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Polaronic signatures in mid-infrared spectra: Prediction for LaMnO ; and CaMnO;
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Hole-doped LaMn@ and electron-doped CaMn@orm self-trapped electronic states. The spectra of these
states have been calculated using a two orbitl e, Jahn-Telley model, from which the nonadiabatic optical
conductivity spectra are obtained. In both cases the optical spectrum contains weight in the gap region, whose
observation will indicate the self-trapped nature of the carrier states. The predicted spectra are proportional to
the concentration of the doped carriers in the dilute regime, with coefficients calculated with no further model

parameters.
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. INTRODUCTION sitions across the Jahn-TellghT) gap. Pure CaMn@has no

o _ _ _ _ ey States occupied, andl(w) peaks at 3.6 eRef. 14 due
Qualitative discussions of optical absorption fromto excitations across the gap between occupied (Dad

polqroné have often been given. For the heavily doped man4{vin toq;) States and empty (Mrey;) states. These materials
ganites such as aCa ;MnO;, polarons_ form af[ tempera- are insulating antiferromagnetdF) with the nice property
turesT=T.~250 K where ferromagnetic order is lost. Dra- of being continuously dopable. Here we focus on two cases,
matic thermal shifts of optical conductivityagreé with the  x=1—¢ (electron-doped CaMng) and x= e (hole-doped
qualitative polaron picturéin the lightly doped end-member | aMnO,.) Both materials are insulators when pure, and re-
compounds LaMn@ and CaMnQ@, polarons must exist at main so when lightly doped because of polaron formation.
low temperature in the spin and orbitally ordered states. We We use the model Hamiltoniafyg;r= Hy+ HeptHy
have previousy® calculated the properties of these po- + 7, (Refs. 5, 6 similar to the one used by Milli¥ except
larons in the Mne, Jahn-Teller(MEJT) model’® Here we  that we haveU=c= for LaMnO,. For CaMnQ we include
point out that the polarons have a rich spectrum of local|sg thet,4 AF exchange ternt(; and do not need the Hub-
excited states. We provide a quantitative calculation of theyardU term for dilute doping. Twee, orbitals per Mn atom
corresponding polaron-induced midinfrared absorption. Theyre kept to fully represent the symmetries of the orbitals and

transitions between these local levels are broadened by thfe crystal, and to drive JT distortions. In the hopping term
Franck-Condon effect since each local level prefers its own

rearrangement of the lattice. This is a general phenomenon
expected in many insulators and may account for midinfra- Hi= Z 2
red absorption in other systems as well.
In the usual theory of small polaron absorptioif,an  there is only one parameter, namely, the nearest-neighbor
electron is trapped at a single site in a nondegenerate orbitak: (ddo) integral from Slater-Koster two-center theory. In
The photon permits a transfer of the electron to a first neighthe electron-phonon interaction, we include both the oxygen
bor site. Direct transfer to the gound state first neighbor pobreathing vibration®, and the localEg-type oxygen mo-
laron (corresponding to dc conductivityis exponentially tions (Q,,Q3) which give the Jahn-Teller distortion
suppressed by unfavorable vibrational overlépluang-
Rhys”) factors. The largest vibrational overlap is for transi-
tions into states whose maximum amplitude overlaps with
the zero-point motion of the distorted polaron on the original .
site. A Gaussian envoelope of Franck-Condon vibrational +\/§Q1(I)IQB]. 2
sidebands is predicted. The cases considered here differ irl1 - . .
three ways.(1) Our electron levels are doubly degenerateT € indicesa and 8 run though orbitals &,, ). H, is the
before distortion.(2) Hund's energy is large which blocks attice elastic energy of oxygen displacement along Mn-
hopping unless the neighbor atom has spin ferromagneticallQ'Mn bond directions YVIth an E|n§te|n restoring force. Note
aligned.(3) Our polarons are not strictly confined to a single that the JT mode®,(1) and Q,(1") are not independent
site, and consequently have localized excited states in th@hen Mn sitesi and i’ are first neighbors, since the inter-
self-organized potential well. These complications are not allening oxygen is shared by both Mn atoftisis is called the
unique to manganites, and should affect polaronic absorptiofcooperative” phonon effecy.
in other materials as well. At the LaMnGQ; end of the phase diagram, the dominant
Pure LaMnQ has a single M electron in thee; doublet  term of the Hamiltonian after electron-electron repulsion is
[ o= (x2—y?)//3,p3=32%—r?]. Therefore there is a coop- He,. Instead of delocalizing in a conduction band, holes in
erative Jahn-Teller effect resulting in orbital ordering. Thelightly doped LaMnQ@ lower their energy more by self-
peak®'*near 2 eV ino(w) is interpreted™® ase,—e, tran-  trapping with local oxygen rearrangement, forming “anti-

] tap(=Och(T=8)cy(D), (1)

I, =,aB =Xy,

Hep=—9> ch(Dcg(N[Qa(N 0%+ Qa0
l,aB
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JT” small polarons’ This model leads us to a new assign-
ment of the 2 eV optical absoption pe&kamely, it is an
on-sited—d transition with formation of a vibrational ex-
cited self-trapped excitofor orbiton). Our picture agrees
fairly well with recentT-dependent measurements on a de-
twinned single crystal of LaMn@by Tobeet al!® Specifi-
cally our model account for the thermal broadening of the
2eV peak and its lack of sensitivity to the Neel transition at
Tn=140 K, where spin order is lost. This lack of sensitivity
contradicts with theories which assign the transition to inter-
atomic d—d transitionst® However, the experimental
intensity® is stronger forab-polarized light whereas our
theory predicts stronger intensity gaxis polarization. Our
calculation§ use the phonon assisted mechanism to activate
dipole forbidderon site d—d transition corresponding to the
[ point of the Brillouin zone. We ignored dispersion of the ~ FIG. 1. Energy level diagrams for self-trapped states, relative to
exciton band due to the electron-phonon induced hoﬁf)ing the lowest energy of a s_tate in an undnsto_rted environment. Or_l the
and the correlated hopping mechanistﬁ/l()).ls From both left are electron states in C_:aM@G)n the right are hole states_ in
processes the dispersion of the exciton band is small. How:2MnOs. The lowest level is the ground state of the dopedgn
ever, the dipole forbidden transition becomes allowed awa)Zle‘?tron' bound by spin and lattice distortions. The dipole-allowed
from theT" point and will contribute to the anisotropy of the xcited Ieyels shO\ivn vertlcglly keep theA ground state dls.tortlons
optical conductivity spectra. (dashed lines foE||z and solid lines folE L 2). Shown to the right

At the CaMnQ end, at the cost of AF exchange energy, are the relaxed energy levels correspond_lng to thgse_ excited states,
spin flipping in the AF background allows the doped-in elec_an.d the shadgd regions represent vibrational excitations accompa-
tron to lower its energy by delocalization. This spin—polaronnymg the optical transitions.

effect competes with a localizing JT polaron effect from . - .
y . : e eStateswith original energies 1.46) and 1.9%| above thee,
Hep- The competition determines the size of the spin Iattlceband can have their energy lowered to sit below theband

6
polaron. by —0.67t|. When the electron is optically excited to one of

In this work we calculate the excitation spectrum of theth tat d th ime t ;
spin-lattice polaron in CaMnby the Born-Oppenheimer ese states, oxygens do not have ime [o rearrange to a hew
optimal pattern, and therefore are left in a combination of

approximation, and for LaMngwe calculate the ex]‘cgitation vibrationally excited states with respect to the reoptimized
spectrum of the self-trapped hole in a Cho-Toyo . oxygen pattern of the electronic excited state. The Franck-

proximation. Our nonadiabatic solutions allow us to calcu- ondon princile therefore apolies and aives vibrational
late the Franck-Condon broadened optical excitation spectrg P P PP : gives vib
Sidebands. The energy level diagram is shown in Fig. 1.

of these lightly doped materials and predict new spectral fea- To examine the obtical Spectrum of this seven-site polaron
tures that should be experimentally visible. P P P
surrounded by 36 oxygens, we start from one of the three

CaMnO,
t=0.75 eV

Energy relative to free carrier/t

LaMnO3
t=0.5eV

II. SPIN-LATTICE POLARON SPECTRUM symmetry-equivalent electronic ground stazy%ﬁf, Jo) (e.g.,
IN DOPED CaMnO, 6=05) with local lattice distortion  uq
=(Ug1,Ug2, - - - Ug 3¢ Which minimize the energiy(u) of

3\ el ; -
Undoped CaMn@has Mrf” (t3g) ions withS=3/2onan e ground state. For distortions near Uy, the vibronic

approximately simple cubic lattice, and biparti@ {ype) AF gjgenstates associated with the electron ground state are ap-

order belowTy=125 K. One single doped-in electron will yroximated by the Born-Oppenheimer product
align with theS=23/2 core spin by Hund coupling. Hopping

to first neighbors is then blocked by the AF order. To reduce 36

energy by delocalization, one M&=23/2 atom flips. Then Won(r,0)=o(r,U) [T & o (Ui—ug), (3)
the nearby oxygens distort, to lift the, degeneracy. This ’ =1 ! ’

provides a lower energy state for the doped-in electron, ) )
which can be described as a seven-site spin-lattice pofaronWhere ¢, (ui—uo;) is then; phonon state of the harmonic
The parameters were chosen to ffJS*=158, andI’ oscillator centered aty; . The usual approximation is made
=g°/K|t|=0.25. Each of the seven Mn atoms provides twohere thaty,(r,u) can be accurately representedyay(r, Uo).

gy orbitals to form a 14-dimensional Hilbert space in which the true electronic ground state varies slowly withand

the doped-in electron is partially delocalized. also depends on the directian- JO of deviation from JO,

The ground state of this polaron is calculated in ad|aba§|%ut corrections are small at low temperatures where the ini-
approximation. With the local oxygens distorted in the ODU_)t)aI state is not vibrationally excited. Then the adiabatic

mized pattern, the ground state lies in the gap with energ - .
lowered from thee, band by —2.13t|. The remaining 13 9round state energy sheBp(u) depends quadratically on
excited states contain three dipole-allowed optical excita{u;—ug;) and we treat the oxygens as 36 independent Ein-
tions. By reoptimizing the oxygen distortion pattern, thesestein oscillators, with energies
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36 200 T
Eon=Eq(lo) +hw2, | ni+5]. @) ~ 5o L@ ]
i=1 2 g | czz(m)
o 100 -
Among the 13 polaronic excited states, there are only % 50 [ o) (orow(m))/ ]
three states that couple to the ground state by light. They are 5 4
— S\ 5 ; 0
|¢'z>_(|¢:312> |, ZZ)/\/EAanq two other states which _ T Car LaMnO, fornco.1 |
are rotations of,) to x andy directions. Herd ¢3,z) de- ‘e 150 - .
notes the,; orbital of the Mn atom sitting immediately > 100 L ]
above the central Mn. These three excited states have their = L Ol @)={0:+0,,+5,)3 ;
own optimal lattice distortion patterns, U, andu, . Start- g 50 - /\ §
ing from Uy, these electronic states remain eigenstates along 0 el L e

S - 1 2 3 4 5
the paths towardsi,, u,, anduy in the lattice distortion o (eV)

space. Therefore in these chosen directions, the vibronic

eigenstates associated with the electronic excited states haveF!G- 2 Polaron-induced optical conductivity spectra of lightly

the product form, e.g., doped CaMnQ. (a) The dashed curve is f&L z and the solid line
for E||z. Vertical lines present the adiabatic solution under fixed
36 oxygen distortions and show the peaks at 2.50 and 3.0%bgVh
7 F'G): F,ﬁ ) (U= U, ;). (5) (a), the solutions belong to one of the possible ground stafles (
2 valr Uz iljl d)"n'( bt =0) (Ref. 6. There are two other possible ground states with ori-

entationsd=2/3 and = 4x/3, which permute the directions y
Consider the optical excitation fron¥, to W, for ex-  andz. Therefore we show the average spectrum. The absolute value

ample. TheT=0 K spectrum is given by of o(w) is shown for 10% electron doping.
me?N o A I1l. POLARONIC SPECTRA IN HOLE DOPED LaMnO 3
o(w)= > [(f.n’|e-pli,0)|28| —+n'wo—w|. -
L h In LaMnQ; the electron-phonon terri,, stabilizes an

(6) orbitally ordered ground statéa a cooperative JT oxygen
) ) distortion. We use the same model as in CaMn®ith dif-
The matrix element has both an electronic part and a phonopy et filling, and fit it to the JT ground state. We previously
part. The electronic part involves the momentum matrlx eleysed this model to predict the resonant multiphonon Raman
ment (¢,|p,|15,0), where|y5,0) denotes thaj; orbital of  ¢rosg sectichand the angle resolved photoemission spec-
the central Mn atom. This matrix element {g,|p,[43.0)  rum including the Franck-Condon broadeninghe photo-
=ima/hi(y,|Hi|3,0), wherem is the electron mass aral  emjssion process creates a sudden hole without time for oxy-
the lattice constant. This result can be derived by looking afen relaxation. Thus it is in a vibrationally excited state. In
FM spin order, apd requiring that the Eorrespondlng FMthe doped compound a hole is initially present in its ground
Bloch eigenstatefk) of H; [with energye(k)] should have vibrational state in a locally distorted oxygen environment.
veIocity(IZ| pz/m||2>:(95(|2)/[9ﬁk2, The zeroth order electronic many-body wave function has a
The phonon part of the matrix element{s’ ,Jz|n,ﬁo)|2, hole_h in the or_bltal at the origin @taken arbitrarily to be an
where the initial lattice vibrational state hasvibrational ~ *-oriented orbital in an otherwise perfectly correlated state

quanta relative to the oxygen equilibrium positians The with one g, electron per atom
lattice vibrational state is unchanged during the electron ex-
citation, but must be expanded in the new badanoted by |h0)=cx(0)|JT),

quantan’) around the new oxygen equilibrium positio@§.

We consider only zero temperature optical conductivity, A B

which restricts the initial vibrational quantum numberso 9D =11 ctOIT ctanoy. 7
be zero. The nonzero overlaps of this initial phonon state ' I

with the new phonon basis states of the displaced lattice give

a spectrum with a Gaussian profile of delta function peaks oHere the orbitalsyy andy are orthogonak- andy-oriented
the multiphonon transitions accompanying the electron exiorbitals (/,* 3)/\2. Moreover, MA* spins in pure
tation. The phonon frequency is taken tofb@=0.084 eV. LaMnO; originally have ferromagnetic orientation iry
This is a little higher than the stretching frequency reportecplanes but antiferromagnetic orientation in thedirection
from Raman dat&’ but the discrepancy does not affect our (AFA-type). According to our previous discussion, LaMpO
conclusions. The hopping integrtlis taken from density- a localized holgMn*™) will flip into parallel orientation the
functional calculatiors to bet=—0.75 eV. The delta func- adjacent MA™ spins in the=Z directions(spin polaron ef-
tions are broadened into Gaussians of wigth y wherey  fect).

=0.014 eV andn’ is the total vibrational quantum. The At the next level of approximation the statd0) is
results are shown in Fig. 2. coupled to 18 other states. Six of these states keep the hole at
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TABLE |. The parameters of the single-hole version of Hamil- 200————T1T—— T

tonian Hye;7 for oxygen displacementsow 1), the diagonal ele- — [ (a) .
ments(h0,0+1|H[h0,0=1) are shown in row 2, the off-diagonal § 150 cs”(a)),/ \\‘ o, (@) R 7]
coupling elementgQs(1) are in row 3, the diagonal elemenfs Tc: 100k P ; \\ i
+=1|H|h=T1) are in row 4, the diagonal elements+1,00>|H|h % - / i\ 4N
+1,00) are in row 5. The relaxed energies of each of the states % 50_' o ' ‘\ 7]
|h0,0+1) are in row 6,|h=1) are in row 7 andh=1,00) are in 0 il T, :
row 8. The parametera, , b andt] (i=1,2,3) used in Eq. 11 are —~ [ (b) La (SrCa)MnO, forx=0.1
given in the rest of the table. 'e 150 ]
N N N N T; 100k O'aV(OJ)=(G"+2(S )3 |
| = *X *y *z =

N _ € sop —
1 + (V43— 1)g/K T (V4l3+1)g/K T \4/3g/K & |
2 (7—2I\3)A/4 (7+213)Al4 2A O L

0 1 2 3 4

3 (22+\6)AI24 (22— 6)A/24 —\2A/6 ® (eV)
4 37A/24 37A/24 A0 /24
5 61A/24 61A/24 64A/24 FIG. 3. Polaron-induced optical conductivity spectra of lightly
6 (3—2/\3)A/4 (3+2/\3)A/4 A doped LaMnQ. () The dashed line is fdE|z and the solid line for
7 0 0 0 El z. Vertical lines is an adiabatic solutigifrozen oxygen distor-
) (3+2\3)A/4 (3—2/\3)Al4 A tions. The nonadiabatic spectra consjst of three and six Franck-
a|l A A A Condon broadened peaks Bfz andEL z, respectively(b) Shows
a,2 37A/24 37A/24 4QN/24 the average over polanzatlons._The ovgrall_ spectral V\(/)elght is pro-
a|3 (4313 4/\3)A/8 (43/3+ 41\/3)A/8 40A/24 portional to the hole concentration and is given for 10% doping.
bi (6-4/V3)A/8 (6+4/V3)A/8 A moved to the one of the six neighboring sites, both without
bj 0 0 0 [Eq. 9 and with[Eq. 10 an orbital defect. The energies of
b} (6+4/\/3)A/8 (6—4/3)A/8 A these states are given in Table | rows 4 and 5.
i (2+3)t/4 (2—3)t/4 t/2 Diagonalization of this 18 19 matrix gives the ground
t? (2+\/3)t/4 (2—\3)t/4 t/2 state polaron solution and the excited spectra. Among the 18
t? (2—\3)t/4 (2+ 3)t/4 t/2 excited states, there are 9 odd states which are coupled by

the origin but have an orbital defect, or “orbitor@’ on one
of the surrounding Mn sites: 1 wherel is X, v, or z,

|hoo+T)y=cl(=T)cy(=1)|h0).

8

light to the even parity ground state with momentum matrix
elementg ¥|p|h0)=ima/%(¥|H,/h0), whereas the other 9
even states are optically silent. No new parameter is needed
for dipole matrix elements to predict the absolute value of
o(w). The spectra would consist of 9 delta functions, three

for E-field polarized inz directiono, (w) and six foro(w)

Six more states have the hole moved to the neighboring Mghown by vertical lines on Fig. &. The parameters were

site, with no orbital defect

lh+Ty=cy(=1)ck(0)|h0).

The last six states have the hole on a neighbor and leave gnce the frozen oxygen positions are not optimal for the
misoriented Y) orbital at the origin

|h=1,00)=cy(=1)cl(0)|h0).

©)

(10

The HamiltonianHyg;r becomes a 1219 matrix in this
truncated Hilbert space.

state|h0), the neighboring oxygens it x,+y,*+z direc-

tions are distorted to positions given in Table I, row 1, which

minimize the polaron energy.

With the oxygen pattern frozen in these positions, the di

agonal elementh0|H,;|h0) is set to zero. NonzerQ; dis-
tortions on the neighboring sites couple the sta@®) to the

six orbital excitationgh0,0+1). Row 2 of Table | gives the
diagonal element$h0,0+1|H,h0,0+T) and row 3 gives

chosen to bed=0.95 eV,t=0.5 eV,Aw=0.075 eV, and
Mn-Mn distancea=4.0 A.

In order to investigate the lattice-coupled electronic exci-
tation, the surrounding oxygens should be allowed to vibrate.

excited hole states, Franck-Condon vibrational sidebands
should appear in the optical spectrum. Assuming that the
individual vibrational sidebands are not energy resolved,
there will be broadening by an amount roughly equal to the
energy gain due to structural relaxation. In order to quantita-

In the adiabatic solution of the zeroth order hole groundtively describe the process, a theory beyond the adiabatic

approximation is needed.

We use an approach similar to that applied to describe
photoemission in the undoped matefialhe method was
proposed by Cho and Toyazawhawho used an infinitely

large truncated Hilbert space to diagonalize a 1D polaronic
Hamiltonian. For each of the states appearing in E&)s(9),

and (10), we reoptimize the positions of the 6 oxygens sur-

rounding the hole. The relaxed energies are listed in Table I,
rows 6, 7, and 8. Notice that for each of the states in(Bg.

the corresponding off-diagonal elements. The electron hopthe energy gain from relaxation is, similar to exciton cre-
ping term 7, couples the statgh0) to states with the hole ation in the parent compouricEach of these states, includ-
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ing |h0), is now allowed to have arbitrary number of vibra- larger basis has been shifted by approximately 0.3 eV to
tional quanta of the surrounding oxygens around theilower energies. The energy peak positions and relative inten-
reoptimized positions for that particular state. This adds adsities in the adiabatic solution follow the trend of the nona-
ditional vibrational multiplem% w to the relaxed energy. In diabatic resul{see Fig. 83)]. We expect an overall shift of
this chosen basis, th#,+ 7, term of the Hamiltonian is the spectrum in Fig. 3 to the lower energy by about 0.3 eV,
diagonal. The complete Hamiltonian with the off-diagonalsuch that the the spectrum sets in at about 0.7 eV.
term’H, can be diagonalized exactly. The hole ground state is
not vibrationally excited at zero temperature, and the elec-
tronic part of this ground state has even symmetry which is
coupled by light to odd excited states. The particular details for the manganites show that inter-
The Cho-Toyozawa calculation can be simplified by ig-esting processes occur which were not fully anticipated in
noring the sharing of the oxygens by its two nearest Mnthe discussions previously givéi.Similar processes should
neighbors. This partial removal of the “cooperative phonon”be at work in other insulators such as cuprates and nick-
constraints was found in our photoemission calculdtiin  glates.
make only a small error. The energies of the odd parity states New spectral features are predicted to appear in the JT
can be obtained as roots of the following analytic equation:gap of lightly doped LaMn@, and in the insulating gap of
lightly doped CaMnQ. The excitation spectra are calculated
Gll(E)Glz(E)+G'l(E)GI3(E):1’ in nonadiabatic Born-Oppenheimer or Cho-Toyozawa ap-
proximation. These excitations are dipole allowed with di-
pole matrix elements proportional to the hopping parameter
t.

IV. CONCLUSION

©

. . . 1 (a)"
G|(E)=tiexp(—a)) 20 Ebion nl,
n= —b— :

(11)

) . ) ) In the highT paramagnetic phase, in a mean field approxi-
The rootsE give energies of the excited states for light po- mation, spin disorder has the effect of reducing the parameter
larized inl =x,y,z directions. The parametess, b;, andt, t by 30%. This estimate suggests that the spectral weight due
in Eq. (11) are given in Table |. The meaning of parametersto hole excitations in LaMng for example, is reduced by
a, is the energy gain due to the structural rearrangement. THe0% above the el temperaturd y~140 K?2?whereas the
parameter®’, are energies of the electronic excited states inorbiton excitation centered at 2 €Ref. 8 is not sensitive to
vibrational ground state with relaxed oxygen distortions. Themagnetic order and hence is temperature independent. In
hopping matrix elements, couple the ground state to the CaMnQ;, aboveTy~125 K?? spin polarons should persist
electronically excited states and they are proportional to thé" disordered and increasingly delocalized form. This will
dipole matrix elements of the allowed transitions. The pa<ause the spectrum of Fig. 2 to broaden and shift to lower
rametersA andt used in Eq.(11) are all in units offie  ©€NErQY.
=75 meV. Our picture makes the prediction that, at frequencies well

The energy of the ground state is lowered by 0.39 eV dud€low the lowest weak peak in the subgap region, there
to the hole delocalization on the neighboring sites such thaghould be a weak Urbach tail with characteristic Urbach tem-
only 83% of the polaron is present on the central site. Thig?erature dependence. The tail is from the lowest-energy pro-
value is very close to the estimation by second order pertuicesses, and are weak because of small vibrational overlap.
bation theory, which gives —0.16%/I—0.48dt The ave_ulable e.xpenmental défaon. doped compour_wds
=0.41 eV[['=A/(8t)]. The excitation spectrum is mea- a9ree with our picture. Furthgr experiments on more I!ghtly
sured from the renormalized ground state energy and show@PPed materials, and especially transmission experiments
on Fig. 3. It should be noted that the electronically excitedthrough thin single crystals, would give a better test of our
states have their maximum weight on the neighboring sitef€0ry.
and are not allowed to lower their energies by spreading on
the next neighboring sites due_ to the truncation of_the Hilbert ACKNOWLEDGMENTS
space. We have done an estimate of the finite Hilbert space
effect by comparing the adiabatic spectra using 19 electronic This work was supported in part by NSF Grant No. DMR-
states on 7 sites with those from the 79 states on 27 site€3089492 and by U.S. DOE Grant No.DE-AC-02-
including the next neighboring atoms. The spectrum in é98CH10886.

1D. Emin, Phys. Rev. B8, 13 691(1993. 74, 5144 (1995; A.J. Millis, R. Mueller, and B.l. Shraiman,

2Y. Okimoto and Y. Tokura, J. Supercont3, 271 (2000. Phys. Rev. B54, 5405 (1996; S. Yunoki, A. Moreo, and E.

3K.H. Kim, J.H. Jung, and T.W. Noh, Phys. Rev. Legtl, 1517 Dagotto, Phys. Rev. Let81, 5612(1998; A.S. Alexandrov and
(1998; S.G. Kaplan, M. Quijada, H.D. Drew, D.B. Tanner, G.C. A.M. Bratkovsky, Phys. Rev. B0, 6215(1999; A.S. Alexan-
Xiong, R. Ramesh, C. Kwon, and T. Venkates#nid. 77, 2081 drov, V.V. Kabanov, and D.K. Ray, Physica224, 247 (1994;
(1996; H.L. Liu, S.L. Cooper, and S.-W. Cheorigjd. 81, 4684 M. Capone, W. Stephan, and M. Grilli, Phys. Rev5B, 4484
(1998. (1997.

4A.J. Millis, P.B. Littlewood, and B.l. Shraiman, Phys. Rev. Lett. Sp.B. Allen and V. Perebeinos, Phys. Rev6g 10 747(1999.

205207-5



CHEN, PEREBEINOS, AND ALLEN PHYSICAL REVIEW B35 205207

6Y.R. Chen and P.B. Allen, Phys. Rev.@l, 064401(2001. K.H. Kim, T.W. Noh, E.J. Choi, and J. Yubid. 57, 11 043
V. Perebeinos and P.B. Allen, Phys. Rev. L&8, 5178(2000. (1998.

8pB. Allen and V. Perebeinos, Phys. Rev. L&8, 4828(1999. 15K, Tobe, T. Kimura, Y. Okimoto, and Y. Tokura, Phys. Rev6R&
V. Perebeinos and P.B. Allen, Phys. Rev6R® 085118(2001). 184421(2001.

18K H. Ahn and A.J. Millis, Phys. Rev. B1, 13 545(2000.

10A.J. Millis, Phys. Rev. B53, 8434(1996. 17 _ !
113.D. Perkins, J.M. Graybeal, M.A. Kastner, R.J. Birgeneau, J.P,," | crebeinos and P.B. Allen, Phys. Status Sdllth, 607 (1999.

83, Ishih .| . Maekawa, Phys. R 8280
Falck, and M. Greven, Phys. Rev. LeR, 1621(1993; D.A. S. Ishihara, J. Inoue, and S. Maekawa, Phys. Re85B

) . (1997; G. Khaliullin and V. Oudovenkojbid. 56, R14 243
Crandles, T. Timusk, J.D. Garret, and J.E. Greedan, Physica C (1997.

216 94 (1993; T. Katsufuji, T. Tanabe, T. Ishikawa, Y. Fukuda, 19¢ Cho and Y. Toyozawa, J. Phys. Soc. JBA, 1555(1971).

b T. Arima, and Y. Tokura, Phys. Rev. 84, 14 230(1996. 20E | Liarokapis, Th. Leventouri, D. Lampakis, D. Palles, J.J. Neu-
A pedagogical discussion can be found at URL http://  meier, and D.H. Goodwin, Phys. Rev.@®, 12 758(1999; E.
insti.physics.sunysb.edu/ allen/Polarons/MIR.html Granado, N.O. Moreno, H. Martinho, A. Garcia, J.A. Sanjurjo, I.
13T. Arima, Y. Tokura, and J.B. Torrance, Phys. Revd48 17 006 Torriani, C. Rettori, J.J. Neumeier, and S.B. Oseroff, Phys. Rev.
(1993. Lett. 86, 5385(2001).

143.H. Jung, K.H. Kim, D.J. Eom, T.W. Noh, E.J. Choi, J. Yu, Y.S. 2'W.E. Pickett and D.J. Singh, Phys. Rev5B, 1146(1996.
Kwon, and Y. Chung, Phys. Rev. 55, 15 489(1997%; J.H. Jung,  2?E.O. Wollan and W.C. Koehler, Phys. Re\00, 545 (1955.

205207-6



