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Double exchange and the cause of ferromagnetism in doped manganites
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The coexistence of ferromagnetism and metallic conduction in doped manganites has long been explained by
a double exchange modékrromagnetic Kondo-lattice modein which the ferromagnetic exchange arises
from the carrier hopping. We evaluate the zero-temperature spin stiftn@ssand the Curie temperatufie:
on the basis of the double exchange model using the measured values of the bare bamidtthe Hund'’s
rule couplingdy . The calculated(0) andT. 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 thel-p exchange and a strong electron-phonon coupling can quantitatively explain the magnetore-
sistance and ¢ values.

The discovery of “colossal” magnetoresistance in thin electron-phonon coupling. On the other hand, an alternative
films of the manganite perovskiteR;_,D,MnO; (R=a model based on the-p exchange and a strong electron-
rare-earth element, aridl=a divalent element? has stimu-  phonon coupling can quantitatively explain the magnetore-
lated extensive studies of magnetic, structural and transposistance and th& values.
properties of these materialsThe coexistence of ferromag- Now we start with a Kondo-lattice-type Hamiltoniah,
netism and metallic conduction has long been explained byhich leads to Zener's DE model whdp— o,
the double exchang®E) model*® where the effective hop-
ping for the manganesed3conduction electrons varies with
the angle between the manganese core electrons due to a HZ—E E tﬁb(diTaadjba"' H.c)
strong Hund’s coupling. However, Milli®t al® proposed (i})aba
that, in addition to the double exchange, a strong electron- R R
phonon interaction arising from a strong Jahn-Teller effect —Jn 2 S-dhaasiapt Hinr (1)
should be involved to explain the basic physics of mangan- 'aaf
ites. In this modified model, the primary cause of the ferro'HeredT

. . . . ab
magnetism of doped manganites is still the double exchange aa crgates an electron &, _orbltal awith spina, t;
interaction. IS the direction-dependent amplitude for an electron to hop

in the DE model, it is impliily assumed that doped | SRR THE L o8 O g ated band struc-
carriers are Mrey electrons. However, electron-energy-loss P ! 1ons. u u

. . ab . .
spectra(EELS),” photoemission spectroscopyand anab turg is well fll'[ by atlij , which involves only n.earestj
initio Hartree-Fock band-structure calculafidmave shown N€ighbor hopping that is only nonzero for one particular lin-

that the ferromagnetic manganitex<(0.4) are doped ear combination of orbitals, i.et;”}bocW. Here we still call

charge-transfer insulators with carriers mainly residing orEd- (1) two-orbital DE model rather than two-orbital Kondo-

the oxygen orbitals. Thus even the basic assumption in thittice model for convenience. The quantum and thermal av-

DE model is not justified. erage of the hopping term in E(l), defines a quantit:
There are two important parameters in the double ex-

change modefferromagnetic Kondo-lattice modehamely, B ab) ot

the bare bandwidthV of the e; bands, and the Hund’s rule K_(1/6Nsite)<ij%ba tij (diandjbat H.C). 2

couplingJy; betweeney andt,y electrons. These parameters

are related to an optical transition between the exchangghe quantityK is related to the optical spectral weight by a

splitted e, bands,®** and thus can be reliably determined familiar sum rule,

from optical data. With these unbiased parameters, one can

calculate the zero-temperature spin stiffn@&) and T¢

without adjustable parameters. The parameter-free calcula- K= 2% J' wdwgl(w), (3)
tions for the two measurable quantities can clearly address me? Jo

whether the DE interaction causes the ferromagnetism of

doped manganites. where ¢ is the real-part optical conductivity contributed

Here we use the measured values of the bare bandWwidth only from theey electrons, andy is the lattice constant. The
and the Hund'’s rule coupling,, to calculateD(0) andT:  quantity K generally consists of the Drude p&af,, and
on the basis of the double exchange model. The calculateidcoherent parK, which, in general, involves interband and
D(0) andT. values are too small compared with the ob-intraband optical transitions. The Drude pKrt can be re-
served ones even without taking into account a strondated to the plasma frequendy, as
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ap positive D(0) if one includes higher order terms in E&).
KD:—Z(th)Z. (4)  Nevertheless, the theoreticBI(0) value is too small com-
Ame pared with the measured ong60—-190 mV A?) 192

Now we turn to the calculation of : for x=0.3. For a
one-orbital DE model with]=c, the dynamic mean-field
(DMF) calculation shows thaff"=0.02W/kg,'° while
2< W2 ) Monte Carlo simulations yieldc<0.00W/kg .2 This im-

1- ,

On the basis of Eq(1), Quijadaet al? showed that, to
the order of 14,,, the spin stiffnes® (0) is

& (5) plies that the DMF calculation overestimafEg by a factor
4S* 163SK of at least 2 due to the neglecting of spatial fluctuations. For
where S=3/2, St =S+ (1—x)/2, and 7=1.04 whenH,yr reahstlc'parame'ter&s:\//: 1.6 eV,Jy=W= 1.610ev, thg DMF
— 0. The presence of interactions may change the valug of calculation obtaingc™ =0.0MW/ks=180 K.~ Considering
A similar result was obtained by Furukaflafor a one- the fact that the DMF method can overestimdig by a
orbital DE model using the dynamical mean-field method factor of at least 2, one hag<100 K. _
but the value ofy is doping dependent and less than 1. _ It is essential to consider the two-orbital DE modgl with
From the above equations, one can calcukand D (0) mcl_usmn of a strong electron-electron correlation. This two-
using realistic values of the bare bandwidéi and the ©rbital model has been generally accepted to be more rel-
Hund'’s rule couplingl,, . Both the local-density approxima- €vant to the physics of manganites. From Monte Carlo simu-
tion (LDA) (Ref. 13 and “constrained” LDA(Ref. 14 cal- !atlon on this model with reallst!c onsne Coulomb
culations show thal,=1.5 eV. The calculated,, value is ntéractions andJ,;, Sheng and T find that Tc.
very close to the atomic values fod&toms. This is reason- —0-005WKkg in the case of an anisotropic spin or orbital
able becausd, is not screened when the ion is put in a configuration. This leads t@¢c=90 K with W=1.6 eV.
solid. The bare bandwidthV cannot be calculated reliably herefore, with the unbiased parameters, both the one- and
for 3d metal based compounds due to a strong correlatiofivo-orbital DE models predict values, which are about a
effect. Fortunately, the values of bowd andJ,, can be de- factor of 4 smaller than the maximuifc (~400 K) ob-

termined from an optical transition between the exchang&€rved in manganites.

splitted e, bandst®!! The peak position of this optical tran- The above calculations have not taken into account a
sition is glbout 2,,, and the width of the peak contains in- strong electron-phonon interaction. It was shown that a

formation about the bare bandwidfh'! From the optical strong electron-phonon coupling can lead to a substantial
data of Refs. 12 and 15, one findg=1.6 eV andW suppression o ¢.° Thus the predictedc value of about

—1.6-1.8 eV by comparing the data with the theoreticalt00 K from the DE model is an upper limit. Furthermore, the
predictionst®!! The value ofJ,; obtained from the optical DE model along with a strong electron-phonon interaction

. . . 6 . . . .
data is in excellent agreement with the calculated one. Thigredicts no isotope Shr']f.t, OTCb’ |r\1l?eg:£6ntrl?dr|]ctlonf W'thlthz
implies that the feature appeared at about 3 eV in the optica]@Nt 0Xygen-isotope shifts observed.”All these facts lea

data indeed arises from the optical transition between thdS 1o suggest that the D.E Interaction is not Fhe primary
exchange splittee,, bands source of the ferromagnetism in doped manganites.
g .

The quantityK® for the noninteracting two-orbital model The question is why the DE model cannot quantitatively

can be evaluated when the bare bandwhtis known. Ta- explain the ferromagnetism "? dope_d manganites. As men-
kahashi and Shid&have calculated the optical conductivity tioned above, the DE model implicitly assumes that doped

using a tight-binding TB) approximation of the band struc- C2f"€rs are Mre, electrons, which is not the case according
to the electron-energy-loss and photoemission spéétra.

ture. From their calculated result for the interband opticaIF h the trained” LDA calculatidhsh
conductivity, we evaluate thaty=0.022 for x~0.3. Since Ial:(;e %rr:ngig,Coiloﬁ)gsrerslurI];on of ab?)itcg allo eSV Oi\lf:/zgree

0 _ 016 0 _ 0_ - - ’ -
Lo e 020w D ok e n L e s Gt sl L cacs

. o , 0?"Sation which ignores the strong correlation effect shows a

that’ W=3 eV "’_‘ndh%pzl'g eV. Using Eq(4) andiQy  are plasma frequency of about 1.3 eV for 0.33 with a
=1.9 ng one yieldXp=78.6 meV. CompagmgN:S eV distorted structure determined by neutron scattetinghe
with Kp=78.6 meV, one readily finds tha;=0.026/,  pare plasma frequency calculated is much smaller than the
in remarkably good agreement with tha¢{=0.026\) es-  one observed in NgiSt sMnO; (3.3 eV).8 The large bare
timated from the TB approximation. This justifies the rela- plasma frequency observed in this material is consistent with
tion K°=0.048N obtained from the TB approximation. the fact that doped holes reside mainly on the oxygen orbit-

When the Hund'’s couplingy is turned on, the quantit{  als with a large bandwidth. The bare plasma frequency of
is reduced compared witKk®. For Jy= andx=0.3, K  about 3.3 eV for single conduction bagakygen banylim-
=0.77K°% ™8|t was also shown th&t the reduction factor plies a barek® of about 0.24 eV, which gives an upper limit
(0.77 is basically the same faly=W/4. Using this reduc- for the K. The electron-phonon interaction with a coupling
tion factor, we haveK=0.03mV for x=0.3. With W  constani\ ~1 will reduce theK slightly,>**°but can signifi-
=1.6 eV,Jy=1.6 eV, andK=0.03W, we yield D(0)= cantly decrease the Drude weight. Optical data indeed show
—25 mV A? from Eq. (5). The negative value oD(0) that theK value for Ng-Sr sMnO; is about 0.2 e\t2 while
implies that the ferromagnetism is not sustainable with theséhe Drude frequency is about 0.57 &Vmuch smaller than
unbiased parameters. It might be possible to have a smathe bare plasma frequency.

D(0)=
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FIG. 1. The schematic band structure for doped mangankes (
<0.4) constructed from the LDA- U calculation(Ref. 14. The
energy scales are consistent with the optical dge&fs. 12, 31, and
34

p (M cm)

In Fig. 1, we plot a schematic band structure for doped
manganites X<0.4), which can be extracted from the LDA
+ U calculation. Here we have assumed that the local Jahn-
Teller distortions still survive upon doping, but the average
magnitude of the distortions decreases, in agreement with the
experiments33 The doping with a divalent element shifts
down theej band due to the decrease of the Jahn-Teller i, 2. () The temperature dependence of the resistivity of a
distortions. The density of the oxygen holes is equakto |a,,Ca, s;MnO; film over 100—300 K(b) the resistivity in the para-
per cell, while the electron carrier density in the majOEigy magnetic state of the film. The metal-insulator crossover tempera-
band is the same as the hole carrier density in the majoritjure T, is about 260 K and the ferromagnetic transition temperature
e band. The electrons in the majorieg band and holes in is about 253 K. The solid line is the fitted curve by E40).
the majority eé band will contribute to the ferromagnetic
coupling through double exchange. However, this contributhat, in addition to thed-p exchange interaction, there is a
tion should be rather small. The current band structure iStrong electron-phonon interaction that may lead to the for-
consistent with the optical transitions at the photon energiegation of small(bi)polarons. In the paramagnetic state, the
of about 1.5 eV, 3.0 eV, and 4.5 €¢31**The optical tran- ~ singlet bipolarongspin zerg are stable and the ferromag-
sition at about 3 eV is related to the transition between théetic interaction is produced by the thermally excited po-
exchange splitteé, bands shown in Fig. 1. larons (spin 1/2. Thus the Curie temperaturg; is self-
What is an alternative model for the ferromagnetism inconsistently determined by the polaron densityl at
doped manganites? Since doped holes mainly reside on the In this model, there are three coupled mean-field equa-
oxygen orbitals according to EELS and photoemissiortions which can quantitatively explain the observed colossal
spectra’® there should be a-p exchange interaction be- magnetoresistand€€MR) (Ref. 39 and the isotope shift of
tween the oxygen holes and Mn spins. If we consider afc.*’ Here we want to generalize these equations in Ref. 39
oxygen hole(spin 1/2 sitting in between two Mn ions, an to a more realistic case whefe <W,/kg, whereW,, is the
exchange interaction between the oxygen and Mn splrs ( polaron bandwidth. Folfc<T<W,/kg and in zero mag-
exchangg will lead to a ferromagnetic interaction between netic field, one easily finds that
Mn spins® In this case, the ferromagnetic exchange energy
between two Mn spins i8 oct;‘d/Eg, wheret,  is a hybrid- n—2(
ization matrix element between tldeand p orbitals, andg, B 1.0,
is a charge transfer gap. In addition, the exchange interaction (6)
between Mn and oxygen spins is given Bygctsy/Ey.%°
Using a scaling relation,qcd~* (whered is the bonding m=ntanh(J,4So/2ksT), (7)
length,*® one can see that, for the doped manganites (
=1.97 A) is smaller by 20% than for the cuprate 0=Bg(JpgSM4kgT). (8
La,CuQ, (d=1.89 A). Furthermore, the charge transfer
gap E4 for doped manganites~4 eV (Ref. 34] is about Heren is the polaron density per cely is the bipolaron
twice as large as that for L&uQ, [~2 eV (Ref. 37], so  binding energy,c and m are the magnetizations of Mn
one expects thal,y for the former should be smaller by a ions and holes, respectively, amk(y)=(1+1/2S)cotH (S
factor of 2.8 than for the latter whetgq=0.17 eV¥® Then  +1/2)y]—(1/2S)coth(y/2) is the Brillouin function. The
Jpq is estimated to be about 0.06 eV for doped manganitesabove equations are the same as those in Ref. 39 except that
Recently, Alexandrov and Bratkovskyhave proposed the prefactor of Eq(6) is different from that of the corre-

8
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Temperature (K)

3/2
exp(— A/2kgT)coshJ,qSa/2kgT),
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sponding Eq(5) in Ref. 39. Linearizing these equations with whereC=(aoh/ez\/k_B)(l.OBNp)l-5/ﬁwo, w, is the charac-
respect tanando nearTc, and takingS = 2, we find that  teristic optical phonon frequency aifg, is an activation en-
the Curie temperatur@c in zero magnetic field is given by ergy.
5 Usinghw,=74 meV, a typical value for oxid&‘é‘,and the
pd value of the fitting paramet&=36(4) m( cm K>, we find
kBTC:(l 05V )38Xp(_A/kBTC)' ©) W,=80(6) meV. In addition, the bipolaron binding energy
' P A=2E,, whereEg is the activation energy deduced from
One should note that E¢) is valid only for the second- thermoelectric power daf&.For Lg,Ca, sMnOs film with a
order phase transition where the polaron density has no disimilar T,, Jaimeet al*® found thatEs=3.80 meV. Substi-
continuity atT¢. Furthermore, in order for Eq9) to have a  tuting Tc=253 K, A=2E¢=7.6 meV, andV,=80(6) meV
physically meaningful solution, it is required thdfc/dA into Eq. (9), we getJ,q=65(4) meV, in good agreement
<0.% andkTc=Jpq\X/2 (sincen=x). Experimentally, it ~With the above estimate. If there were no bipolaron forma-
was found that the ferromagnetic transition is second ordefion and charge ordering in k&Ca sMnO3, one would have
whenTc is higher than 250 K142 Therefore Eq(9) should ~a maximum T¢=(J,q/kg) Vx/2=380(24) K. Indeed, a
be able to quantitatively explain th&: value of our maximumTc=380 K has been observed in ds51, sMnO;
Lag 7Cay sMnO; film if the equation is really relevant to the with no charge-ordering instabilify.
ferromagnetism of doped manganites. In summary, we have provided evidence that the ferro-
Figure 2a) shows the temperature dependence of the remagnetism of doped manganites is not caused by the double
sistivity of our La,/Ca, MnO; film over 100-300 K. The exchange interaction. Alternatively, the model basedign
metal-insulator crossover temperatligis about 260 K and ~ exchange and strong electron-phonon coupling can quantita-
the ferromagnetic transition temperature is about 253 Kfively explain the colossal magnetoresistaritéhe isotope
which corresponds to a temperature whei@/dT has a  effect® and theT values(this work).

maximltj_m. tA? showr;) inf'lt:tigd(ﬁ), the resgt'%ivity in the para- We would like to thank A. S. Alexandrov, S. Satpathy,
magnetic state can be fitted by an equation A. Chattopadhyay, A. J. Millis, G. Khaliullin, E. Dagotto, K.
A. Muller, H. Keller, T. Moritomo, T. A. Kaplan, and P. C.
p=—=exp(E,/kgT), (100  Dai for useful discussions. The work was supported by the
VT Swiss National Science Foundation.
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