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Dynamic Jahn-Teller Effect and Colossal Magnetoresistance ih.aj—,Sr,MnQO3
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A model for the doped rare-earth manganites such gs,[S&,MnO; incorporating the physics of
dynamic Jahn-Teller and double-exchange effects is presented and solved via a dynamical mean field
approximation. The interplay of these two effects as the electron phonon coupling is varied reproduces
the observed behavior of the resistivity and magnetic transition temperature. [S0031-9007(96)00502-9]

PACS numbers: 75.50.Cc, 72.10.Di, 75.30.Et

In this Letter we show that the essential physics of theband electrons as polarons, but that the polaron effect is
“colossal magnetoresistance” materiake;-.A,MnO;  “turned off” asT is decreased throudh., permitting the
(hereRe is a rare earth such as La aAds a divalent ele- formation of a metallic state. This is possible because the
ment such as Sr or Ca) is the interplay between a strongompetition between electron itineracy and self-trapping
electron-phonon coupling and the “double exchange’s controlled by the dimensionless ratiag; of the self-
effect of spin alignment on electron kinetic energy. trapping energyE; r to an electron itineracy energy which

In the interesting doping ranged.2 < x < 0.5, may be parametrized by an effective hopping matrix
Re -, A:MnO; is a ferromagnetic metal at low temper- element.¢. When.g exceeds a critical value we expect
atureT and a poorly conducting paramagnet at high a crossover from a Fermi liquid to a polaron regime.
the paramagnetic-ferromagnetic transition occurs at abouble exchange leads to a temperature dependgnt
x dependent transition temperatufe(x) ~ 300 K and  because ag is reduced througlf,, the spins become
is accompanied by a large drop in the resistivity [1].ordered, increasings and thereby reducingcg.

The colossal magnetoresistance which has stimulated the To investigate this in more detail we study the model
recent interest in these materials is observed for temperd&tamiltonianH.;s = H.; + Hyt with
tures nearT.(x) [2]. The electronically active orbitals

are the Mnd orbitals and the mean number @éflectrons He = — Zt?jbditzadjba + Ju Z St - G diaa
per Mn is4 — x. The cubic anisotropy and Hund'’s rule ije ia,a
coupling are sufficiently large that three electrons go into +h-S./S. @

tightly boundr,, core states and make up an electricallyan d

inert core spinS. of magnitude 3/2; the remaining .

(1 — x) electrons go into a band of width2.5 eV made _ T yab( g Kk 2.

mostly of the outer-shelt, orbitals [3]. Thee, electrons Hir =3¢ Z 4jar Q" (Ndjps + ZQ .- @

are aligned to the core states by a Hund’s rule coupling

Ju which is believed to be large [1]. Here d}, (i) creates an outer-shell electron of spin
The largeJy means that the hopping of an outer-shello in the a orbital on sitei. The local lattice distor-

electron between two Mn sites is affected by the relativdgions which cause the Jahn-Teller splitting transform as

alignment of the core spins, being maximal when the cor@ twofold degenerate representation of the cubic group

spins are parallel and minimal when they are antiparallelwhich we parametrize by a magnitudeand an anglep.

Also, electron hopping promotes ferromagnetic orderThey couple to the electron as a traceless symmetric ma-

This phenomenon, called double exchange [4], has bedhix Q = r[cog¢)7, + sin(¢)7]. The electron-phonon

widely regarded [5,6] as the only significant physics incoupling isg and the phonon stiffness is  The exter-

the regimed.2 < x < 0.5. However, we have previously nal magnetic field igy; for simplicity, we have coupled

shown [7] that double exchange alone cannot accourit to the core spin onIy In the phonon part ¢ we

for the very large resistivity of th& > T, phase [8] or have neglected intersite and anharmonic terms, as well

for the sharp drop in resistivity just belo®., and have as other phonon modes, most notably the breathing mode

suggested that the necessary extra physics is a stromghich couples to on-site charge fluctuations. In the elec-

electron-phonon coupling due in part to a Jahn-Telletronic part ofH.; we have neglected on-site Coulomb in-

splitting of the Mne, states. The cubic-tetragonal phaseteraction effects which we believe will affect low-energy

transition observed fob < x < 0.2 is known to be due properties of primary interest here only by renormalizing

to a frozen-in Jahn-Teller distortion with long-range orderparameters such aggl

at the wave vectofs, 7, 7) [9]. To solveHs we introduce further simplifications. We
We propose that forx > 0.2 and T > T.(x), the takeJy — . Because we are interested in phenomena

strong electron-phonon coupling localizes the conductiomt temperatures of order room temperature, we assume

jao
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the phonons and the core spins are classical. We ug&0]. Then the free energy may be expressed in terms of
the “dynamical mean field” approximation which becomesa space-independent “effective fiel@.(w) via
exact in a limit in which the spatial dimensionaligy— oo

|

7z = f rdrdpdQ exd —t?/2T + TrIn(tGy + A7 - 7 + JySe - &) + h - Q]. (3)

Here () is the direction o@c and: = D/4 (D is the full We now discuss the solutions. In the liniit — 0,
bandwidth, so from [3] one estimates= 0.6 eV). The ground state is a fully polarized ferromagnet for all
dimensionless electron-phonon coupling constane=  The phonon probability distributio®(r) = [d¢dQ X
g/ Jkt. Ge(w) is a tensor with orbital and spin indices; exd —tr2/2T + Tr In(tGyf + A7 - F)] is a delta func-
it obeys a self-consistency condition whose form dependson at the most probable value= r*. ForA < A.(x),
upon the lattice whosd — o limit is taken. We have r* = 0. The ground state is a metal witH7 = 0) = 0;
used the Bethe lattice equation, which corresponds to athe momentum-integrated spectral functiof(w) =
underlying band structure with a semicircular density of [[d?p/(27)?ImG(p, w)/7 takes the noninteracting
states withD = 2v/Trt2. The self-consistent equation is form A(w) = /412 — (w + w)?/2mwt2.  For Agp >
[10] Ae, ¥ >0, implying a frozen-in lattice distortion and
-1 _ _ ap(T=0>0. Forr"<r.(r,=1atn=1),Ais
Gar(@) = @ + p = TIGL/2 @ disptorted from its noninteractin(g form but the (?Iensity of
whereG = 0 InZ/0Gy+, the trace is over orbital indices states at the Fermi levels(= 0 in present conventions)
and the chemical potential is related to the density by ~ remains nonzero s® < p(T = 0) < «. If r* > r,,
n=T9InZ/ou. We assume no long-range Jahn-TellerA has three separated peaks, two of weightentered
order, soG. is a scalar in orbital space, but allow for at =Ar™ — u corresponding to full and empty orbitals
magnetic order. We have used two methods for treatingn occupied sites and one of weightl — n) centered
the spin part of the problem. In thdirect integration at —u corresponding to the unsplit orbitals on empty
method, Eg. (4) is solved on the Matsubara axis bysites. The Fermi level is in a gap between the peaks and
direct iteration starting with thel = 0 solution, per- p(T = 0) = .
forming the integrals over angle and phonon coordinate Figure 1 shows the numerically calculated phase dia-
numerically. From this solutiorZ is constructed and gram in the7 — A plane. Consider first the = 1 re-
m = <§£>/Sc and(r) are computed. The conductivity is Sults. The solid line, obtained via the direct integration
calculated following [10]; the requisit€.i; on the real method, is a second order transition separating ferromag-
axis is obtained by solving Eq. (4) for real frequencies,netic (F) and paramagnetic (P) regions. The light dash-
using the previously obtained Matsubara solution todotted lines separate regions of weak electron-phonon
define Z. In the projection methodpne quantizes the coupling in whichdp/dT > 0 from regions of strong
electron spin on sité along an axis parallel t6: and €lectron-phonon coupling in whiclip/dT < 0. We
retains only the component parallel @ The Jy identify these regions as metal (M) and insulator (l), re-

term then drops out but one must multiply by the SPectively. TheT' dependence of thep/dT line be-
low T, is due mostly to the temperature dependence of

double exchange factoy;; = /(1 + Si - 5)/2 [4,7].  the magnetization. Increasingdecreased.; the varia-
Within mean field theory ¢;; — ¢ = +/(1 + m?)/2,  tion is particularly rapid in the crossover regian~ 1.

with  m determined self-consistently viam =  The projection method leads to a region of two-phase co-
—Td/dh{cothB(Jm + h) — [B(UJm + h)]"'} and as existence for0.92 < A < 1.1. This is shown on Fig. 1
shown previously [7],J = (1/2+/2)d InZ/ar with Z  as the area between the heavy dotted line and the solid
evaluated atg = /(1 + m2)/2. The resultingd = « line. The different behavior of the two models suggests
involve a Ge¢r which is a scalar and a numerical inte- that in the crossover region the order of the transition is
gral over the phonon coordinate only. One solves thesensitive to the approximation of the modeT.(A) for
resulting mean field equations once at edtland A to »n = 0.75 andn = 0.5 are also shown as lighter dashed
yield a Z(T/t,A?/t); the ¢ dependence and hence thelines. T.(A = 0) decreases witlh because the total ki-
magnetic properties are found by scaling= qt. The netic energy decreases. The crossings occur because at
two approaches give very similar results for the magnetidower n the kinetic energy per electron is greater, so the
phase boundary and the phonon contribution to theffective electron-phonon coupling is weaker.

resistivity, but the direct integration approach gives also The inset to Fig. 1 shows the average of the square of
the spin disorder contribution to the resistivity. The mainthe lattice displacement far = 1. This is measurable in
difference is that the projection method leads to a first scattering experiment sensitive to rms oxygen displace-
order magnetic phase transition for= 1. ments. In the classical model used hefe~ r*2 + T as
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FIG. 1. Phase diagram. Solid heavy line: ferromagnetic

T.(A), calculated by direct integration method for= 1. The

area enclosed by the solid line and the heavy dashed line is 0
the region of metastability found from the projection method.
Lighted dashed linesT.(A) for n = 0.75 andn = 0.5. Light
dotted lines: metal-insulator crossover obtained from calculated, ~ Upper left: Resistivity calculated by the direct inte-

resistivities forn = 1. Regions labeled as PM (paramagnetic : - ; .
: P gration forn = 1 plotted vs temperature for different couplings
metal), FM (ferromagnetic metal), Pl (paramagnetic msulator),/\ — 12 (top), 1.12, 1.05, 0.95, 0.85, 0.71 (bottom). Lower

and FI (ferromagnetic metal) according to the value of theI ) g e
ot - eft: Magnetic field dependence of resistivity calculated by the
magnetization anddp/dT. Inset: square of average lattice direct ingt]egration meth%d for — 1andA — 1&/2 and magnet)i/c

gg\}\?gggnogoge& vlsltzerripzerature for =1 and A =071 g4 as shown. Note: = 0.01¢ corresponds to 15 Tesla if
P e e, e t = 0.6 eV andS,. = 3/2. Upper right: Resistivity calculated
by the direct integration method for = 0.75 and A = 0.71
(lowest), 1.12, 1.41, 1.49, 1.58 (highest). Lower right: Mag-

T — 0. One sees that for intermediate couplings the higHetic field dependence of resistivity for= 0.75 andA = 1.49.
temperature state extrapolateSrf‘f) >r=1atT =0 In this panel the resistivity has been multiplied by a factor of 4.
while the lowT state has a* < r.. In other words, there
is a regime of parameters in which the electron-phonon in-
teraction is insufficient to localize the electronslTat= 0 n = 1. The lower right panel of Fig. 2 shows the mag-
but sufficient to localize them & > T.(x). This behav- netoresistance for = 0.75 andA = 1.13. Note that the
ior is also seen in the resistivity. resistivity in this panel has been multiplied by 4. We have
The upper left panel of Fig. 2 shows the temperaturdound it is not possible to get a large magnetoresistance in
dependence of the calculated resistivity for= 1 and dif- combination with metallic lowl" behavior at: = 0.75.
ferent A. At small A andT > T., p is small and has The resistivity and magnetoresistance calculated
a T-independent piece due to the spin disorder affta for n = 1 bear a striking resemblance to data on
linear piece (difficult to perceive on the logarithmic scaleRe;-,A.MnO;. The variation of the amplitude of the
used) due to electron-phonon scattering. 7As decreased Jahn-Teller distortion shown in the inset to Fig. 1 may
throughT,, p drops as the spin scattering is frozen out andalso have been observed [11,12]. The calculated doping
the phonon contribution changes slightly. For largea  dependence of th&, at intermediate couplings is also in
gap opens in the electron spectral functiorat 7. and  qualitative accord with data. The calculations are also
p rises asl is lowered toT.. BelowT,., p drops sharply consistent with a recent study of a La(Pr, Y)}GsInO5
as the gap closes and metallic behavior is restored. Fseries of compounds [13]. The substitution of Pr, Y for
nally, at still stronger coupling, insulating behavior occursLa decreases the effectived overlap, decreasing and
on both sides of the transition, although there is still a proincreasingA. Experimentally, it results in a shift df. to
nounced drop irp atT.. The lower left panel shows the lower temperatures and an increasing resistivity anomaly,
magnetic field dependence pffor A = 1.12 andr = 1, as found in the calculation. The observed first order
demonstrating that in this region of the phase diagrantransition also occurs in one of the mean field theories we
the colossal magnetoresistance phenomenon occurs. Thave considered.
magnetic field scale is too large relative to experiment (as For these reasons we think it very likely that our model
is the calculated’, = 800 K if + = 0.6 eV), but is very contains the essential physics of the colossal magnetore-
small in comparison to the microscopic scales of the thesistance phenomenon. However, the resistivity calculated
ory. The upper right panel of Fig. 2 shows the resistivityfor n # 1 is in poor agreement with data. This disagree-
forn = 0.75. One sees that rather strong couplings are rement is due to the previously mentioned midgap states
quired to obtain “insulatingdp /dT < 0 behavior. Also which are a consequence of the particular Jahn-Teller cou-
the upturn inp, when it exists, is less pronounced than forpling we have assumed. Figure 3 shat() for n = 1
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