion pf t_he p_hase diagram is rol_)us_t, and Variatipnéated by the arrowsFor Teo, n(7, ) vs temperature fox=1.0 is
around this criteria will not change qualitatively the main gp,qn in(c), for two strengths of disordek, and the approximate

conclusions. . . _ critical temperatures of the CO-state are indicated. The figures show
In the actual Monte Carlo simulations, the spin andyesyits for one disorder configuration.

phononic configurations, both assumed to be classical de-
grees of freedom, are updated according to the Metropolis The most interesting results arise upon the introduction of
algorithm. For the & 8 lattice, the number of Monte Carlo disorder in the form of random local energies. In this case, it
sweeps per site is taken as*1for thermalization, typically ~was observed that the FM correlations are not much affected
followed by another 1Dsweeps or more for measurements. by disorder, but the charge correlations are drastically modi-
The simulations were done in a two-fold way. In the firstfied. At\ in the range 0.6 to 0.8 and low temperatures, a CO
case, the starting configuration of classical spins and oxygestate in the clean limit becomes a charge-disordered state for
coordinates was chosen to be random, namely a high tenrmonzeroA (strength of the on-site disordefThis is sugges-
perature configuration is selected, followed by a slow cooltive of an insulator to metal transition. The phase diagram
ing down. In the second case, simulations started with aand prediction of insulator to metal transition based on the
ordered stated at low temperatures, which is followed by atudy of the density-of-states was previously discussed in
slow heating up. It was observed that both procedures gavRef. 16(see also Ref.)Band our investigations confirm their
fairly consistent results, and the fluctuations in the values ofesults. In addition, studies of conductances discussed in the
critical temperatures are contained in the error bars shownrest of the paper confirm the prediction of an insulator to
Using the criteria outlined in the previous paragraphs, thenetal transition triggered by disorder. It is interesting to re-
phase diagram of model E¢7) is shown in Fig. 1. In the mark that the FM state does not seem to play any important
clean limit, two phases compete: a charge-ordered phagele in this study, it is the insulating CO-state that is highly
with a checkerboard arrangement of chafgebe expected susceptible to the introduction of disorder. Thus, the actual
in the large\ limit), and a ferromagnetic phase at small competition at the heart of the phenomenon discussed here
which is caused by the double exchange mechari3ime  appears to be among charge-ordered and charge-disordered
existence of these phases and shape of the phase diagransiates, as explained more extensively in the discussion below
in excellent agreement with the results of Ref.($6e also using a model where the spin degree-of-freedom is removed.
Refs. 9 and 1Balthough different criteria to define long- Figure 2 illustrates some of the evidence gathered for the
range order were used, independent programs were writtenpnstruction of the phase diagram, Fig. 1. In péajsand(b)
and even the actual models differ in the form in which co-the spin correlations are shown, at two different valuek,of
operation is introduced. In the clean limit there is a regionas indicated. In both cases, the behavior of the spin correla-
where both orders coexist at low temperature, leading to tetions is quite similar before and after disorder is introduced.
racritical behavior. Other investigations of alternative modeldt appears that this degree of freedom is not crucial for an
for manganites produced first-order transitions between cominderstanding of the phenomena, since it barely changes
peting phases with AF and FM characterisfiéd! In the  with disorder. More relevant is the study of charge ordering,
present analysis, an AF state is not present and phase cosince its associated critical temperatdig, is substantially
petition is probably not so intense as in more realistic casesnodified at nonzerd. One typical example is shown in Fig.
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nia)}| FIG. 4. (Color online Density-of-states obtained with Monte
0 Carlo simulations at the values bfand temperature indicated. The
lattice is 8X 8 in size, and averages over five disorder configura-
tions are presentedhe disorder was generated with a bimodal dis-
T=0.10 o5~ T30 A Ti_ tribution in this examplg 10* thermalization steps were used, with
A=0.4"  [200 T A=04- TR 10* measurements. Values df are indicated. Similar results were
N also obtained using A4 4 clusters(not shown.
(@)

to order following a complicated pattegiv). However, the
average over disorder produces a featureless state.

B. Density-of-states

In addition to the equal-time correlations used in the pre-
vious section to establish the phase diagram, in this effort the

vives the disordef(a), (c), and(€)]. However, at larger tempera- density-of-statesDOS) was also calculated. The procedure

tures, T=0.30, the initial CO state melts with disord¢b), (d), and _to c_alculate dynamlcall quantities involves the f‘!” dlagonal-
(). ization of the electronic problem for each configuration of

classical spins and phonons. Details can be found in Ref. 2.
Interesting results are shown in Fig. 4, illustrating one of
2(c): here the charge structure factor at wavevettorm) is  the main conclusions of the present investigation, and con-
shown. There is a clear difference between the cases witfirming the predictions of Ref. 16. As expected, the clean-
and without disorder, with a reduction of the critical tem- limit case A=0 presents a DOS which hasgap at the
perature by roughly a factor two. With hindsight based on thechemical potential, in agreement with the results of Fig. 1
discussion that is presented in the next section, it is undethat locater =0.7 and low temperature within the CO phase.
standable that on-site random energies will affect severely @he presence of oscillations at nonzero values-Qf is due
CO state. If these random energies are negative at some @f well-known finite-size effects: a relatively small cluster
the sites that were not originally populated in the CO statewith periodic boundary conditions typically has a shell struc-
likely a transfer of charge to those sites will be induced. Theture in their ladder of states. These spurious oscillations do
reciprocal occurs with positive random energies in sites thatot affect the conclusions of our study. The main result re-
were populated in the clean limit. Thus, the phenomenonated with Fig. 4 is the interesting dependence of the DOS
presented here is expected to be basically related to charggith the magnitude ofA. In fact, atA=0.3 and higher the
ordering(not spin and also to depend on the particular form original CO gap at the chemical potential has simply van-
of quenched disorder used, as confirmed later in the discusshed, suggesting the instability of the insulating CO-state
sion. toward a novel statqpresumably metallic induced by
For completeness, results for just one quenched-disordgjuenched disorder. Understanding the origin of this unex-
configuration of random energies are shown in Fig. 3. Parpected insulator-to-metal transition, triggered by disorder,
(a) corresponds to a temperature where both with and withwill occupy most of the rest of the present paper.
out the disorde(strength indicategl a CO state is stabilized. To convince the reader that the apparently small number
The charge staggered pattern is robust, even with disordeyf disorder realization used in Fig. 4 is sufficient for our
incorporated. This is caused by the cooperative nature of theurposes, in Fig. 5 results for five independent quenched-
lattice distortions. On the other hand,Tat0.30[part(b)] the  disorder configurations are shown. Qualitatively, the five
charge staggered pattern is substantially distorted with disopresent states at the chemical potential as observed in the
der. This fact is also very clearly shown in the charge strucaverage Fig. 4. To analyze the dependence of the results with
ture factor[part(c)] where a robust,7) peak is replaced the type of disorder introduced, in Fig. 6 results for a box
by a fairly featureless background &t 0.30 andA=0.4. For  distribution, instead of bimodal, are shown at the couplings
each individual configuration of disorder, the charge appearidicated. Once again, the DOS presents a CO state at small

FIG. 3. (Color onling Breakdown of the charge-ordered state
with disorder: For small temperatureb=0.10, the CO phase sur-

064428-5



SEN, ALVAREZ, AND DAGOTTO PHYSICAL REVIEW B 70, 064428(2004)

0-20 T T L} 0-20 T L} T 0:2C T T T
0.15} 1 0.1sf 1 0.15 .
0.10} 1 0.10f 1 0.0 .
0.05 0.05H 0.05}
000/ =510 2 400% 06 7 4% %05 7% 14
w o4 - o4
Qo220 : . . 0.20 : . : 0.20 : : :
()
0.15} 0.15} 1 0.5} ]
0.10} 0.10f 1 0.0 .
0.05 0.05 0.05} N
000/ === 2 400G — %506 72 4% —% 09 3
oL o4 oL

FIG. 5. The first five figures correspond to the DOS obtained with five different quenched-disorder configurations, at thdattiose
size, and temperature used in Fig. 4. A bimodal distribution of disorder was employed and restikfdrare shown. All five results are
qualitatively similar. The last figure is the average over all five.

A, which is replaced by a metallic-like DOS whenis in- by the results of the simulation in Fig. 8, showing that states

creased. To study the dependence of the results Aviblver  are present at the Fermi level even for large disorder.

a wider range, in Fig. 7 results fak as large as 1.6 are

shown, using a bimodal distribution. At largg it is natural C. Landauer conductance

to expect that the states at the Fermi level will not be filled, ] ) ) ]

since this strong disordenustinduce localization of charge _ While the presence of weight at the Fermi level in the

at the sites where the on-site random energy happens to (°S is suggestive of a metallic state, it may occur that those

large and negative. Then, the DOS presents an interestirﬁjates are not extended but localized. To clarify this issue the

nonmonotonic behavior with an insulator at batlsmall and ~ conductance, of clusters described by the Hamiltonians

large, while the system is metallic at intermediate used in this effort was also evaluated. The calculation was
The situation is different for the box distribution. In this carried out using the Kubo formula adapted to geometries

case, it is expected that largewill not alter the results so  Usually employed in the context of mesoscopic systéns.

dramatically as for the case of the bimodal distribution, sincel N€ actual expression f@ is

there are always random energies that will happen to be o2 ~ .
small and they do not lead to localization. This is confirmed G= 2ETr[(iﬁ{)X)lm G(Ep)(ihvy)Im G(EQ)], (14)
0.20 T T T T T
A=0.7, T=0.05 — A=0.0 0.4 : , : , : ,
3 — A=0.1 A=0.7, T=0.05 — A=0.0
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I | ‘ al 0.1 ‘ ‘ } —
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-4 -2 0)9 2 4 0.0 l A [ ) y J 1 ! “
i 4 -2 0 2 4
o-H
FIG. 6. (Color onling Density-of-statesaveraged over five dis-
order configurationsusing a box distributioriinstead of bimodal FIG. 7. (Color onling The “closing” and “re-opening” of the
10* thermalization steps were used, with *1Gweeps for gap in the density-of-states as the disorder streAgih increased,
measurements. using a bimodal distribution. Temperatuhg,andA’s are indicated.
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FIG. 8. (Color onling Analog of Fig. 7 but for a box distribu- FIG. 10. (Color online Conductancée?/h) vs temperature for

the one-orbital model with cooperative phonona a.7 and using

tion. In this case, the gap that closes at intermediatéoes not X o
a 12x 12 cluster, in the geometry shown in Fig. 9.

form again for larger values of the disorder strength.

. . . N _ necting the cluster to an ideal lead with equal hoppings, a
wherevy is the velocity operator in thxederectlon(assummg replica of the cluster was used at the sides. This method,
current flows along that directigrand ImG(Eg) is obtained  although slightly more CPU time consuming, takes into ac-
from the advanced and retarded Green’'s functions usingount all of the Monte Carlo data for the cluster, including
2i Im G(Ep) =GR(Eg) - GA(Er), whereEg is the Fermi energy.  the periodic boundary conditions. The final step in the calcu-
The cluster is considered to be connected by ideal contacts ttion is to carry out averages over the localized spin con-
two semi-infinite ideal leads, as represented in Fig. 9. Théigurations and oxygen coordinates provided by the Monte
current is induced by an infinitesimal voltage drop. This for-Carlo procedure. The physical units of the conducta@de
malism avoids some of the problems associated with finitéhe numerical simulations for 2D agé/h as can be inferred
systems with periodic boundary conditions, such as the fadtom Eq. (14). In 2D the conductivityo coincides with the
that the optical conductivity is given by a sum of Dirac ~conductance, while in 3 is simply given by the conduc-
functions due to the discrete nature of the matrix eigenva|tance divided by the linear size of the |attice, assumed cubic.
ues. Finding a zero-frequency Drude peak with finite weight A representative result of our effort is shown in Fig. 10,
corresponds, in principle, to an ideal metal—i.e., a systenyvhereG vs temperature is shown at an electron-phonon cou-
with zero resistance—unless an arbitrary width is given topling and disorder strength where the DOS study of the pre-
the zero frequencﬁ_function_ In addition, in numerical stud- vious section revealed the insulator to metal transition. In the
ies sometimes it occurs that the weights of the zeroclean-limit, the nearly vanishing value Gf at low tempera-
frequency delta-peak aneegativedue to subtle finite-size tures reveals the presence of an insulator, which it is known
effects?! For these reasons, calculations of dc resistivity ust0 be a charge-ordered state. The transition to a disordered
ing finite closed systems are rare in the literature. All thesétate occurs with increasing temperature at approximdtely
problems are avoided with the formulation described here=0.08—0.10(A=0), a value compatible but slightly lower
which can be readily applied to the Hamiltonians employedhan that found through the charge correlatigtiss may
in our study where the fermionic sector is quadratic. Thesimply be due to the different lattice sizes ugethe most
problem basically amounts to the calculation of transmisfémarkable result is shown at=0.4. Here, the conductance
sions across nontrivial backgrounds of classical spins ant$ very similar to the clean-limit result at temperatures above
lattice distortions. the transition, but at low temperatures they are drastically
In practice, the entire equilibrated cluster, as obtainedlifferent. Compatible with the finite DOS at the Fermi level
from the MC simulation, is introduced in the geometry of found in the previous section, the system with nonzero
Fig. 9. The ideal leads enter the formalism through self-quenched disorder hasfiaite conductancet low-T, which
energies at the left/right boundaries, as described in Ref. 2@ctually increases with decreasing temperature as in a metal-
In some cases a variant of the method, explained also in Relic state. The inverse of the conductarice. the resistivity in
20, was used to calculate the conductance: Instead of co@D) vs T is shown in Fig. 11, using a logarithm{base 10
scale to amplify the nearly vanishing conductance of the in-
sulating state of Fig. 10. The change of several orders in the
resistivity between the clean and dirty limits is in agreement
with typical CMR experiments. The introduction of
quenched disorder transforms an insulator in the clean limit
to a metallic state in the dirty case. As a consequence, the
states at the Fermi level induced by disorder that were ob-
FIG. 9. Geometry used for the calculation of the conductanceServed in the previous section indeed correspond to extended
The interacting regior(cluste) is connected by ideal contacts to States that transport charge, a very interesting result. Note,
semi-infinite ideal leads. The configurations of classical localizedhowever, that the conductance in the metallic state is sub-
spins and phonons are produced by Monte Carlo simulations.  stantially smaller than its maximum valg0 for a 12x 12

left

right
lead

cluster lead
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2.5 IV. RESULTS FOR A SIMPLIFIED MODEL
20k The results presented in the previous section have re-
I vealed an insulator to metal transition induced by on-site
~15F random-energy disorder, when the clean limit starting state is
ch charge ordered. This conclusion appears clearly both in the
9S40k DOS and in the conductance, and it is already evident in
! lattices as small asX 4. Then, the mechanism must be easy
0.5k to understand since it cannot depend on subtleties related
- > Seeg g gE 568D with the bulk limit or large correlation lengths. In order to

0000024 068 002 046 020 clarlfy"th.e origin of the msulator—metgl trangltlon, here a “toy
Temperature (t) model” involving only electrons will be introduced, and
shown to behave quite similarly as the actual “real model”
FIG. 11. (Color onling Logarithm (in base 19 of resistivity ~ that has electrons, localized spins, as well as lattice degrees
(inverse of conductivity vs temperature for the same lattice and of freedom. The definition of the model is
couplings used in Fig. 10. Note the similarity of the results with
thgse obtained varying magnetic fields near AF-FM first-order tran- H=-> t (di‘rdj +he)+ > an; + > Ain;. (15)
sitions(see Ref. 9 i) i i
This simplified toy model includes a hopping term for

clustey, indicative of adirty metal This result is also com- . : ) . o
pinless fermiongfirst term), as in the realistic case at large

patible with experiments in manganites that have reveale d ina. The hoooi litude will first b
similar characteristics? Then, the metallic state is far from _gn goup lntg. ¢ € dopplnglgta.mpt;]_u F W{. |rsb telcton—
perfect and there must exist sources of scattering that pré:'-I ered constant and equal tan this section, but 1ater-a

vents the smooth flow of charge. In subsequent sections, \‘P”dtofn hop:plrlg ‘.N'” ﬁllsot.be Stlfjdéedlfor completenezs.tThe
will be argued that this metallic state is percolative-like, amost important simpiification o 415, as compared to

result compatible with its relatively high resistance. Eq. (7), is the following: instead of lattice distortions to in-

In Fig. 12, results for the conductance at low temperaturéjufe t(;hla_rgg ?rdderln%, %mﬁre dmr?dulatlondoft the _cheI-EmmaI
as a function ofA are shown for two different cluster sizes. PO€Ntal Is introduce y handfthe second term in Eq.

The size effects appear to be very small, although the clug12): Wheref‘i_?hf“.and f;_a_ar(ta tlocated otn e:hchecktlerboafr?h
ters studied are not sufficiently large to show convincingly""rr""ngern.en - This IS sutficient to generate the analog of the
; GO state induced by phonons, namely a charge modulation

function of A reveals a range of insulating behavior at smallIeadlng to a checkerboard pattemn. In all the toy model simu-

A, followed by a well-defined peak in the conductance atlations reported in this paper was kept equal to 0.5: for

intermediate values—wher® is comparable to the gap, as computational simplicity it was not modified to mimic dif-
explained later in the text—followed by a subsequent de_ferent values o and concomitant charge gaps. However,

crease ofG at A of order 1 or larger. This larga-behavior the qualitative results emerging from the analysis are suffi-

can easily be understood due to strong localization of carrierg'enﬂ.y clear_, that th_ere was no need to further cons¢das_
tuning variable. Finally, to incorporate the quenched disor-

in that limit. However, the presence of a metallic state at? ; . o
intermediateA—as opposed to a smooth interpolation be-d€": an on-site random-energy term as in the realistic case
tween the two insulating limits at small and larye—is puz- was included as well.

zling. Its understanding is the main goal of the next section. The calculation of conductances vs d_lsorder strength, as
well as other observables, proceeds straightforwardly for the

toy model as a special case of the realistic one. There is no
need to carry out any Monte Carlo simulation for the toy
model; the results are exact. A remarkable result is shown in

1.00 LIS ML I N GRS RN NN GRNE I L A

0.80 . - o
| Fig. 13, whereG vs A is shown for both the realistic and the
=0 toy models, on the same lattice and at the same temperature.
=0.60 . o - .
= Besides a harmless shift in the location of the peak feature,

the shape of the curve is basically the same, revealing

insulator-metal-insulator characteristics with increastnmn

both cases. Then, the simplified toy model is sufficiently ro-

bust to have the same properties as the real model, and its

0.0t 8560 4 o analysis will likely unveil the origin of the effect. This is
0702040608 1A-0 121416 1.8 2. confirmed by a study of the DOS as wéflig. 14), since the

gap in the clean-limit caused by the staggered-modulation in

FIG. 12. (Color onling Conductivity vs disorder strength for the local-energy induced by the second term of &d) is

model Eq.(7), at A=0.7 andT=0.05. 10,000 thermalization and filled by the introduction of disorder.

2000 measurement Monte Carlo sweeps were used. Results for two The analysis of the real model—i.e., including phonons

lattice sizes are shown, suggesting that finite-size effects could band localized spins as active degrees of freedom—was lim-

small. ited to 12<12 lattices and a few realizations of disorder.
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FIG. 13. (Color online Conductivity vs disorder strength, FIG. 15. (Color onling Conductivity vs disorder strength for the

comparing results for the “real” phononic model, Ed@) atA=0.7 toy model, averaged over 100 disorder configuration3 =0.05.
against the “toy” model. In both cases a bimodal distribution isResults for several cluster sizes are shown. In 2D, conductivity and
used, and results are shown using &112 lattice afT=0.05. Inthe  conductance are the same. The size effects appear to be mild, but
calculation of the conductanee for the real model, 10,000 sweeps the slight reduction ofG with lattice sizes in the central region

for thermalization and 2000 for measurements were used. For theould still lead to an insulating state in the bulk limit. More work is
toy model the curve shows an average over 100 configurations afeeded to fully understand this subtle issue.

disorder, andx is 0.5. The different locations of the conductance

peaks can be brought to the same value by modifyingn unnec- The situation in 3D is similar, since the results for the

essary task in our qualitative study. conductivity (G/L, where the lattice size it®) of the toy
podel seem to converge with increasing size of the cube
used for the simulation, as shown in Fig. 16. While it is not

is shown. All of the curves have the same shape, and the sizBPossible that the conductivity could slowly decrease to

effects are moderate. However, there is a slow decrease A§"° @S-— =, the results are suggestive that a metallic state

the conductance at the peak. Given the error bars of thgoUld indeed be found in the bulk 3D limit. More work is

simulation(the oscillations in the results between subsequenf€€ded to fully confirm this assumption.
A’s can provide a crude estimation of these error hasd

the rapid growth of CPU time with increasing size, an even
more careful analysis cannot be carried out. As a conse-
guence, it is not possible in this early investigation to be
conclusive about the metallic nature of the state in the bulk A. Proposed explanation
2D limit, particularly in view of the subtleties that are some-
times related with similar studies in the case of Anderso

With the toy model, a far better study can be conducted. Fo
example, in Fig. 15 an analysis & vs A at several lattices

V. UNDERSTANDING THE METAL-INSULATOR
TRANSITION

The essence to understand the insulator to metal transition

T ) . ; . >SN0 und with increasing disorder-strength appears to be very
weak-localization effectgthis particular issue is quantita- . . o Ut
simple, and a starting point is illustrated in Fig. 17. Suppose

tively discussed in the AppendixNevertheless, the qualita- that in the clean-limit caseA=0. the Fermi level is in be-

tive analysis to be discussed below will be sufficient to Un- ' een two states separated by a gapd, as a consequence
derstand the nature of the metallic state in finite-size cluster: b y ' q '

. C Yhe state is an insulatprlt is natural to expect that with
as a first step toward applications to real compounds. ; : . . L
increasing on-site energy disorder those two states will in-

0.20 - . - . - . crease their respective widths—since the on-site random en-
T-0.05 —4=00
' ~a03
0.15- — A=1.2{1 040
— A=1.6]|
N 0.30f
80.10 =
=
@0.20
0.05 o
O
o.10f
0.00
0.00%

FIG. 14. (Color onling Density-of-states of the toy model, Eq.
(15), for several values of the disorder strendth The lattice is
16X 16 and temperaturé=0.05. At the Fermi level states are gen- FIG. 16. (Color onling Conductivity (in €?/hL units) vs disor-
erated, as it occurs in the realistic model studied in previouder strength for the toy model in 3D, averaged over 100 disorder
sections. configurationsL is the size length of &3 cube.
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| :
= E.
A=0.0 A=04

FIG. 17. A cartoonish view of the generation of weight at the
Fermi level by disorder. If in the clean limit the system is insulating
(with no states available at the Fermi leyeéhe mere broadening of
these states by disorder certainly introduces stat&s after some
A strength similar to the gap is reached. However, it remains to be
investigated whether the states at the Fermi level generated by dis- A=0.0 A=A, =08 A=2.0
order are truly metallic, or whether they are insulating.

FIG. 18. Monte Carlo “snapshots” obtained using axli2
d:luster and temperature=0.05 showing the electronic density at

ergies directly affect the energy location of the state—an each site in tones of black and white. Results are shown for both the

there will be a value oA (of the order of the clean-limit gap ‘real” and “toy” models[Eqs. (7) and (15), respectively. In the
where a robust number of states W'".be 'OC‘?‘tEd a_t th? Fem}brmer,)\:OJ is used. In the three cases, results for the clean limit
energy._The r_esults_ we have fpund in-our |nvest|gat!0n aA'Q =0, as well as intermediate and large value\cdire presented.
compatible with this simple picture for the generation of goih the real and toy models At=0 have densities approximately
weight at the Fermi level. In this respect, increasing temperag 7 and 0.3 in a checkerboard pattern, whild a2 the two clearly-
ture in the clean-limit at fixed large or increasingA at fixed  gistinguished densities are close to 0.95 and 0.05. A detailed dis-
small T and large\ appear to be analogous procedures tOcussion is in the text, but the reader can already visualize the local-
transform an insulator into a metal. However, Fig. 17 canized nature of the charge in both limits of small and lafgavhile
only be a rough starting point to rationalize the metallic con-the snapshots at intermediate disorder show a more disordered dis-
ductance since the presence of states at the Fermi energytiibution of populated sites, leading to a metallic state. The similar-
not sufficient to guarantee that the systems is indeed metaiky between the results for both models is also to be remarked.
lic. In fact, Fig. 17 applies even in the limit of vanishing
hopping, where the charge is localized. +a, A—a, ~A+a, or ~A—a. The case of interest for metal-
The most revealing procedure to understand the I-M-llicity is obtained atA ~ « or larger—in excellent agreement
transition with increasing\ found in the real and toy models with the numerical results—where approximately half the
involves the study of Monte Carlo “snapshots” of the chargesites have a small effective on-site energy, and these sites are
configurations. This is useful in the real model because theow available for the transport of charge with average den-
classical degrees of freedom freeze at low temperatures, arsity 0.5[while the other sites either have a very large or very
snapshots are representative of the phys&sstate with  small chemical potential, favoring either minimu@ero or
strong quantum fluctuations may have many configurationsnaximum(one) local occupancy, with both cases not useful
with equal weight, complicating the analysi§ypical snap- for charge transport The sites with small effective on-site
shots are shown in Fig. 18, where results for the electronienergy would not contribute to a metal if they were isolated
density of both the real and toy models are contrasted. It igfor instance if they were regularly spagedut for arandom
clear that in the three regimes of relevance—small, intermedistribution of locations a metallic state can be formed if
diate, and large\—there is an excellent agreement betweenthere is a large enough number to induce percolative-like
the two cases, and the toy model appears to capture the gshenomena. Figure 19 further clarifies this issue. The calcu-
sence of the behavior of the more realistic model, &y. lations of conductances appear to imply that indeed such
Let us now analyze the results. At smaAll the checkerboard percolation has occurred at the densities considered here.
pattern certainly prevents the transmission of charge, and thEhis appears to be the essence of the insulator to metal tran-
system is insulating in both cases. At large the sharp sition. The state that conducts appears to be highly inhomo-
color-contrast between the sites occupied and those empgeneous, compatible with the low value of its conductance.
are indicative of a strong localization of charge. Energeti-Clearly, insulating regions survive. The elastic cooperative
cally this occurs to take advantage of the regions with largenature of the oxygen coordinates enlarges the regions that are
and negative), where at every site either occupancy zero oreither charge ordered or disordered.
one is favored. This regime is insulating as well. To clarify further the poor nature of the metallic state, a
The most interesting result occurs at intermediate valuefrequently-mentioned issue in the study of conductances is
of A, in the metallic regime. Here the density is closer to itstheir distribution. Sometimes the mean value, as the one dis-
mean value 0.5 in several lattice sites, in spite of the cussed thus far, is not representative due to the large width of
modulation of the toy model. To understand the results, conthe distribution. However, an example Gkdistributions is
sider for instance the case of a bimodal distribution for theshown in Fig. 20, for the toy model at a value dfwhereG
guenched disorder, as in Fig. 18. Considering the second arnddicates a metallic state. The result shows that the distribu-
third terms of Eq.(15) in the toy model, then locally the tion is not abnormally wide, but the only values that visibly
effective chemical potential can take four values, namiely appear are 0, 1, and 2, while its full possible range of values
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FIG. 19. An example showing that the sites with densities ap- )
proximately 0.5 are correlated with those with small effective on- o=
site energy, for the particular cage=0.8, ande=0.5, on a 24
X 24 lattice. On the right panel, sites with small effective on-site  FIG. 21. (Color onling Density-of-states for the toy model
energy are shown in black iA—«=0.3 and light grey ifA-«a where now the disorder is introduced through random hoppings,
=-0.3; the rest are in white. On the left panel, results for the toyrather than random on-site energies. Here, the hopping disorder is
model are shown. Here sites with densities between 0.50 and 0.7&gain a bimodal function with valuesr+The results are af
are in black, between 0.25 and 0.50 in light grey, and the rest irr0.05 and obtained on a X212 cluster. The gap does not close
white. The agreement between left and right is almost perfect. Thisinder the influence of disorder in the hoppings.
two-color view helps in the understanding of percolation. In two

dimensions the critical percolative fraction is 0.5, precisely thepars a5 the effective on-site energies argumentation would
number of sites with small effective on-site energy. The system iggicate. The reason is that the kinetic energy of electrons
then only at thevergeof percolation. However, in 3D it would be 6 first term in Eq(15)] must also be considered, and the
fully percolated since the critical fraction is 0.25. electronic density “spills” from favorable to unfavorable
sites if they are close to one another. This proximity or spill-

extends up to 22 in the case of the largest lattice studied. T %g effect is not considered in traditional models of

d|str|b_ut|on shown_also _|nd|cates that slightly less than hal ercolation—where links or sites are sharply either metallic
the disorder configurations used have zero conductancg

while the others have the minimum and next values border-r insulating—preventing th? straightforwarq use of standard

. : . : ’ .~ formulas deduced for classical random-resistor networks to

line compatible with a metal. Then, the metallic state dls-the case analvzed h

. ; yzed here.

cussed in this paper corresponds tgpa@or meta) and the

shapshots previously discussed indicate that this property

arises from inhomogeneities. The system appears to be near B. Consequences of the proposed explanation

percolation and, as a consequence, there are only a limited

number of paths for conductance across-the-sample.
Although the use of standard formulas for percolative pro- The model used both here and in the previous

cesses could be temptirifpr instance to predict the critical investigatioR® employs a local random-energy term as a

density of metallic sites needed to percolate, and the corresource of disorder. This form of disorder appears to be cru-

sponding critical exponentshere the electronic-density at cial for the argumentation discussed in the previous section

each site is not simply found to correspond to just four num+o explain the stabilization of a poor metallic state at inter-

mediateA. The notion of an effective site-energy that nearly

1. Results with random hoppings

60 * ' : r : . - cancels atA ~ « for approximately half the sites is very im-
50'_ A=0.9 — 8x8 ] portant to render those sites conducting. Then, the present
| — %ﬂg ] analysis would predict a lack of universality of the disorder-
40k — 20x20| induced insulator-metal transition upon modifications in the
pe — 24x24| | explicit form in which the disorder is introduced. In particu-
gso - - lar, introducing randomness in thkopping amplitudes
* 1 rather than in the on-site energies, should not lead to a metal
20 T according to the previously proposed explanation of the ef-
10' /\ i fect, since the effective site energies will not be affected. To
I ] verify this idea, in the toy model the on-site disorder was
/ : . . .
) NN . switched off, but now the hopping amplitudes were given an
B 2 4 " .
G (e?h) extra random component. More specifically, the hoppings

were modified such thdf =t+7;, while A; was switched off

FIG. 20. (Color onling A histogram of conductances observed IN EQ. (15). The random number; was chosen from a bi-
in the study of the toy model, corresponding4e=0.9, and ar ~ Modal distribution with values =
=0.05, for many values of the disorder. The conductances can only The results for the density-of-states are shown in Fig. 21
take integer values; here they have been broadened for a bettfdr several values of. There is a drastic difference when
illustration. Size effects appear to be small. Several configurationsompared with the case of random on-site energies. For ran-
are insulatingG=0), while others conductingalthough poorly. dom hopping amplitudes the gap present=a0 is not filled
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FIG. 22. Phase diagram of model Eg) obtained in the limit FIG. 23. (Color onling Density-of-states obtained using the

where the localized spins are frozen in a ferromagnetic state at afnodel with frozen spins, leaving only the charge as an active
temperatures. As in the case of nonfrozen spin$ tiérmalization ~ degree-of-freedom. The clean-limit gap is still found to close with
and 1d measurement Monte Carlo sweeps were typically used adisorder, even in the absence of CO-FM competition. The lattice is
each temperature and The lattice was & 8. The criteria used to 8% 8.

determine the transition temperatures are the same as for the simu- . . .
lations with active spins. Results both with and without disorder aréduced in the form of random on-site energies. Our effort

shown, with a behavior similar to that found in Fig. 1. The phasePresented here confirms the effect, showing that the clean-
diagram at very low temperatures is difficult to obtain due to theliMit gap in the density-of-states is filled by disorder. More-
rapid increase in CPU time required to remain ergadinfigura-  OVer, a calculation of the conductance was implemented,
tions are separated by large energy baryiers with a Landauer formulation borrowed from the context of
mesoscopic physics. This calculation confirms that for inter-
by the random hoppings with increasingThe state remains Mediate values of the disorder strengtfthe system is in-
insulating at all values of, small, intermediate, and large. deed metallic, at least for the clusters studied here. A better
This is compatible with the explanation for the insulator- finite-size scaling should be carried out to fully confirm the

metal transition discussed in the previous subsection, whic1€tallic nature of the state in the bulk limit, but this huge
relies crucially on the effect of on-site disorder. effort is left for future investigations. Our limited size analy-

sis thus far indicates that the conductivity will remain finite
in the bulk limit, particularly in three dimensions.

To understand the origin of this transition, an even sim-

Another important prediction of the proposed explanationpler model without active phononic degrees-of-freedom was
for the I-M transition is the irrelevancy of the spin degree-proposed. This new model behaves very similarly as the
of-freedom, and its concomitant FM phase. If the idea isoriginal one, with a DOS that is filled by disorder, a quite
correct, then the presence of the CO vs FM phase competsimilar conductance v4 curve, and similar Monte Carlo
tion is not crucial, but more important is the competition snapshots. Both this model and the original one present a
between charge-ordered and charge-disordered states. percolative-like behavior in the metallic region at intermedi-
verify this idea a simulation was carried out, freezing theate A’s. The reason is that there are sites where the random
localized spins to a perfectly ferromagnetic state at all ttmenergies compensate a dynamically generated on-site energy
peratures, effectively removing the spin as a degree-ofinduced by the interaction with phonons. This interaction
freedom. The Monte Carlo phase diagram is shown in Figproduces a checkerboard pattern of charge, leading to sites
22 and indeed it shows the expected behavior for the CGhat are either charge localizet: 1 (negative effective en-
state, before and after including disorder. ergy) or emptyn=0 (positive effective energy The compen-

The density-of-states for the model with only the chargesating random energy induces some of the sites to prefer
as an active degree-of-freedom is shown in Fig. 23, with an@hargen~0_5, as in a homogeneous metal. It is through
without disorder. The insulator @=0 and metal ah=0.4  these sites that charge can move from one side of the cluster
are present qualitatively as in the case with active spins. lfo the other. Compatible with this picture—where only a
appears that the insulator-metal transition only depends offaction of the sites hava approximately 0.5—the metallic
the presence of charge ordered and disordered states, ag@te is found to have poor-metallic behavior, and in the his-
their competition. The ferromagnetic component is of notogram of conductances for different realizations of

2. Simulations with frozen spins

consequence for the effect discussed in this paper. quenched disorder many of them have an insulating charac-
ter. The mechanism here discussed to understand the filling
VI. CONCLUSIONS of gaps by disorder appears general, and it should be valid

beyond manganites. In fact, there are experimental results
In this paper, a simple explanation was proposed for @and theoretical investigations that have reported similar ef-
recently discovered insulator-to-metal transition induced byfects in the context of disordered insulatgsge Ref. 22 and
disordet® in a model for manganites with cooperative references therejnIn these related investigations random
phonons. The transition occurs when the disorder is introeonfigurations of disorder were found to provide conducting
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resonant electronic channels for tunneling in tunnel junc- TABLE I. Differences in conductivities between pairs of lattices
tions, an explanation similar to that provided in the presenin 2D, using data from both the toy model and localization
investigations. In addition, it is known that several materialsformulas.

share phenomenological aspects with the mangafitasgd
the investigations of these interesting effects may have con- L2 Ly Ady(Ly,Ly) AcfS(Ly,L2)
sequences in a variety of research areas.

Is this mechanism active in the real manganites? More 24 20 -0.1167 -0.1161
work is needed to investigate this issue. Reasons for concern 24 16 ~0.1844 —0.2581
are the dependence of the results with the form of disorder, 24 12 -0.3735 -0.4413
and the irrelevance of the competing FM state in the process. 20 16 -0.0677 -0.1421
Disorder in Mn-oxides is believed to arise from lattice dis- 20 12 -0.2568 -0.3252
tortions induced by chemical doping with ions that are either 1g 12 -0.1891 -0.1831

much larger or smaller than those involved in the parent
undoped compound. From this perspective disorder in the

hopping amplitudes would be realistic. On the other handthe metallicity tendencies were properly clarified. The main
the ionic dopants have often a different valence than the iogoncern about finding a metal in the bulk is related with
they replaced and that could be represented by on-site endgsues of Anderson localization, particularly in 2D, as dis-
gies. Additional effort is needed to relate this simplecussed in this appendix.

insulator-metal mechanism to those proposed in early inves- |n classical transport theory, which relies on weak scatter-
tigations and to experiments. However, even if the immediing, the conductancé of a d-dimensional hypercube of vol-
ate relevance of the idea to Mn-oxides needs further studyime LY is related with the conductivityc through G

the effort of Refs. 9 and 16 and ours confirms the key role= %2 whereL is much bigger than the mean free padth,
that disorder plays to render metallic an insulating system, glowever, Abrahamst al. have showff2>—based on renor-
somewhat counter-intuitive idea. This adds further evidencenalization group ideas and perturbation theory—that there is
that the most basic aspects of the original scenario by Burgyio mobility edge in 2D, hence the conductance should van-
et al” are essentially correct, namely disorder is needed &th asL — «, where qguantum interference leads to Anderson
least as a triggering effect to induce insulator to metal trantocalization. According to this picture, the correct scaling
sitions in models for manganites in the vicinity of regions of the conductivity in one, two, and three dimensions is
where FM-AF phase competition occurs. Moreover, thegiven  by®  oyp(L)=0—(2€?/h)(L=1),  op(L)=0y
present effort has shown that the metallic state induced by (2e2/ha)In(L/1), and o3p(L) = 09— (2€2/h7?)(1/1-1/L),
disorder is “poor” due to its inhomogeneous characteristicsrespectivew, where,=ne?7/m is the Drude conductivity at
All these results provide further support for the mixed-phasescalel and 7=I/#ke is the relaxation time. In 3D, it seems
based percolative explanation of the remarkable dc transpofpssible to have a nonzero conductance for macroscopic lat-

behavior of the CMR manganites. tice sizes, but not in a lower dimension.
To compare these formulas for localization with our simu-
ACKNOWLEDGMENTS lations, we proceed as follows. In 2D and 3D, the conduc-

tivity attains its maximum value at the disorder strength
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Ao'taog(LLLz) = a%SO'g(Lz) - 0_%;0_9“_1), (A2)

toy” indicates that these are the numerical results for
the toy model. The corresponding “localization” formulas are
given by
APPENDIX: ISSUES RELATED WITH ANDERSON
LOCALIZATION AGPE(LLL2) = E|n<5) , (A3)
Itis clear in our figures for the conductivity in 2D and 3D, ™ AL
corresponding to the simplified “toy” model, that(or the
conductancereaches its maximum value at some intermedi- AG(L,L2) = 3( 1 1 ) (Ad)
ate disorder strengthh ~0.8—0.9 (see Figs. 15 and 16 Oo3plly, L) = 2
However, both in 2D and 3D the conductance maximum
value decreases slowly as the lattice size increases. As dis all of the above, the units for conductivity are’/h.” The
cussed in the text, this prevents a clear statement regardirpmparison between these formulas is summarized in Table |
the stability of a metallic phase in the bulk limit by the for the 2D case.
mechanism discussed in this paper, although the reasons for The similarity of the numbers leads to the conclusion that

Ly Li/
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the numerical results for the 2D toy model in the “metallic (or bilayered systemslt is known that Anderson localiza-
regime” could still lead to an Anderson insulator as the lat-tion is not so severe in 3D, giving confidence that the state
tice size grows. However, obviously the mechanism disstabilized at intermediatd’s is indeed a metal in the bulk

cussed in this paper is mainly to be applied to 3D manganitemit.
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