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Fermi-liquid-to-polaron crossover. Il. Double exchange and the physics of colossal
magnetoresistance
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We use the dynamical mean-field method to study a model of electrons Jahn-Teller coupled to localized
classical oscillators and ferromagnetically coupled to “core spins.” The model, we argue, contains the essen-
tial physics of the “colossal magnetoresistance” manganites RgMnO;. We determine the different
regimes of the model and present results for the temperature and frequency dependence of the conductivity, the
electron spectral function, and the root-mean-square lattice parameter fluctuations. We compare our results to
data and give a qualitative discussion of important physics not included in the calculation. Extensive use is
made of results from a companion papEhys. Rev. B54, 5389(1996]. [S0163-18206)09431-3

[. INTRODUCTION rations withe, electrons parallel to core spins.
The Re _,A,MnO; materials display a wide range of in-
The doped rare-earth manganites have been studied fegresting physics. For€x=<0.2 (all x values are approxi-
many years? and interest in the materials has revived fol- mate, and depend on Re aA)l the materials are insulating
lowing the recent discovery of extremely large magnetoresisat all temperatures and are antiferromagnetic or ferrimag-
tance in some members of the familfhe chemical formula netic at lowT. For 0.2<x=<0.5 the lowT phase is a fully
is Re _xAMnO;3, with Re a rare-earth element such as La orpolarized ferromagnetic metal. As the temperature is in-
Nd andA a divalent metal ion such as Sr or Ca. The eleccreased for 0£x=<0.5, there is a ferromagnet-to-
tronically active orbitals are believed to be the Mh  paramagnet transition, which may be of first or second order,
orbitals** and the meanl occupancy is 4 x. Each Mn ion  at a T (x)~300 K. In the paramagnetic state the material
feels an approximately cubic crystal field, which splits themay pe either “metallic” (in the sense thadp/dT>0 and
Mn d levels into atyq triplet and aney doublet! The tog <, v or “insulating” (in the sense thadp/dT<0 and
levels are believed to lie substantially ¢ 5 eV) below the = puor) - [HETE paort, the Mott “maximum metallic resis-

gy levels. On-site Cqulomb interaction; are apparently stronﬁvity,., is about ~1000 0 cm and corresponds to a mean
enough that nal orbital may be occupied by more than one free path of ordep;1 (Ref. 9.] Insulating behavior occurs

electron. Further, all electron spins in M orbitals are tl d metallic behavior at hiaher There is for all
aligned by a large ferromagnetic Hunds rule coupling. Theft 'oWerx and metafiic behavior at highet here IS for a

Coulomb and Hunds rule interaction energies have not beefy @ VEry pronounced drop ip as T is lowered through
measured directly, but there is substantial indirect evidencdc. @nd in this regime the resistivity has a very strong mag-
that they are large. For example, at82<0.5 (precise val- netlc field dependence. The “colossal” magne'Fore.S|s-tance of
ues depend on Re ar) the ground state is ferromagnetic, interest here occurs fax such that the material is in the
and the observed magnetization is consistent with allk4 “insulating” regime atT>T, but is a metallic ferromagnet
electrons on each Mn being lined up in the maximal spinat T<T.. Finally, atx=0.5 the lowT state is charge or-
state! suggesting a large Hunds coupling. Also, ReMnO dered, antiferromagnetic, and insulatiny. We do not ad-
undergoes a structural phase transitiorT at800 K, which ~ dress the physics of this regime here. A qualitative phase
has been shovir{ to be due to a staggered (w, ) ordering ~ diagram is shovl/nlén Fig. 1. _
of Jahn-Teller distortion of locat, symmetry. This would Most model3'~*° of electron transport in Re AMnOs
not occur unless the, orbital were singly occupied, which have emphasized the “double exchange™ phenomena caused
in turn implies that the,, orbitals are also singly occupied, Py the large Hunds coupling,;. The essence of double ex-
suggesting a large on-site Coulomb interaction. change is that when an electron hops from Bite sitej it

The resulting physical picture is that 3 of the{4) d must also go from having its spin paralleli@to having its

electrons*fill up thet,, levels, forming an electrically inert spin parallel t0§jc; the hopping amplitudé;; thus depends
core spinS, of magnitudeS,= 3/2. The remaining + x elec-  upon relative spin orientatioft.For two fixed sites and] it

tron goes into a linear combination of tleg levels, and is is possible to choose phase factors so that
coupled toS, by a Hunds rule coupling,;, which is pre-  t;;—(t; /\/5)\/1+S'C~SJC/SCZEtijcoiaiJIZ].

sumably large, but has not been directly measured. Okimoto The double exchange phenomenon gives an obvious con-
et al. have recently presented an interpretation of optical dataection between electron hopping and magnetic order: disor-
implying thatJ,;S.~ 1.2 eV& We shall argue below that their der in the spins implies randomnesstjp, which decreases
interpretation is not correct and thdyS. is rather larger. below T, or in a field. This effect seems very likely to be
Certainly, the conventional wisdom is that the limit related to the “colossal” magnetoresistance observed near
JuS,— is appropriate, so one only need consider configu-T.. However, two of us and Littlewood have recently argued
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dimensionless coupling parameter, which is the ratio of an
interaction energy to the electron kinetic energy. The double
exchange physics implies that ferromagnetic order increases
the electron kinetic energy, thereby decreasing the effective
coupling strength. Also, a recent analySisf the structural
distortion observedin LaMnO; showed that the electron-
phonon coupling is indeed strong.

In this paper we present a detailed study of a model of
electrons coupled to core spins and to phonons, which we
, believe confirms the importance of electron-phonon interac-

0.0 0.25 0.5 tions. We use a “dynamical mean-field” method, which has
X previously been extensively applied to interacting problems
without double exchang&and has been used by Furukawa

FIG. 1. Qualitative temperatureT¢) doping () phase digram to study models involving only double excharigeThe
of Re_,A,MNnO;, with magnetic phase@, ferromagnet; AF, anti- model we study does not capture all of the physics of
ferromagnet; P, paramaghestructural phase€JT, Jahn-Teller or- Re, _,A,MnOg; in particular, Coulomb effects and quantum
der; no label, no ordgr and transport regime$M, “metal,” and intersite terms in the phonon Hamiltonian are omitted
dp/dT>0; |, “insulator,” dp/dT<0) indicated. The solid lines are and an oversimplified electron-phonon coupling is used. We
magnetic phase boundaries, the heavy dashed line is the Jahn-Teltgferefore cannot quantitatively compare our results to experi-
boundary, and the light dotted line is the metal-insulator crossoveiment, The qualitative agreement we obtain is, however, com-
For x>0.5 different physics, involving charge ordering, is impor- pelling.
tant at lowT. Different materials may have phase diagrams differ--  other workers have also studied electron-phonon effects
ing in some details, and the magnetic and structural boundaries may manganites and related materials. Emin, Hillery, and Liu
not coincide at lowT. studied a theoretical model of a single bound polaron

coupled to spin waves and found a temperature dependence
that models involving only double exchange cannot explairof the polaron size that they argued could be related to trans-
the observed resistivit}. The essential point is that in ma- port anomalies &af, observed in EuG? Their work involves
terials exhibiting “colossal” magnetoresistance the resistiv-only a single electron and is based on a model in which
ity at T>T, is much larger than the Mott limit and moreover double exchange is not relevant, reflecting the different phys-
rapidly increases &b decreases. Indeed, as shown in Appen-cs of EuO. Roder, Zang, and Bishop used variational wave
dix A, the observedl>T, resistivities are so large that a function techniques to examine the interplay between
classical description involving particles incoherently hoppingelectron-phonon interaction and double exchafig&heir
from site to site with a hopping probabilitW<kgT/% is  work is in a sense complementary to ours. They have incor-
appropriate. In models involving only double exchange theporated quantum phonons and have presented some results
scattering produced by spin disorder is simply not largeon intersite phonon correlations, but their technique seems to
enough to cause such insulating behavior. A straightforwardvork best at low temperatures. To calculate properties at and
calculatiort** shows that if the spins are completely decor-aboveT, they resort to a dilute limit approximation, which
related one findgr/~3, i.e., W~t;;>kT. More sophisti- amounts to the study of a single carrier in a deformable me-
cated arguments involving localization and phase factors ardium. Also, they have not presented results for transport and
shown in Appendix B not to change this conclusion signifi-optical quantities; their main result is a calculation of the
cantly. Therefore we believe some additional physics not incoupling dependence and doping dependenc&.of Their
cluded in the double exchange-only model must be imporresults for the coupling dependence are very similar to ours;
tant. This conclusion is not universally accepted’ their results for the doping dependence are based on an as-

One possible source of this extra physics is the “Hubbardsumption that, we argue, is not justified by the arguments in
U” effect of the on-site Coulomb interaction, which pro- their paper. A comparison of their results f6g to ours is
duced the Hunds coupling in the first place. While this isgiven in Sec. IV, and a further discussion is given in the
undoubtedly quantitatively important, we do not believe it isConclusion.
the primary cause of the observed insulating behavior, essen- The rest of this paper is organized as follows. In Sec. Il
tially because away from commensurate densiteeeh as  we define the model and the approximations used. In Sec. llI
one electron per sifecanonical Mott insulating materials we give the qualitative physics of the model, distinguishing
such as the higfi superconductors or other doped different regimes and presenting the behavior of physical
transition-metal oxides have resistivities that are rather lesquantities in each. In Sec. IV we present the results of a
than the Mott limit and that decrease with temperatfiréjn detailed numerical study of the model at half filling. In Sec.
stark contrast to the behavior observed BT, in  V we present and discuss results at other dopings. Section VI
Re, _,AMNO;. is a conclusion, in which the relation of results to data is

We proposetf that the crucial additional physics is a analyzed and the effects of omitted interactions are outlined.
strong electron-phonon coupling, which localizes the conAppendix A discusses the theoretical interpretation of the
duction electrons as polaronsBtT. and smalleix, butis  observed resistivities, in particular the relation to the Mott
weakened in thd <T, ferromagnetic state, restoring metal- minimum metallic conductivity and to transport by classical
lic behavior. We argued that this is possible because theparticles, while Appendix B discusses in more detail the re-
behavior of the electron-phonon model is controlled by asistivity of the double-exchange-only model. An announce-
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ment of some of the results of this paper will appear 1
elsewheré? Hon= > Ekfiz- )
This paper relies heavily on results of a companion paper,
which uses the dynamical mean-field method to study ) L L
electron-phonon interactions in models without double Despite the §|mpllfy|ng approximations, th_e mo.del de-
exchangé® to which we refer henceforth as I. f|ned_ by Eq.(1) is not solvable except in certain Ilmlts. To
obtain results, we adopt the “dynamical mean-field” ap-

proximation, which becomes formally exact in a limit in
which the spatial dimensionality—o and has been shown

We study a model of Mrey d electrons coupled to core to provide a reasonable description of models of interacting

IIl. MODEL AND APPROXIMATIONS

=i 21 ;
spinsS. and phonons, with Hamiltonian elect.rons ind=3 . Recently, the technique has_ also been
applied to the double-exchange-only model defined by Eq.

H=H pand™ Ha-ext Heppn Hpn- (1) (1) with He 5= 0." The resulting resistivity is very similar

) ) , to that obtained using other techniqd&surther confirming
Hpang describes the hopping al electrons between sites the accuracy of the method.

i,j of alattice. We take the elect.rons to have twofold orbital The dynamical mean-field method is based on an assump-
degeneracy labeled by a roman indexk) and twofold spin  tjon ahout the electron Green functi@}(p, ). In general
degeneracy labeled by a greek index g). Explicitly, this is a tensor in spin and orbital space, which may be writ-
ten as
Hpand™ — 2 tie}bdiTaadjba_Mz diTaadiaa- 2
(ijYaba iaa [Gi%(p,w)]lew—Egb‘i—ﬂ—zzz(p,w) (6)
The hopping matrix elemer‘lﬂ-b is a real symmetric matrix ab . ) o ]
whose form depends on the choice of basisinspace and Here €’ is the dispersion implied by Eq2) and X is the
the direction of thei-j bond. The precise form will not be Self-energy due in the present problemHg, p, and Hg.ex-

important in what follows. The fundamental approximation of the dynamical mean-field
The interaction of itinerant electrons with the core spins isTethod is the neglect of the momentum) (dependence of
given by 2. This is a reasonable approximation because models of the

form of Eqg. (1) (such as the usual Migdal-Eliashberg
electron-phonon Hamiltoniamgenerally lead to a self-energy

Hg.ex= _JHigﬂ St O apbiag - (3 with a weak momentum dependenceds 3 28 If the mo-
mentum dependence &f may be neglected, then all physi-
As discussed below, we shall take the lidiS,— . cal quantities may be expressed as functionals of the

We assume a Jahn-Teller form for the electron-phonomimmomentum-integrated Green functi@i,., given by
coupling. Previous analy$i&° has shown that this coupling
is strong inLaMnQOg, so it may be expected to be strong b dp b
also in doped compounds. Thus we focus on lattice distor- Glocap( @)= j (ZT)sGi,g(p,w)- (7)
tions that split the on-site orbital degeneracy of ¢jdevels.
Physically, these correspond &y symmetry distortions of \ye shall assume that there is no long-range order in orbital
the oxygen oc.tahedra aroupd a'Mn site. Mathgmancally, W&pace, s, and alsdS () must be proportional to the unit
may parametrize a loca, distortion by a magnitude and  matrix in ab space. We shall allow for the possibility of
an angled, and define a two-component vector (r,,r,)  ferromagnetic order, and shall take the ordered moment par-
with r,=rcosp andr,=rsing. The coupling of this to the allel to z. We may then write
gy levels is prescribed by group thednp be

GEP  4() = gol ) +gy(@)0? ®

Hepon= ri-d" Tapdibe - 4
ehen giga " HliaaTabTlio @ and a similar equation foE. We simplify Eq.(7) by first

writing go 1= 1/4TrapTr fd_3p/(2w)3_egb(azw_)°’1, then in-
troducing at eaclp the rotation matrixR2®, which diagonal-
izesed” i.e.,

Herer= (7% 7) is a vector of Pauli matrices acting in orbital
space.

It is important to note that the coupling written in Ed)
is not the only physically relevant one. In Ref. 20 it was
argued that a Mn site with ney electrons would induce a _
breathing distortion of the surrounding oxygen ions, and that p P
this breathing distortion played an important role in deter-
mining thex dependence of the structural phase boundaryand finally exploiting the cyclic invariance of the trace. We
We have not included this coupling in the present calculaobtain
tions, but will qualitatively discuss its effects in the Conclu-
sion. 1
In order to obtain a tractable model we assurhg, de-  go(w)= ZTrabTra/;f depD(ep)[0—€ep+ =3 p5(w)] 1,
scribes classical harmonic oscillators of stiffnésswhich
are furthermore independent from site to site. Thus, (10

R;! ©)
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1 may then absorb the constant tedgS; into ag and u, res-
gi(w)= ZTrabTraﬁJ de,D(ep)o” cale the parameters, and define the spin anglevia
),=cos(f) obtaining

X[w_€p+ﬂ_zaﬁ(w)]71! 2

X

wheree, is either of the eigenvalues ef” (they are related Soc(X,0) == 5 + > In[(bg+bycosd)?—Ax?]

by symmetry operationsand D is the density of states, "

which we take to be semicircular with widfh=4t: +hocos/T. (15)
D(€p) = Va4t?— 5127t (12) Herex=r k/t, bg1=ag/t, \=g%kt, hy=hgS./t, and

) ) ) T, o, and u are measured in units df The mean-field
BecauseG,,. is momentum independent and involves two equations become

independent functions, it must be the Green function of some

effective single site model involving two mean-field func- 1 (= 1
tions a, and a;. This model is described by the partition bo=w+M—§f def d(cos9)P(x, )
. 0 -1
function
o (bo+ b cos)
Zioe= f rdrde f d20) .exf Siel- (12) (bo+b;cos)®—Ax?’
(16)
Herer and ¢ are the classical oscillator coordinates in- 1 (e 1
troduced above Eq4), Q.=S./|S/, and the integrals are by=— ff X dxf d(cos)P(x, )cosd
simple integrals rather than functional integrals because we 0 -1
have takerr, ¢, and(}. to be classical. (bg+ b cos)
The effective actiorS,y is X(bo+blcosﬁ)2—)\x2'
1k ) ) with
Soc=— 3 —r24> Trin[ag(iw,) +a,(iw,) o,
2T m 1
. - - . - P(x,0)= —ex X,0)]. 1
$3u00: Gupt OF Tap] Pl ST, (13 (007 7o e 0] 4

Here we have added a term Coup”ng the core spin to an These equations differ from those discussed in | by the

external fieldh,,.. One could also couple the external field to Présence of the angular integral and by the quartiify
thee, electrons, but the factor of 3/(1x) in size of moment Which expresses the spin dependencé&oExpressions for
mea%s that this coupling is unimportant. physical quantities are also slightly different from those used

The mean-field parametess, a, in Eq. (13 are deter- in | because we must keep track of the spin dependence.

mined as follow€! One obtains the local Green functions € momentum integrated Green function has compo-

0= 1/48In[Zsc]/ b2y, defines from these self-energies nents parallel 1) and antiparallel (1) to the magnetiza-

So1= ao,l—(gl?f -1 and demands that ;=3 +3,0, re- tion. The off-diagonal {]) components vanish. We have

producesg'&i when used in Eq910) and(8). For the semi- Gll(@)=w+ u—bo(w)—by(w) (18)

circular density of states the resulting equations may be writ- loc 0 nes
ten as Gli(@)=w+ u—bg(w)+by(). (19)

B t? 8In[Z}oc] We shall be interested in the spectral function
a(w)=o+tpu— - ———-,
* ofle) G i5)/ 20
=— + .
(14 A(w) TrimGw+id)/m (20
The conductivity is given b
2 6In[Z] yisd y
() =" 7 Sar(w) |

2
a(iQ):mf depD(ep)TZ THG(p,iw)G(p,iw+iQ)],
The factor of four is that appearing in EQ.0). te

These equations simplify in the “double exchange” limit D)
JySc— . The argument of the Tr In in Eq13) is a matrix ~ where the factor of 2 comes from the trace over orbitals.
in the direct product of spin and orbital space. It has fourHere G is a diagonal matrix in spin space and we have set
eigenvaluesag+A+gr with A=|a,z+J,S.Q|. These are, e=t=1.
of course, independent of the angbedescribing the phonon.  Another interesting quantity is the electron kinetic energy
For J4S.>t the eigenvalues ah,—A=+gr correspond to K defined by
high-energy states that do not affect low-energy phenomena.
Further, from Eq.(14) it is clear thata, is of ordert, so

d3p
_ ab/ T
a;<JyS; and we may approximatA~J,S.+a;Q,. We K TrabTran (2m)3p (dpacdpbs)- (22
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By use of the relation between the expectation value and
the electron Green function, of E() with momentum in-
dependent self-energy, and of the arguments leading from
Eq. (7) to Eqg. (10) and the mean-field equations, we obtain

0.15

0.10
K=2T2 [Gl(wn)*+ 2 [Gig(wn) 2. (23 .-°
The magnetizatiom is given by 0.05
% 1
m=f xde dcosfcoshP(x, 6). (24 0.00 '
0 -1 0.0 1.0 2.0

In these units thd =0 value ofm=1.
We shall also be interested in the mean square lattice

. . . FIG. 2. D f f i li tant
distortionxZ, given by G ependence of ferromagnefig on coupling constan

for n=1 (heavy solid ling, n=0.75 (light solid line), andn=0.5
(light dashed ling The analytic zero coupling results are indicated
by dots; the analytic strong couplinf,=n/12\? results by the
heavy dotted line fon=1. Only forn=1 do the numerical calcu-
lations extend into the strong coupling regime.

We conclude this section by mentioning numerical meth-
ods. We use the procedures described in |, and handle th@ice ofa;,. We have therefore not used the projection
additional angular integral by a twenty-point Legendre for-method in this paper. We note, however, that the projection
mula. Computatlon's are Of.COUI’SE more time C(.)nsum".lg. bq"nethod provides a transparent and phys|ca”y appea”ng mo-
cause of the extra integral involved. We found it convenientjyation for the result, found also in the detailed calculations

first to locate the m_agnetic transition temperafligand then presented below, that tHE. is controlled by the kinetic en-
to perform calculations at> T, using equations obtained by ergy atT,.

forcing b;=0. Convergence difficulties arise for tempera-
tures neaiT . ; these are presumably related to critical slow-

x2= Joocx dle d(cosh)x2P(x, ). (25)
-1

ing down near the magnetic phase transition. We found that

an accurate value foF. was most conveniently obtained by
computing several values oh in the range 0.15m=0.3
(0.02<m?<0.1) and finding T, by fiting to
m?(T)=a(T.—T) with « and T, fit parameters.

In previous work®?* we had also used an alternative
method(which we termed therojection methogbased on

Ill. QUALITATIVE BEHAVIOR

In this section we discuss the qualitative behavior of the
solutions of Eqs(16). Much of the behavior is similar to that
found in I. The new feature is the physics of double ex-
change, which is expressed Mg, via the angular integral
and via the factors of 1/2 on the right-hand side of E§).

At T—0, the 8 integral is dominated by the regime

the observation that by choice of an appropriate local spiRog)=1, sob,=by— (w+ ). From Eq.(19) one sees that at
reference frame one may map the model into one of spinlesg— g the antialigned component & vanishes, while the

fermions moving in a lattice with a spatially varying hopping

determined by the local spin orientations. We further argueg

aligned component is determined Hdyy(t+ b;) which is given
y an equation identical to that considered in |. Therefore, all

that within mean-field theory one could approximate thisyf the results obtained in | for tHe— 0 limit hold also here.

hopping by t(m)=+(1+m?)/2, thereby simplifying the
problem to one of spinless fermions, with hoppibgn)

At T>T,, there is no long-range magnetic order. Thus
b,=0, there is noW dependence anlg is given by an equa-

coupled to phonons. Finally we argued that one could conyign that differs by a factor of 1/2 from that treated in |.
struct a mean-field magnetic free energy by combining the Eyrther insight into the quantity, may be gained from
m dependence of the free energy of the auxiliary problempe \ =0 |imit. At T=0 andA=0 the quantityb,+b; is

with the entropic term from the conventional mean-field

found from Eqgs(14) to be

theory for Heisenberg spins. This procedure leads to a

T.(\)/T.(0) almost identical to that shown in Fig. 2; how-
ever, theprojection method J'is lower than those shown in
Fig. 2. For example, the projection method, at
A=0, w=0 is 0.%, much less than the 0..8hown in Fig.

2. A numerical error originally led us to believe thg's of
the two approaches coincided. The discrepancy may mo
easily be understood by expandifg= — T In[Z.] to order
ain The result is a quadratic fordF ~ =, @21nA nm@1m - FOr
example, atg=0, A= 36md1—1/3(agn)%]+ 2/3a0n80m-

T. is the temperature at whicA first has a zero eigenvalue.
The projection method
Amn=6mi 1—1/3(ag,)?] anda,,=const; in other words it
produces a lowell . because it does not permit an optimal

(26)

1
b+ b1=§[w+,u,—i \/4—(w+,u)2].

This is precisely the usual noninteracting solution:Gig

g0 in a semicircular band of full width# In the present

conventions, the Fermi level is a=0 and forA=0 the
maximum of the spectral function is at=—u. The self-
energy for this solution vanishes.

At T>T,and\A=0, b;=0, and

result corresponds to setting

1
b0=§[w+,u,—i\/2—(w+,u)2]. (27
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Here ImGy.#0 in a semicircular band of full width Z2t: IV. HALF FILLING
the fact that neighboring spins are uncorrelated has reduced In the section we present and discuss results of numerical
the bandwidth, and thus the kinetic energy, by a factor of P

J2. This may also be seen by a direct evaluatioidfom calculations for the particle-hole symmetric 1) case. We
Eq. (23). Further, the self-energy is begin with ferromagnetid; shown in Fig. 2. One sees that

T. decreases with increasing the variation is particularly
) 1 rapid in the regiom~1, which is shown below to be the
, T ) ;
S (w)= —bo=§m— E(er’“) (28) tc(;lrt.mal value at which the model goes from metal to insula
Forn=1 and allx we verified that the transitions were
and has a nonzero imaginary part at the Fermi surfaceecond order by comparing tfig obtained in this manner to
(w=0), corresponding physically to scattering by spin dis-the T, obtained by determing the temperature at which the
order. However, this scattering is not too strong. From Eqsnonmagnetic state becomes linearly unstable. We also
(28) and(11) one finds that the product of the imaginary partchecked for metastability at variomsand\ by starting our
of the self-energy and the density of states at the Fermi leveterations with saturated magnetizatiph;=by— (w+ )]
is (2— u?)/ 7. This number is rather less 1, and implies aand with very smalb;, and verifying that both initial con-
mean free path longer thaug ! This spin disorder scattering ditions converged to the same solution. The magnetic transi-
decreases &b is decreased beloW, . tion was always found to be second order.

The model withh =0 was studied in the dynamical mean- It is interesting to compare our results to those of Ref. 23.
field method by Furukaw&, who obtained Eq(28). Fu-  The method used by these authors to treat the magnetic fluc-
rukawa also used a method he referred to as solving thiations is very similar to the “projection method” dis-
equations at constant magnetization to produce an interpolgussed at the end of Sec. Il. We found that the method did
tion formula describing the temperature dependenc&’of not give an accurate value fdr, but did reproduce the cou-
for 0<T<T,. We believe these results are similar but notpling dependence well. Reference 23 used a model with one
quite equivalent to those we obtain by solving E($) di-  orbital per site; we should therefore compare their results for
rectly. However, the minor differences between Furukawa'sn=1/2 to ours forn=1. Their quantityep=)\§T/2K corre-
results and ours are not important. The main point is that theponds precisely to oux; the factor of 2 comes from the
scattering af > T, predicted by this calculation is much too orbital degeneracy as explained in our companion paper |.
small to explain the data. As far as can be determined from Fig. 1 of Ref. 23, their

One may calculatd; at zero coupling by linearizing the calculated T (€,)/T.(0) agrees very well with our
second of Egs(16) in b;. One finds thal.(«) is given by  T.(\)/T,(0). Thecorrespondence is interesting because the
the solution of calculation of Ref. 23 was done with quantum phonons with

the rather high frequencw=0.5 (units not specified, but
7 do 2= w? pre_sumably set by the electron hop.pi])gThis supports our
Te(p)= _f — (0= ) Te( ) =o—a, (29 claim that quantum effects are not important at temperatures
z7 83— w of the order ofT,. We believe that caution is required in
interpreting the results presented in Ref. 23 for the doping
wheref is the Fermi function. dependence of . because this work is based on a model

We now return to the issue of the effects of the electronwith one orbital per site, which therefore has no kinetic en-
phonon coupling. AT=0 the mean-field equation is identi- ergy atn=1. The authors argue that the one-orbital model is
cal to that considered in I. From this work we learn that thergustified by the existence of the Jahn-Teller splitting. Our
are three regimes: weak coupling in which results show that this is not the case. We discuss the physics
limr_ox*(T)=0, lim;_op(T)=0, anddp/dT|t_o~\; in-  of the doping dependence of further in the Conclusion.
termediate  coupling where G<lim_ ox%(T) <7§~1, We now turn to the temperature dependence of the resis-
0<limy_op(T)<o, anddp/dT|1—, may have either sign, tivity, shown in Fig. 3. The curves display kinks at the fer-
and strong coupling where Xx2<limr_ox%T) and romagneticT;. The resistivity drops a¥ is decreased below
limr_op(T)==. Here x. is the value of frozen-in lattice T, both because the magnetic contribution to the scattering
distortion above which a gap appears in the electron spectr@egins to decrease at and because the effective electron-
function. In the strong coupling regime one may think of thephonon interaction becomes weaker. From these curves we
electrons as being localized as polarons. may distinguish “metallic” dp/dT>0) and “insulating”

Another crucial result of | is that the transitions between(dp/dT<0) regimes. AtT>T. A=1 marks the boundary
the different regimes are controlled by the values of an efbetween metallic and insulating regimes; at=1,
fective coupling determined by the ratio of an electron-dp/dT=0. ForT<T, the crossover occurs at the somewhat
phonon energy to a kinetic energy. As we have seen, thiarger\~1.15. The difference in the critical required to
kinetic energy is temperature dependent because of doubfgoduce insulating behavior reflects the effect of spin align-
exchange; thus as temperature is varied the behavior of tiieent on the electron kinetic energy. We also note that al-
model may change from “metallic”dp/dT>0) to insulat-  though it is difficult to perceive on the logarithmic scale used
ing (dp/dT<0). As T is decreased beloW, there are two in Fig. 3, for 1.08<\ <1.15, limy_,q,1)= po is neither zero
effects causing a decrease in the resistivity: the spin scattenor infinite. For N sufficiently close to 1.15,
ing freezes out and the effective electron-phonon couplindgimy_,odp/dT<<0. Similar behavior was discussed at length
weakens. in l.

vV
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FIG. 5. TemperatureT) dependence of electron kinetic energy
(K) for n=1 andA =0 (second lowest curye0.71, 1.12, and 1.29
(highest curve The lowest curve correspondsie-0 in the model
without double exchange.

FIG. 3. Temperature dependence of resistivityatl for cou-
plings A=0.32 (lowest curvg, 0.71, 1, 1.08, 1.12, 1.15, and 1.20
(highest curvg

infinite p(T=0) at n=1. From this we would infer at
T., dp/dT changes sign at=1.05, as indeed is seen in
Fig. 3.

The curves presented in Fig. 4 showin arbitrary units.
To estimate the magnitude of the effect inRgA,MnO; we
note that in LaMn@ each O ion is displaces0.15 A from
its ideal perovskite positiohThe estimates obtained in Ref.

Figure 4 shows the temperature dependence of the me
square lattice distortiox?. From this one may distinguish
the low-T weak, intermediateandstrong couplingregimes,
based on theT—0 limit of r(T). The regimes were dis-
cussed at length in I. Roughly, inweak coupling
r(T=0)=0, in intermediate couplind<r(T=0)<1, and
in strong coupling (T=0)>1. In intermediate coupling : a4 o . _— 2 i
there_ is a frpzen-in lattice distortion that affects. the0 igr:;nsp;%ri\dglt.g al'riql,: é??&glimﬂi g:cugn_g zgnFlgf. ibout
physics but is not large enough to open a gap; for stron 15 A
coupling the distortion is large enough to open a gap and’ :

cause insulating behavior. FOF>0.25, lim;_,dp/dT<0 netic energy shown in Fig. 5. At=0 the kinetic energy

even though iff2<1, limr_op(T) is finite. ano _ -
The effects of double exchange may be seen in Fig. 4?22”53;%.?;”;%{;‘22 gﬁt;e_lt_wele:r:'r—}\ozgn;jir t_hgck,ir?er][(ijc
T. is visible as a kink on each curve. At>T,, dr?/dT P c '

decreases, implying a stronger electron-phonon couplin gnergy changes between 0 amd by a somewhat larger

For A\>0.9 the T=0 values obtained by extrapolating thegamount; forh =1.11, by a still larger amount, for=1.29,

T>T, curves to 0 are nonzero, and are higher than the actu%(let Iarge_r. These changes come from the previously dis-
cussed interplay between double exchange and electron-

T=0 values, because the reduction of kinetic energy due tohonon coupling. AsT is increased from zero, the spins

spin disorder has effectively made the electron-phonon cous. ! e )
pling stronger. Note that thd=0 extrapolation of the disorder. This reduces the electron kinetic energy and per

. . . mits the electron-phonon coupling to further localize the
T>T, portion of the curve corresponding =1.05 is . : '
aboutr?=0.95. This is slightly less than the critical value electrons, reducing their coupling yet more, etc. We also

. . note that we found the ratio betwe@&g and the kinetic en-
rgzl found in | to mark the boundary between finite andergy atT, to be the same within a fe€v percent for alland
\ studied. Fom=1 this can be seen by comparing Figs. 2
3.0 and 5.

These arguments also explain the magnetic field depen-
dence of the resistivity. Increasing the field aligns the spins,
increases the kinetic energy, and decreases the effective
electron-phonon coupling, leading to a large change in resis-
tance as shown in Figs(® and &b). When the decrease in
effective electron-phonon coupling tunes the model across
the “metal”-"insulator” transition, as in Fig. €b), the mag-
netoresistance is particularly large.

0.0 Further insight into the interplay of double exchange and
0.0 0.1 0.2 localization comes from the optical conductivity shown in
T Fig. 7. Panel ) showso(w) at differentT for the weak
couplingh=0.7. At low T o has approximately the Drude

FIG. 4. Temperature dependence of mean square lattice distoform o(w)=I/(w?+1'%) with scattering ratd’ ~T as ex-
tion for n=1 and couplings.=0.71 (lowesd, 0.9, 1.05, 1.12, and pected from classical phonons. Asis increased through
1.2 (highes}. T. the Drude peak broadens and acquire$-mdependent

We next consider the temperature dependence of the ki-
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(o) T FIG. 7. Optical conductivityn=1, T=0.02 (light solid line),

T=T./2 (light dashed ling T=3T./4 (light dotted ling, T=T,

FIG. 6. Temperature dependence of resistivity at different val-heavy solid ling, T.,=2T. (heavy dashed line (a) A=0.71

ues of magnetic fielth for A=0.7 (8) and\ =1.12(b). The param- (T.=0.15), (b) A\=1 (T.=0.10), (c) A=1.08 (T.=0.08), (d)

eterh is related to the physical fielthyns by h=gugSchynys/t. A=1.15 (T,=0.0675). Note that infa) the lowestT is 0.025 not
Usingg=2,t=0.6 eV, andS.=3/2 mean$i=0.01 corresponds to 0.02, ando(w=0) for this curve is 21.4.

hpnye=15 T.

part, due to spin scattering. Pan¢bi7showso for the mod- of the dc conductivity is not reflected in(w) at @=0.5.

erate coupling\=1. At low T, ¢ has the Drude form; as The curves in Fig. @) resemblggdata recently obtained by
T is increased a broad peak develops; this is due to translgapIan ef[ aI._on Nq)-7C3°-3Mn_O3' . . .
tions between the two Jahn-Teller split levels. It is broad /e Will discuss the physical interpretation o, T) in

because the phonon coordinate is strongly fluctuating, so th@0re detail in the next section and in the Conclusion. Here
level position is not well defined. AF increases beyond W€ Nnote thatin the strong coupling regime the tistates
on a site are split. The peak in the optical conductivity cor-

T. the peak broadens almost to indistinguishability. Note AT .
responds roughly to a transition in which an electron moves

also that asT is increased, the optical spectral weight ied orbital . ied orbital
Jdwo(w) decreases, reflecting the increasing localization Of‘rom an occupied orbital on one site to an qnocc_:upui orbita
n an adjacent site. In our classical approximation, “Franck-

electrons by phonons. In models such as the present ong, " o . ) o .
which do not have Galilean invariance and involve only a ondon™ transitions involving also emission or ab_sorptlon
limited number of orbitals, the f-sum rule spectral weight isOf & phonon cannot occur at all. In a more realistic model
not constant and is indeed proportional to the kineticSUCh effects would, €.g., Increase the .Iow—f.requency. tails by
energy?’ Panel Tc) shows that at a stronger couplingdoes a small amount'. The width of t_he peakdfiw) is determined

not have the Drude form, and the peak is already evident fﬂy the broadening of the Iocall_zed sta_tes due to electron hop-
T./2. Note that the maximum i has moved to a slightly pIng anql by _thermal broadening, which Iea(_js_ to a range of
higher frequency. Recently published data of Okimeta!. lattice distortions and thus to a range of splittings.

on La go55r17MN0; (Ref. § are similar to the curves shown

in Fig. 7(c), althqugh our use of classical phonons means that V. DIEFERENT DOPINGS
we cannot obtain the very narrow Drude peak found at low
T. Panel 7d) shows o at the still stronger coupling In this section we present and discuss results of numerical

A =1.15 where the model has a large frozen-in lattice distor€alculations for the particle-hole asymmetric casel. As
tion even atT=0. The ¢ has an insulating appearance, discussed in Ksee especially Figs. 10, Llatn#1 in the
above and belowl., but asT is decreased the peak in  strong coupling limit the spectral function has a three-peaked
shifts to a lower fregency and grows in intensity, reflectingstructure. The outer two peaks represent the Jahn-Teller-split
the effectively weaker coupling. The nonmonotonic behaviorey levels on occupied sites, and occur also for 1. The
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FIG. 8. Resistivity p) vs temperture T) for n=0.75 (upper 0 ‘ | ""h=0'1
pane) and n=0.5 (lower panel and couplings\ =0.71 (lowes?, 0.0 0.1 0.2
1.12, 1.41, 1.49, and 1.5®@ighes}. T

middle peak comes from unoccupied sites, on which there is G, 9. Magnetic field dependence of resistivity for 0.75 and
no Jahn-Teller splitting. These states tend to fill in the gap\ =1.12(lower panel, A = 1.46 (middle panel, and\ = 1.49 (upper
created by the Jahn-Teller splitting and mean that strongasane).

coupling is required to obtain insulating behaviorrat 1
than atn=1. Further, in the strong coupling limit the tem- . . .
perature dependence of physical ?quantﬁiesgis determined b Fma!ly, Fig. 10 @;plays the temperature dependence of
the energy difference between filled and midgap states; th e optical conductivity an=.0.75 and moderate)\(=.1.29)

at fixed Jahn-Teller splitting the activation gap for physical@nd strong ¥=1.49) coupling, and compares this to the
properties is much less att 1 than atn=1. Note also that Mmementum-integrated spectral functions. One sees by com-
T, is controlled by the electron kinetic energy, which is in Paring energies that at strong coupling the two maxima in the
turn controlled by the Jahn-Teller splitting. Therefore, in theconductivity may be associated with transitions from the
strong coupling limit at fixedT . the activation gap charac- lowest peak in the spectral functidrepresenting occupied
terizing theT>T, resistivity is much larger at=1 than at  Orbitals on occupied sitg$o the middle featurérepresenting
n+1. unoccupied orbitals on unoccupied sjtesmd to the higher

This physics is immediately apparent in the resistivity feature(representing unoccupied orbitals on occupied sites
curves forn=0.75 andn=0.5 shown in Fig. 8. Comparison At n=1 the middle peak i\ is absent and- has only one
to Fig. 3 shows that much stronger couplings are required tpeak, as seen in Fig(d). Of course, the on-sitd-d transi-
obtain adp/dT<0 for n=0.75 than forn=1 and stronger tion is not optically active: the calculated conductivity in-
couplings yet are required far=0.5. The smaller value of volves electron motion from one site to another, and for this
the activation gap relative td. means that the resistivity reasono is not simply given by a convolution of two local
rises less before the behavior changeEdor n# 1 than for  spectral functions. One may see this in Fig. 10. The central
n=1.Forn=1,\=1.1 we found an order-of-magnitude rise peak inA(w) has less area than the upper one, yet the lower
in p asT is decreased td.., and we found metallic behavior peak in the corresponding(w) is the larger. This may be
below T.. At n#1 it is difficult to produce much of an understood from the above arguments: a transition from the
up-turn inp at T>T, for parameters such that the model is lower to the middle peak o&(w) necessarily involves mov-
metallic atT=0. This physics is due to the particul@ahn- ing an electron from one site to the other, but some of the
Teller) form of the electron-phonon coupling we have cho-transitions from lower to higher are on-site transitions that do
sen to study. not contribute too.

The same arguments mean that it is not possible to get as Note also that theT=2T, spectral function shown in
large a magnetoresistance mt-1 as atn=1. Figure 9 Figs. 1@b) and 1@d) has a sharp minimum ab+ u=0.
shows the temperature dependence of the resistance for sehhis is a consequence of the fact, discussed in I, that the
eral different coupling strengths and magnetic fields. To geprobability of a small-amplitude lattice distortion is small
even a moderately large effect one must choose a very strorigecause of the dx measure, and decreasesTafmcreases,
coupling, such that the model is insulating for bdtk-T,  due to the shift to highefx?) of P(x). As can be seen in the
andT<T,. corresponding optical conductivity curves in Figsd0and
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0.8 . . Lay go55r17gMNO; bear a strong qualitative resemblance to
Fig. 7(c), while data obtained by Kaplaat al?® strongly
06 resemble Fig. @). As noted in Secs. IV and V, in our inter-
e 04l P pretation the higher-frequency peakdtfw) is due to tran-
B Ok £ sitions between levels split by an electron-phonon coupling.
0.2 Okimoto et al. interpreted the higher peak differently, attrib-
- uting it to transitions from an initagy state aligned to the
0.0 — core spin to a finag, state antialigned to the core spin. They
04y argued that their identification was supported by the fact that
__ 03 in their data the higher peak was only visibleTat T, and
s 0zl g vanished at lowl when all spins were aligned. However, the
© Ty g data of Kaplaret al. demonstrate that in some samples the
0.1 \ high-frequency peak does not vanish beldwand indeed
0.0l AN grows in oscillator strength @& decreases. This rules out the

M R T
0.0 20 40 6.0
(O]

interpretation of Okimoteet al, at least for samples such as
those studied in Ref. 28.
The detailed qualitative agreement between data and our
FIG. 10. Optical conductivities and spectral functions for model Iegves little d_OUbt that we have identifigd the impor-
n=0.75,\=1.29(a), (b) and\=1.49(c), (d). (8 o(w), \=1.29, tant physics governing the BexAanO3 materlals. How-
T=0.04 (light solid line, T=0.061 (light dashed ling ever, several very important issues remain unresolved. Qne
T=0.081=T, (light dotted ling, and T=0.162 (heavy solid ling. ~ concerns the origin of the experimentally observed material
(b) Spectral function\ =1.29, T=0.04 (solid line), andT=0.162  and doping dependence of the results, whichraceleledin
(dashed ling (¢) o(w), A=1.49, T=0.02 (light solid line), the n=1 calculations by varying the electron-phonon cou-
T=0.028 (light dashed ling T=0.045 (light dotted ling, and  pling. Another is the degree of “fine-tuning” of parameters
T=0.059=T, (heavy solid liné andT=0.115(heavy dashed line  required. A third concerns the effects of omitted interactions
(d) Spectral function\ =1.49, T=0.02 (solid ling), andT=0.115 and a fourth is that, as shown in Sec. V, computations at
(dashed ling different electron concentratioms# 1 agree much less well
with data. In the remainder of this paper we present a quali-
10(c), this minimum is of little significance for other physi- tative discussion of all of these issues, which, we argue, are
cal quantities. closely related.
We begin with then# 1 calculations. We showed that the
VI. CONCLUSION differences between the=1 andn=0.75,0.5 results are due
to the presence, fon#1, of midgap states in the spectral
We have used the “dynamical mean-field” approxima- function (shown, e.g., in Fig. 10 These midgap states occur
tion to solve a model of electrons ferromagnetically coupletbecause we used a particular form of electron-phonon cou-
to classical spins and Jahn-Teller coupled to localized classling, namely, a Jahn-Teller coupling that splits thetate
sical oscillators. In a companion papé) we considered degeneracy on a site if there is one electron on the site, and
electron-phonon coupling in a variety of models withoutdoes nothing otherwise. In Ref. 23 it is argued that the ex-
double exchange. The results presented in Sec. IV for thistence of the Jahn-Teller coupling justifies a model involv-
half-filled case bear a striking resemblance to data for théng only one orbital per site. The results presented here sug-
“colossal magnetoresistance” materials ;ReA,MnO3 in gest that this is oversimplified, because it does not take into
the 0.2<x<<0.5 regime where the ground state is metallic.account the midgap states. A model with only Jahn-Teller
We believe the agreement supports the idea that the impocoupling does not suffice. However, results presented in |
tant physics of Re ,A,MnO; involves the interplay be- and Ref. 23 strongly suggest that if the model were extended
tween a strong electron-phonon coupling and the “doubldn a way that moved both the upper peak and the midgap
exchange” effect of magnetic order on the electronic kineticstates up in energy, then the model would become effectively
energy. Specifically, the(T) curves shown in Fig. 3 are a single-orbital model and results for#1 would much
very similar to those shown, e.g., in Refs. 29 and 30. Varyingnore closely resemble those obtained riier 1.
the electron-phonon coupling produces changes very similar One omitted piece of physics that will have precisely this
to those found experimentally by varyixgand the constitu- effect is the breathing-mode distortion of the oxygen octahe-
ents Re andA. The magnetic field dependences shown indron around a Mn site. The breathing mode couples to
Fig. 6 also bear a striking resemblance to data. Figubg 6 charge fluctuations on the Mn site. This coupling is likely to
looks very much like Fig. 2 of Ref. 33, while Fig(® re- be at least as strong as the Jahn-Teller coupling, as may be
sembles magnetoresistance data that would be observed feeen from the following argument: the Jahn-Teller coupling
La; ¢Sty sMnO;. (It should be noted, however, that the fields is due to the dependence of the force exerted on an O ion on
used to produce our curve, although very small compared tthe orbital occupied by the outer-shellelectron. Whatever
microscopic energies, are larger than experimental fields by #s magnitude, this force is unlikely to be larger than the
factor of about 5. The variation of the rms lattice distortion force created by simply removing thdtelectron, and mak-
shown in Fig. 4 has been observed via measurements of thieg an unbalanced charge. The breathing-mode coupling was
e, component of the oxygen Debye-Waller factbr? recently argued to be important for the smalktructural
Further, optical conductivity data of Okimotet al® on  phase boundar¥. To understand the effects of the breathing
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mode, consider again Fig. 10. The central peak in the spetehavior at sufficiently lowT, even in the strong coupling
tral function depicted in the loW- curve in Fig. 10d) gives  limit. The neglect of the phonon momentum and quantum
the states available for adding an electron to an unoccupiefiuctuations of core spins is not an important approximation
site. If such a site has a breathing distortion already presenpecause we are primarily interested in phenomena at tem-
the energy cost of adding an electron will be increased, thugeratures of order room temperature; however, if needed
the middle feature will also move up in energy, increasingthey could be incorporated into the formalism. The neglect
the gap as required. of intersite phonon correlations is potentially more serious. It
Another important piece of physics is the on-site Cou-iS tempting to argue that they are unimportant because we
lomb interaction. This must be strong because if it were notare interested in optical phonons, which are usually weakly
the Hund'’s couplingl,; would not be largé’ The Coulomb  dispersing. However, in the ReMpGstructure each O is
interaction leads to two related effects. One is most easilphared by two Mn; there must thus be a strong correlation
discussed by reference to the spectral functions and opticRetween Jahn-Teller distortions on adjacent sites. In
conductivities shown in Fig. 10. Now the>0 part of the LaMnO; the Jahn-Teller distortions have long range order;
spectral function corresponds to states into which an electrofstimates  presented in Ref. 20 suggest that in
may be added:; the upper peak thus gives the states availa&1 - xA«MnO;3 the correlation length of the Jahn-Teller dis-
for adding an electron onto a site that already has an electrofgrtions is~x~* as long as the resistivity is well above the
The Coulomb interaction must move such states up in enMott limit. Extending the present calculations to include the
ergy, and must similarly move up the second peak ireffects of intersite correlations is an important open problem.
o(w). If the Coulomb energy is of the order of the Hunds It is worth addressing because in the present calculations the
coupling, then it is very likely that this effect will move the correlation length is zero and the strong-coupling physics is
higher peak out beyond the physically interesting energny polarons. In the infinite correlation length limit, the phys-
rangew=<3 eV. ics has to do with interband transitions in a band structure
The combined effect of the breathing distortion and thedefined by Jahn-Teller order. The situation in the actual ma-
Coulomb interaction is therefore to lead to a spectral funcierials is presumably intermediate between these two limits.
tion with at most two peaks in the energy range of interest.
The only difference between this realistic situation and the ACKNOWLEDGMENTS
situation encountered in the=1 calculations is that the re- _
alistic spectral function is not symmetric under the inter- We thank A. Sengupta and C. M. Varma for helpful dis-
change of the two peaks. This asymmetry was shown in | noUSSIons and G. A.. Thomas and H. D. Drc_aw for_sharmg data
to be important. in advance of publication and for helpful discussions. We are
A second effect of a strong Coulomb interaction is togspemal!y grateful to P. B. L|ttlevyoo<j_ for stimulating our
localize the electrons. It is likely that the observed veryiNteérest in the problem, collaborating in the early stages of
strongly insulating behavior of ReMn@Qs not due solely to  OUr work, and providing continuing advice and encourage-
the Jahn-Teller order, and that ReMyi® to some degree a Ment. R.M. was supported in part by the Studlenstlfpun_g des
Mott insulator. Now the kinetic enerdg of a Mott insulator ~ Deutschen Volkes. A.J.M. acknowledges the hospitality of
has a pronounced doping dependeficEor Rq_,A MnO; thg Institute Giamarchi- _Garnler during Fhe early.stages_ of
one would expecK(x) to increase withx for x<0.5. Be- this \_Nork, and of the Institute for Theoretical Physms during
cause, as we have argued at length, the properties &R final stages of preparation of the manuscript.
electron-phonon models are controlled by the ratio of a cou- NOt€ added—Very recently, a paper by Zang, Bishop,
pling energy and a kinetic energy, this will lead to &n and Roder has appeared, which presents a somewhat differ-

dependence of the effective coupling strength, with lasger €Nt View of the physics considered héfen this work long-
having a weaker effective coupling. We believe that this'@nged Jahn-Teller order was assumed to occur affloand

strongx dependence of the effective coupling accounts forthe combined effect of orientational fluctuations of the Jahn-

the ubiquity of the “colossal” magnetoresistance phenom-Te”er distortion and double exchange on the resistivity was
studied.

enon. Different materials have different bare electron hop-
pings and probably different electron-phonon couplings, but

in all materials the variation of the electron kinetic energy APPENDIX A: ANALYSIS OF OBSERVED RESISTIVITY
with x is large enough to sweep the effective coupling
through the critical value at somebetween 0.1 and 0.5.

The breathing distortion may be studied via the dynamica
mean-field formalism used here; one must simply integrat ; i i ) -
over another variable in Eq12). The on-site Coulomb in- or x cIa;smaI parucles hopping withrobability W on a
teraction may also be included, but one must perform funcglJbIC lattice of lattice constara,
tional integrals rather than simple integrals. Monte Carlo 5
techniques are required, the computational expense is o= e xW
greater, and the accuracy is less. Such an investigation 3akgT’
would, however, be desirable. )

Two other effects not included in the calculation shouldYSiNga~
be mentioned. Quantum fluctuations of the phonons have 4
been omitted. As discussed in |, these will in the absence of ﬁ_W: 5x10 (A2)
long-range order or commensurate density lead to metallic ksT Xp(Q-cm)’

In this Appendix we discuss the observed T, resistiv-
ities of Rg_,A,MnO;. We note that the observed strorg
ependence suggests that the number of active carriats is

(A1)

4 A as appropriate to Re,A,MnO; we have
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From this equation one may easily see that observed resf uncorrelated spins we may estimate the size of the effec-
sistivities, which are typically greater than 0.0L cm at tive field by comparing the phase sensitive part of the hop-
T>T, andx=<0.3, and increase rapidly with decreasing ping to the phase insensitive cds{ ¢;)/2 part. By integrat-
imply values of 2ZW/kgT much less then unity. If ing t;;, around square placquette one finds that the phase
hW/kgT<1, a particle has time to thermalize before it sensitive part ist¢/16)e? ¢ while the phase insensitive part

moves, and a classical model is appropriate. is t4/4. Thus the rms deviation of the amplitude for an elec-
tron to move around a plaquette is {2 of the phase insen-
APPENDIX B: RESISTIVITY OF DOUBLE-EXCHANGE- sitive part. This, combined with the relative insensitivity of
ONLY MODEL three-dimensional physics to closed loops, suggests that

. . . . . . . . phase effects, while interesting, are too weak to cause the
In this Appendix we consider in more detail the resistivity 5psarved strongly insulating behavior.

of the double-exchange-only model. In this model, resistivity  \yie now turn to localization. The problem at hand con-

comes from spin disorder. It is maximal & T. and van- e electrons with random hopping, which has not received
ishes atT=0. The resistivity has been calculated, usingmuch attention. Economou and Antontéihave studied a

methods that are essentially perturbative in the amplitude ofqthe-jattice model in which the hopping amplitudeas the
the spin disorder, by Kubo and Oh#tand more recently by symmetrical distribution

two of us and Littlewood® The spin scattering was found

not to be too strong. As discussed in the text, similar results 2

have been obtained using the dynamical mean-field method Pe(t)= —\/tzl—(t—to)z. (B2)
by us and by Furukaw®. Because these calculations omit T

several ptysical effects they have been questioned recentfyor this modelt, the mean value of, equalst, and the
by Varma:* In this Appendix we show that the omitted ef- yariance((t—t)2)=t%/4. The double exchange model Bt

fects are not important. _ >T. (so the spins are completely disorderedrresponds to
We begin by describing the omitted effects. In the doubleyhe gistribution

exchange-only model, the scattering is due to spin disorder,

which, if the core spins are assumed to be classical, may be 2t

treated as static scattering with the important proviso that the Pg.edt) = z O(tp—1t). (B3)
disorder is annealed, not quenched. When applied to a model b

with static scattering, the dynamical mean-field approxima-the |ocalization effects of the double exchange distribution
tion with semicircular density of states is equivalent to thepave not been determined. We expect that because the most
coher%?t potential approximatiofCPA) for the Bethe propable value is also the largest hopping, the double ex-
lattice”™ The CPf\lnegIects localizatiofas do the perturba- change distribution will produce fewer localized states than a
tive calculations:**9 The lack of closed loops on the Bethe semicircular distribution with the same mean and variance.
lattice also means that Berry phase effects arising from parxow from Eq.(B3) one sees that the double exchange dis-

ticle motion in a spin background are omitted. tribution has mean=2t/3 and variance of3/18. Thus it
We consider the Berry phase effects first. In the doubley,q 14 produce fewer localized states than the model of
exchange model the hopping matrix element between tw conomou and Antoniou withy=2t/3 andtl=\/§tD/3,

sitesi andj is with core spins characterized by polar anglesi_e_' with t, /to=1/\2. Inspection of Ref. 35 reveals that at

(01, ¢0), (61,). IS this ratio oft, /to, a negligible fraction of the states are lo-
0, 0 0. 6 calized. We therefore conclude that localization effects are
tij=t cosEcosij+sinEsin§Je'<¢i“f’i) . (B1)  notimportant. Reference 17 on the contrary asserts that the

double exchange model with completely disordered spins is
If closed loops are not important one may choose ¢he better modeled by the Economou-Antoniou distribution with
independently on each site and recover the familiar doublé; /t, somewhat larger than unity, so a non-negligible frac-
exchange result;; =tcos@—¢,)/2. In general thep factors  tion of the states are localized. Drawing precise conclusions
around a closed loop produce something like a magnetits somewhat difficult because one result of Ref. 35 is that the
field, which may scatter electrons. In the limit of strong fer-number of localized states increases rapidly fpfto>1.
romagnetic correlations the phase-dependent term may Béevertheless, we believe the estimaigt,~0.7 obtained
seen to be very small because all nearby sites have vegbove shows that localization effects are unlikley to be im-
similar angles, which may be taken to be near 0. In the limitportant.
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