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Dynamic Jahn-Teller Effect and Colossal Magnetoresistance inLa12xSrxMnO3
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A model for the doped rare-earth manganites such as La12xSrxMnO3 incorporating the physics of
dynamic Jahn-Teller and double-exchange effects is presented and solved via a dynamical mean
approximation. The interplay of these two effects as the electron phonon coupling is varied reprodu
the observed behavior of the resistivity and magnetic transition temperature. [S0031-9007(96)0050

PACS numbers: 75.50.Cc, 72.10.Di, 75.30.Et
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In this Letter we show that the essential physics of
“colossal magnetoresistance” materialsRe12xAxMnO3
(hereRe is a rare earth such as La andA is a divalent ele-
ment such as Sr or Ca) is the interplay between a str
electron-phonon coupling and the “double exchan
effect of spin alignment on electron kinetic energy.

In the interesting doping range0.2 & x & 0.5,
Re12xAxMnO3 is a ferromagnetic metal at low tempe
atureT and a poorly conducting paramagnet at highT ;
the paramagnetic-ferromagnetic transition occurs at
x dependent transition temperatureTcsxd , 300 K and
is accompanied by a large drop in the resistivity [
The colossal magnetoresistance which has stimulated
recent interest in these materials is observed for temp
tures nearTcsxd [2]. The electronically active orbital
are the Mnd orbitals and the mean number ofd electrons
per Mn is4 2 x. The cubic anisotropy and Hund’s ru
coupling are sufficiently large that three electrons go i
tightly boundt2g core states and make up an electrica
inert core spin Sc of magnitude 3y2; the remaining
s1 2 xd electrons go into a band of width,2.5 eV made
mostly of the outer-shelleg orbitals [3]. Theeg electrons
are aligned to the core states by a Hund’s rule coup
JH which is believed to be large [1].

The largeJH means that the hopping of an outer-sh
electron between two Mn sites is affected by the rela
alignment of the core spins, being maximal when the c
spins are parallel and minimal when they are antipara
Also, electron hopping promotes ferromagnetic ord
This phenomenon, called double exchange [4], has b
widely regarded [5,6] as the only significant physics
the regime0.2 & x & 0.5. However, we have previousl
shown [7] that double exchange alone cannot acco
for the very large resistivity of theT . Tc phase [8] or
for the sharp drop in resistivity just belowTc, and have
suggested that the necessary extra physics is a s
electron-phonon coupling due in part to a Jahn-Te
splitting of the Mneg states. The cubic-tetragonal pha
transition observed for0 & x & 0.2 is known to be due
to a frozen-in Jahn-Teller distortion with long-range ord
at the wave vectorsp , p, pd [9].

We propose that forx . 0.2 and T . Tcsxd, the
strong electron-phonon coupling localizes the conduc
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band electrons as polarons, but that the polaron effec
“turned off” asT is decreased throughTc, permitting the
formation of a metallic state. This is possible because
competition between electron itineracy and self-trapp
is controlled by the dimensionless rationleff of the self-
trapping energyEJ,T to an electron itineracy energy whic
may be parametrized by an effective hopping mat
elementteff. Whenleff exceeds a critical value we expe
a crossover from a Fermi liquid to a polaron regim
Double exchange leads to a temperature dependentleff
because asT is reduced throughTc, the spins become
ordered, increasingteff and thereby reducingleff.

To investigate this in more detail we study the mod
HamiltonianHeff ­ Hel 1 HJT with

Hel ­ 2
X
ija

tab
ij d

y
iaadjba 1 JH

X
i,a,a

$Si
c ? d

y
iaa $sdiaa

1 $h ? $ScySc (1)

and

HJT ­ g
X
jas

d
y
jasQabs jddjbs 1

k
2

X
j

Q2s jd . (2)

Here dy
assid creates an outer-shelld electron of spin

s in the a orbital on site i. The local lattice distor-
tions which cause the Jahn-Teller splitting transform
a twofold degenerate representation of the cubic gro
which we parametrize by a magnituder and an anglef.
They couple to the electron as a traceless symmetric
trix Q ­ rfcossfdtz 1 sinsfdtxg. The electron-phonon
coupling isg and the phonon stiffness isk. The exter-
nal magnetic field is$h; for simplicity, we have coupled
it to the core spin only. In the phonon part ofHeff we
have neglected intersite and anharmonic terms, as
as other phonon modes, most notably the breathing m
which couples to on-site charge fluctuations. In the el
tronic part ofHeff we have neglected on-site Coulomb in
teraction effects which we believe will affect low-energ
properties of primary interest here only by renormalizi
parameters such astab

ij .
To solveHeff we introduce further simplifications. We

take JH ! `. Because we are interested in phenome
at temperatures of order room temperature, we ass
© 1996 The American Physical Society 175
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the phonons and the core spins are classical. We
the “dynamical mean field” approximation which becom
exact in a limit in which the spatial dimensionalityd ! `
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se[10]. Then the free energy may be expressed in term
a space-independent “effective field”Geffsvd via
Z ­
Z

rdrdfdV expf2tr2y2T 1 Tr lnstG21
eff 1 l$r ? $t 1 JH

$Sc ? $sd 1 $h ? $Vg . (3)
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Here $V is the direction of$Sc and t ­ Dy4 (D is the full
bandwidth, so from [3] one estimatest ø 0.6 eV). The
dimensionless electron-phonon coupling constantl ­
gy

p
kt. Geffsvd is a tensor with orbital and spin indice

it obeys a self-consistency condition whose form depe
upon the lattice whosed ! ` limit is taken. We have
used the Bethe lattice equation, which corresponds to
underlying band structure with a semicircular density
states withD ­ 2

p
Trt2. The self-consistent equation

[10]

G21
eff svd ­ v 1 m 2 TrftGtgy2 (4)

whereG ­ ≠ lnZy≠G21
eff , the trace is over orbital indice

and the chemical potentialm is related to the densityn by
n ­ T≠ lnZy≠m. We assume no long-range Jahn-Tel
order, soGeff is a scalar in orbital space, but allow fo
magnetic order. We have used two methods for trea
the spin part of the problem. In thedirect integration
method, Eq. (4) is solved on the Matsubara axis
direct iteration starting with thel ­ 0 solution, per-
forming the integrals over angle and phonon coordin
numerically. From this solutionZ is constructed and
$m ­ k $Si

clySc and krl are computed. The conductivity i
calculated following [10]; the requisiteGeff on the real
axis is obtained by solving Eq. (4) for real frequencie
using the previously obtained Matsubara solution
define Z. In the projection method,one quantizes the
electron spin on sitei along an axis parallel to$Si

c and
retains only the component parallel to$Si

c. The JH

term then drops out but one must multiplytij by the

double exchange factorqij ­
q

s1 1 $Si
c ? $S

j
cdy2 [4,7].

Within mean field theory qij ! q ­
p

s1 1 m2dy2,
with m determined self-consistently via m ­
2T≠y≠hhcothbsJm 1 hd 2 fbsJm 1 hdg21j and as
shown previously [7],J ­ s1y2

p
2 d≠ lnZy≠t with Z

evaluated atq ­
p

s1 1 m2dy2. The resultingd ­ `

involve a Geff which is a scalar and a numerical int
gral over the phonon coordinate only. One solves
resulting mean field equations once at eachT and l to
yield a ZsTyt, l2ytd; the q dependence and hence th
magnetic properties are found by scalingt ! qt. The
two approaches give very similar results for the magne
phase boundary and the phonon contribution to
resistivity, but the direct integration approach gives a
the spin disorder contribution to the resistivity. The ma
difference is that the projection method leads to a fi
order magnetic phase transition forl ø 1.
s
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We now discuss the solutions. In the limitT ! 0,
ground state is a fully polarized ferromagnet for alll.
The phonon probability distributionPsrd ­

R
dfdV 3

expf2tr2y2T 1 Tr lnstG21
eff 1 l $t ? $rdg is a delta func-

tion at the most probable valuer ­ rp. For l , lcsxd,
rp ­ 0. The ground state is a metal withrsT ­ 0d ­ 0;
the momentum-integrated spectral functionAsvd ­R

fddpys2pddgImGsp, vdyp takes the noninteracting
form Asvd ­

p
4t2 2 sv 1 md2y2pt2. For leff .

lc, rp . 0, implying a frozen-in lattice distortion and
a rsT ­ 0d . 0. For rp , rc (rc ­ 1 at n ­ 1), A is
distorted from its noninteracting form but the density
states at the Fermi level (v ­ 0 in present conventions
remains nonzero so0 , rsT ­ 0d , `. If rp . rc,
A has three separated peaks, two of weightn centered
at 6lrp 2 m corresponding to full and empty orbital
on occupied sites and one of weight2s1 2 nd centered
at 2m corresponding to the unsplit orbitals on emp
sites. The Fermi level is in a gap between the peaks
rsT ­ 0d ­ `.

Figure 1 shows the numerically calculated phase d
gram in theT 2 l plane. Consider first then ­ 1 re-
sults. The solid line, obtained via the direct integrati
method, is a second order transition separating ferrom
netic (F) and paramagnetic (P) regions. The light da
dotted lines separate regions of weak electron-pho
coupling in which drydT . 0 from regions of strong
electron-phonon coupling in whichdrydT , 0. We
identify these regions as metal (M) and insulator (I), r
spectively. TheT dependence of thedrydT line be-
low Tc is due mostly to the temperature dependence
the magnetization. Increasingl decreasesTc; the varia-
tion is particularly rapid in the crossover regionl , 1.
The projection method leads to a region of two-phase
existence for0.92 , l , 1.1. This is shown on Fig. 1
as the area between the heavy dotted line and the s
line. The different behavior of the two models sugge
that in the crossover region the order of the transition
sensitive to the approximation of the model.Tcsld for
n ­ 0.75 and n ­ 0.5 are also shown as lighter dashe
lines. Tcsl ­ 0d decreases withn because the total ki-
netic energy decreases. The crossings occur becau
lower n the kinetic energy per electron is greater, so t
effective electron-phonon coupling is weaker.

The inset to Fig. 1 shows the average of the square
the lattice displacement forn ­ 1. This is measurable in
a scattering experiment sensitive to rms oxygen displa
ments. In the classical model used here,r2 ! rp2 1 T as
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FIG. 1. Phase diagram. Solid heavy line: ferromagne
Tcsld, calculated by direct integration method forn ­ 1. The
area enclosed by the solid line and the heavy dashed lin
the region of metastability found from the projection metho
Lighted dashed lines:Tcsld for n ­ 0.75 and n ­ 0.5. Light
dotted lines: metal-insulator crossover obtained from calcula
resistivities forn ­ 1. Regions labeled as PM (paramagne
metal), FM (ferromagnetic metal), PI (paramagnetic insulat
and FI (ferromagnetic metal) according to the value of
magnetization anddrydT . Inset: square of average lattic
distortion plotted vs temperature forn ­ 1 and l ­ 0.71
(lowest), 0.9, 1.05, 1.12, 1.2.

T ! 0. One sees that for intermediate couplings the h
temperature state extrapolates torp . rc ­ 1 at T ­ 0
while the lowT state has arp , rc. In other words, there
is a regime of parameters in which the electron-phonon
teraction is insufficient to localize the electrons atT ­ 0
but sufficient to localize them atT . Tcsxd. This behav-
ior is also seen in the resistivity.

The upper left panel of Fig. 2 shows the temperat
dependence of the calculated resistivity forn ­ 1 and dif-
ferent l. At small l and T . Tc, r is small and has
a T -independent piece due to the spin disorder and aT -
linear piece (difficult to perceive on the logarithmic sca
used) due to electron-phonon scattering. AsT is decreased
throughTc, r drops as the spin scattering is frozen out a
the phonon contribution changes slightly. For largerl a
gap opens in the electron spectral function atT . Tc and
r rises asT is lowered toTc. Below Tc, r drops sharply
as the gap closes and metallic behavior is restored.
nally, at still stronger coupling, insulating behavior occu
on both sides of the transition, although there is still a p
nounced drop inr at Tc. The lower left panel shows th
magnetic field dependence ofr for l ­ 1.12 andn ­ 1,
demonstrating that in this region of the phase diagr
the colossal magnetoresistance phenomenon occurs.
magnetic field scale is too large relative to experiment
is the calculatedTc ø 800 K if t ­ 0.6 eV), but is very
small in comparison to the microscopic scales of the t
ory. The upper right panel of Fig. 2 shows the resistiv
for n ­ 0.75. One sees that rather strong couplings are
quired to obtain “insulating”drydT , 0 behavior. Also
the upturn inr, when it exists, is less pronounced than
ic

is
.

ed
c
),
e

h

n-

re

e

d

Fi-
s
-

m
The
as

e-
y
e-

r

FIG. 2. Upper left: Resistivity calculated by the direct int
gration forn ­ 1 plotted vs temperature for different coupling
l ­ 1.2 (top), 1.12, 1.05, 0.95, 0.85, 0.71 (bottom). Low
left: Magnetic field dependence of resistivity calculated by
direct integration method forn ­ 1 andl ­ 1.12 and magnetic
field h as shown. Noteh ­ 0.01t corresponds to 15 Tesla i
t ­ 0.6 eV andSc ­ 3y2. Upper right: Resistivity calculated
by the direct integration method forn ­ 0.75 and l ­ 0.71
(lowest), 1.12, 1.41, 1.49, 1.58 (highest). Lower right: Ma
netic field dependence of resistivity forn ­ 0.75 andl ­ 1.49.
In this panel the resistivity has been multiplied by a factor of

n ­ 1. The lower right panel of Fig. 2 shows the ma
netoresistance forn ­ 0.75 andl ­ 1.13. Note that the
resistivity in this panel has been multiplied by 4. We ha
found it is not possible to get a large magnetoresistanc
combination with metallic lowT behavior atn ­ 0.75.

The resistivity and magnetoresistance calcula
for n ­ 1 bear a striking resemblance to data
Re12xAxMnO3. The variation of the amplitude of th
Jahn-Teller distortion shown in the inset to Fig. 1 m
also have been observed [11,12]. The calculated dop
dependence of theTc at intermediate couplings is also i
qualitative accord with data. The calculations are a
consistent with a recent study of a La(Pr, Y)Ca0.3MnO3

series of compounds [13]. The substitution of Pr, Y f
La decreases the effectived-d overlap, decreasingt and
increasingl. Experimentally, it results in a shift ofTc to
lower temperatures and an increasing resistivity anom
as found in the calculation. The observed first ord
transition also occurs in one of the mean field theories
have considered.

For these reasons we think it very likely that our mod
contains the essential physics of the colossal magnet
sistance phenomenon. However, the resistivity calcula
for n fi 1 is in poor agreement with data. This disagre
ment is due to the previously mentioned midgap sta
which are a consequence of the particular Jahn-Teller c
pling we have assumed. Figure 3 showsAsvd for n ­ 1
177
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FIG. 3. Spectral functions forl ­ 1.58, T ­ 0.025 andn ­
1 (light line), n ­ 0.75 (heavy line). Noten ­ 0.75 curve is
shifted bym ­ 21.29.

and n ­ 0.75 numerically calculated forl ­ 1.58 and
T ­ 0.025. At n ­ 1 the gap is large and well formed
but at n ­ 0.75 although the Jahn-Teller splitting (give
by the separation between the outer peaks) is similar the
tivation gap controlling low-T physics is evidently much
smaller, because of the midgap states, and so also is
temperature below which theT ! 0 behavior is displayed
A modification of the model which pushes the midg
states to higher energy will cause the behavior atn ­ 0.75
to more closely resemble that calculated forn ­ 1. The
breathing distortion of an oxygen octahedron couples
charge fluctuations on an Mn site and will have precis
this effect. A complete theory of the doping dependen
must also involve the on-site Coulomb interaction, whi
will lead as usual to anx dependence of the kinetic energ
[14], and hence ofTc andleff. Another open problem is to
extend the mean field theory to allow for uniform and sta
gered ordering of the lattice distortions in order to study
low-x structural transitions and thex . 0.5 charge order-
ing transitions [15].

Detailed calculations including these effects will b
left for future work. The results forn ­ 1 show that
the interplay of electron-phonon coupling and doub
exchange accounts naturally for the existence of a h
T insulating phase, the dramatic changes of resistivity
Tc, and the extreme sensitivity to magnetic field.
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