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Double exchange and the cause of ferromagnetism in doped manganites
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~Received 10 March 2000; revised manuscript received 28 July 2000!

The coexistence of ferromagnetism and metallic conduction in doped manganites has long been explained by
a double exchange model~ferromagnetic Kondo-lattice model! in which the ferromagnetic exchange arises
from the carrier hopping. We evaluate the zero-temperature spin stiffnessD(0) and the Curie temperatureTC

on the basis of the double exchange model using the measured values of the bare bandwidthW and the Hund’s
rule couplingJH . The calculatedD(0) andTC values are too small compared with the observed ones even
without considering a strong electron-phonon coupling. We thus suggest that the ferromagnetism in doped
manganites should not originate from the double exchange interaction. On the other hand, an alternative model
based on thed-p exchange and a strong electron-phonon coupling can quantitatively explain the magnetore-
sistance andTC values.
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The discovery of ‘‘colossal’’ magnetoresistance in th
films of the manganite perovskitesR12xDxMnO3 (R5a
rare-earth element, andD5a divalent element!1,2 has stimu-
lated extensive studies of magnetic, structural and trans
properties of these materials.3 The coexistence of ferromag
netism and metallic conduction has long been explained
the double exchange~DE! model,4,5 where the effective hop
ping for the manganese 3d conduction electrons varies wit
the angle between the manganese core electrons due
strong Hund’s coupling. However, Milliset al.6 proposed
that, in addition to the double exchange, a strong electr
phonon interaction arising from a strong Jahn-Teller eff
should be involved to explain the basic physics of mang
ites. In this modified model, the primary cause of the fer
magnetism of doped manganites is still the double excha
interaction.

In the DE model, it is implicitly assumed that dope
carriers are Mneg electrons. However, electron-energy-lo
spectra~EELS!,7 photoemission spectroscopy,8 and anab
initio Hartree-Fock band-structure calculation9 have shown
that the ferromagnetic manganites (x,0.4) are doped
charge-transfer insulators with carriers mainly residing
the oxygen orbitals. Thus even the basic assumption in
DE model is not justified.

There are two important parameters in the double
change model~ferromagnetic Kondo-lattice model!, namely,
the bare bandwidthW of the eg bands, and the Hund’s rul
couplingJH betweeneg and t2g electrons. These paramete
are related to an optical transition between the excha
splitted eg bands,10,11 and thus can be reliably determine
from optical data. With these unbiased parameters, one
calculate the zero-temperature spin stiffnessD(0) and TC
without adjustable parameters. The parameter-free calc
tions for the two measurable quantities can clearly add
whether the DE interaction causes the ferromagnetism
doped manganites.

Here we use the measured values of the bare bandwidW
and the Hund’s rule couplingJH to calculateD(0) andTC
on the basis of the double exchange model. The calcul
D(0) and TC values are too small compared with the o
served ones even without taking into account a stro
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electron-phonon coupling. On the other hand, an alterna
model based on thed-p exchange and a strong electro
phonon coupling can quantitatively explain the magneto
sistance and theTC values.

Now we start with a Kondo-lattice-type Hamiltonian,12

which leads to Zener’s DE model whenJH→`,

H52
1

2 (
^ i j &aba

t i j
ab~diaa

† djba1H.c.!

2JH (
iaab

SW i•diaa
† sW abdiab1HINT . ~1!

Herediaa
† creates an electron ineg orbital a with spina, t i j

ab

is the direction-dependent amplitude for an electron to h
from orbital a to orbital b on a neighboring site, andHINT
represents the other interactions. The calculated band s
ture is well fit by a t i j

ab , which involves only nearest
neighbor hopping that is only nonzero for one particular l
ear combination of orbitals, i.e.,t i j

ab}W. Here we still call
Eq. ~1! two-orbital DE model rather than two-orbital Kondo
lattice model for convenience. The quantum and thermal
erage of the hopping term in Eq.~1!, defines a quantityK:

K5~1/6Nsite! (
^ i j &aba

t i j
ab^diaa

† djba1H.c.&. ~2!

The quantityK is related to the optical spectral weight by
familiar sum rule,

K5
2a0

pe2 E0

`

dvs1~v!, ~3!

where s1 is the real-part optical conductivity contribute
only from theeg electrons, anda0 is the lattice constant. The
quantity K generally consists of the Drude partKD , and
incoherent partKI which, in general, involves interband an
intraband optical transitions. The Drude partKD can be re-
lated to the plasma frequencyVp as
11 639 ©2000 The American Physical Society
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KD5
a0

4pe2
~\Vp!2. ~4!

On the basis of Eq.~1!, Quijadaet al.12 showed that, to
the order of 1/JH , the spin stiffnessD(0) is

D~0!5
Ka0

2

4S*
S 12

hW2

16JHSKD , ~5!

where S53/2, S* 5S1(12x)/2, andh51.04 whenHINT
50. The presence of interactions may change the value oh.
A similar result was obtained by Furukawa10 for a one-
orbital DE model using the dynamical mean-field metho
but the value ofh is doping dependent and less than 1.

From the above equations, one can calculateK andD(0)
using realistic values of the bare bandwidthW and the
Hund’s rule couplingJH . Both the local-density approxima
tion ~LDA ! ~Ref. 13! and ‘‘constrained’’ LDA~Ref. 14! cal-
culations show thatJH.1.5 eV. The calculatedJH value is
very close to the atomic values for 3d atoms. This is reason
able becauseJH is not screened when the ion is put in
solid. The bare bandwidthW cannot be calculated reliabl
for 3d metal based compounds due to a strong correla
effect. Fortunately, the values of bothW andJH can be de-
termined from an optical transition between the excha
splittedeg bands.10,11 The peak position of this optical tran
sition is about 2JH , and the width of the peak contains in
formation about the bare bandwidth.10,11 From the optical
data of Refs. 12 and 15, one findsJH.1.6 eV andW
51.6–1.8 eV by comparing the data with the theoreti
predictions.10,11 The value ofJH obtained from the optica
data is in excellent agreement with the calculated one. T
implies that the feature appeared at about 3 eV in the op
data indeed arises from the optical transition between
exchange splittedeg bands.

The quantityK0 for the noninteracting two-orbital mode
can be evaluated when the bare bandwidthW is known. Ta-
kahashi and Shiba16 have calculated the optical conductivi
using a tight-binding~TB! approximation of the band struc
ture. From their calculated result for the interband opti
conductivity, we evaluate thatKI

050.022W for x;0.3. Since
KD

0 51.2KI
0,16 then KD

0 50.026W and K050.048W. The
LDA calculation for a cubic and undistorted structure sho
that17 W53 eV and\Vp

051.9 eV. Using Eq.~4! and\Vp
0

51.9 eV, one yieldsKD
0 578.6 meV. ComparingW53 eV

with KD
0 578.6 meV, one readily finds thatKD

0 50.026W,
in remarkably good agreement with that (KD

0 50.026W) es-
timated from the TB approximation. This justifies the re
tion K050.048W obtained from the TB approximation.

When the Hund’s couplingJH is turned on, the quantityK
is reduced compared withK0. For JH5` and x50.3, K
50.77K0.11,18 It was also shown that11 the reduction factor
~0.77! is basically the same forJH>W/4. Using this reduc-
tion factor, we haveK50.037W for x50.3. With W
51.6 eV, JH51.6 eV, andK50.037W, we yield D(0)5
225 mV Å 2 from Eq. ~5!. The negative value ofD(0)
implies that the ferromagnetism is not sustainable with th
unbiased parameters. It might be possible to have a s
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positiveD(0) if one includes higher order terms in Eq.~5!.
Nevertheless, the theoreticalD(0) value is too small com-
pared with the measured ones~160–190 mV Å2).19–21

Now we turn to the calculation ofTC for x50.3. For a
one-orbital DE model withJH5`, the dynamic mean-field
~DMF! calculation shows thatTC

MF50.02W/kB ,10 while
Monte Carlo simulations yieldTC<0.01W/kB .22,23 This im-
plies that the DMF calculation overestimatesTC by a factor
of at least 2 due to the neglecting of spatial fluctuations.
realistic parametersW51.6 eV, JH5W51.6 eV, the DMF
calculation obtainsTC

MF50.01W/kB5180 K.10 Considering
the fact that the DMF method can overestimateTC by a
factor of at least 2, one hasTC<100 K.

It is essential to consider the two-orbital DE model wi
inclusion of a strong electron-electron correlation. This tw
orbital model has been generally accepted to be more
evant to the physics of manganites. From Monte Carlo sim
lation on this model with realistic onsite Coulom
interactions andJH , Sheng and Ting24 find that TC
.0.005W/kB in the case of an anisotropic spin or orbit
configuration. This leads toTC.90 K with W51.6 eV.
Therefore, with the unbiased parameters, both the one-
two-orbital DE models predictTC values, which are about a
factor of 4 smaller than the maximumTC (;400 K) ob-
served in manganites.

The above calculations have not taken into accoun
strong electron-phonon interaction. It was shown tha
strong electron-phonon coupling can lead to a substan
suppression onTC .6 Thus the predictedTC value of about
100 K from the DE model is an upper limit. Furthermore, t
DE model along with a strong electron-phonon interact
predicts no isotope shift ofTC ,6 in contradiction with the
giant oxygen-isotope shifts observed.25,26All these facts lead
us to suggest that the DE interaction is not the prim
source of the ferromagnetism in doped manganites.

The question is why the DE model cannot quantitative
explain the ferromagnetism in doped manganites. As m
tioned above, the DE model implicitly assumes that dop
carriers are Mneg electrons, which is not the case accordi
to the electron-energy-loss and photoemission spectr7,8

Furthermore, the ‘‘constrained’’ LDA calculation14 shows a
large on-site Coulomb repulsion of about 8–10 eV, in agr
ment with the photoemission data.8 The simple LDA calcu-
lation which ignores the strong correlation effect shows
bare plasma frequency of about 1.3 eV forx50.33 with a
distorted structure determined by neutron scattering.27 The
bare plasma frequency calculated is much smaller than
one observed in Nd0.7Sr0.3MnO3 ~3.3 eV!.28 The large bare
plasma frequency observed in this material is consistent w
the fact that doped holes reside mainly on the oxygen or
als with a large bandwidth. The bare plasma frequency
about 3.3 eV for single conduction band~oxygen band! im-
plies a bareK0 of about 0.24 eV, which gives an upper lim
for the K. The electron-phonon interaction with a couplin
constantl;1 will reduce theK slightly,29,30 but can signifi-
cantly decrease the Drude weight. Optical data indeed s
that theK value for Nd0.7Sr0.3MnO3 is about 0.2 eV,12 while
the Drude frequency is about 0.57 eV,31 much smaller than
the bare plasma frequency.
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In Fig. 1, we plot a schematic band structure for dop
manganites (x,0.4), which can be extracted from the LD
1 U calculation. Here we have assumed that the local Ja
Teller distortions still survive upon doping, but the avera
magnitude of the distortions decreases, in agreement with
experiments.32,33 The doping with a divalent element shif
down the eg

2 band due to the decrease of the Jahn-Te
distortions. The density of the oxygen holes is equal tox
per cell, while the electron carrier density in the majorityeg

2

band is the same as the hole carrier density in the majo
eg

1 band. The electrons in the majorityeg
2 band and holes in

the majority eg
1 band will contribute to the ferromagneti

coupling through double exchange. However, this contri
tion should be rather small. The current band structure
consistent with the optical transitions at the photon energ
of about 1.5 eV, 3.0 eV, and 4.5 eV.12,31,34The optical tran-
sition at about 3 eV is related to the transition between
exchange splittedeg bands shown in Fig. 1.

What is an alternative model for the ferromagnetism
doped manganites? Since doped holes mainly reside on
oxygen orbitals according to EELS and photoemiss
spectra,7,8 there should be ad-p exchange interaction be
tween the oxygen holes and Mn spins. If we consider
oxygen hole~spin 1/2! sitting in between two Mn ions, an
exchange interaction between the oxygen and Mn spins (d-p
exchange! will lead to a ferromagnetic interaction betwee
Mn spins.35 In this case, the ferromagnetic exchange ene
between two Mn spins isJ }tpd

4 /Eg
3 , wheretpd is a hybrid-

ization matrix element between thed andp orbitals, andEg
is a charge transfer gap. In addition, the exchange interac
between Mn and oxygen spins is given byJpd}tpd

2 /Eg .35

Using a scaling relationtpd}d24 ~where d is the bonding
length!,36 one can see thattpd for the doped manganites (d
51.97 Å ) is smaller by 20% than for the cupra
La2CuO4 (d51.89 Å ). Furthermore, the charge transf
gap Eg for doped manganites@;4 eV ~Ref. 34!# is about
twice as large as that for La2CuO4 @;2 eV ~Ref. 37!#, so
one expects thatJpd for the former should be smaller by
factor of 2.8 than for the latter whereJpd50.17 eV.38 Then
Jpd is estimated to be about 0.06 eV for doped mangani

Recently, Alexandrov and Bratkovsky39 have proposed

FIG. 1. The schematic band structure for doped manganitex
,0.4) constructed from the LDA1 U calculation~Ref. 14!. The
energy scales are consistent with the optical data~Refs. 12, 31, and
34
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that, in addition to thed-p exchange interaction, there is
strong electron-phonon interaction that may lead to the
mation of small~bi!polarons. In the paramagnetic state, t
singlet bipolarons~spin zero! are stable and the ferromag
netic interaction is produced by the thermally excited p
larons ~spin 1/2!. Thus the Curie temperatureTC is self-
consistently determined by the polaron density atTC .

In this model, there are three coupled mean-field eq
tions which can quantitatively explain the observed colos
magnetoresistance~CMR! ~Ref. 39! and the isotope shift of
TC .40 Here we want to generalize these equations in Ref.
to a more realistic case whereTC!Wp /kB , whereWp is the
polaron bandwidth. ForTC<T!Wp /kB and in zero mag-
netic field, one easily finds that

n52S kBT

1.05Wp
D 3/2

exp~2D/2kBT!cosh~JpdSs/2kBT!,

~6!

m5n tanh~JpdSs/2kBT!, ~7!

s5BS~JpdSm/4kBT!. ~8!

Heren is the polaron density per cell,D is the bipolaron
binding energy,s and m are the magnetizations of Mn31

ions and holes, respectively, andBS(y)5(111/2S)coth@(S
11/2)y#2(1/2S)coth(y/2) is the Brillouin function. The
above equations are the same as those in Ref. 39 excep
the prefactor of Eq.~6! is different from that of the corre-

FIG. 2. ~a! The temperature dependence of the resistivity o
La0.7Ca0.3MnO3 film over 100–300 K,~b! the resistivity in the para-
magnetic state of the film. The metal-insulator crossover temp
tureTp is about 260 K and the ferromagnetic transition temperat
is about 253 K. The solid line is the fitted curve by Eq.~10!.
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sponding Eq.~5! in Ref. 39. Linearizing these equations wi
respect tom ands nearTC , and takingS 5 2, we find that
the Curie temperatureTC in zero magnetic field is given by

kBTC5
Jpd

4

~1.05Wp!3
exp~2D/kBTC!. ~9!

One should note that Eq.~9! is valid only for the second-
order phase transition where the polaron density has no
continuity atTC . Furthermore, in order for Eq.~9! to have a
physically meaningful solution, it is required thatdTC /dD
,0,39 and kBTC<JpdAx/2 ~sincen<x). Experimentally, it
was found that the ferromagnetic transition is second or
whenTC is higher than 250 K.41,42 Therefore Eq.~9! should
be able to quantitatively explain theTC value of our
La0.7Ca0.3MnO3 film if the equation is really relevant to th
ferromagnetism of doped manganites.

Figure 2~a! shows the temperature dependence of the
sistivity of our La0.7Ca0.3MnO3 film over 100–300 K. The
metal-insulator crossover temperatureTp is about 260 K and
the ferromagnetic transition temperature is about 253
which corresponds to a temperature wheredr/dT has a
maximum. As shown in Fig. 2~b!, the resistivity in the para-
magnetic state can be fitted by an equation43

r5
C

AT
exp~Er /kBT!, ~10!
K.
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whereC5(a0h/e2AkB)(1.05Wp)1.5/\vo , vo is the charac-
teristic optical phonon frequency andEr is an activation en-
ergy.

Using\vo574 meV, a typical value for oxides,44 and the
value of the fitting parameterC536(4) mV cm K0.5, we find
Wp580(6) meV. In addition, the bipolaron binding energ
D52Es , whereEs is the activation energy deduced fro
thermoelectric power data.43 For La0.7Ca0.3MnO3 film with a
similar Tp , Jaimeet al.45 found thatEs53.80 meV. Substi-
tuting TC5253 K, D52Es57.6 meV, andWp580(6) meV
into Eq. ~9!, we get Jpd565(4) meV, in good agreemen
with the above estimate. If there were no bipolaron form
tion and charge ordering in La0.5Ca0.5MnO3, one would have
a maximum TC5(Jpd /kB)Ax/25380(24) K. Indeed, a
maximumTC.380 K has been observed in La0.5Sr0.5MnO3
with no charge-ordering instability.46

In summary, we have provided evidence that the fer
magnetism of doped manganites is not caused by the do
exchange interaction. Alternatively, the model based ond-p
exchange and strong electron-phonon coupling can quan
tively explain the colossal magnetoresistance,39 the isotope
effect,40 and theTC values~this work!.
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