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Phonon-Assisted Double Exchange in Perovskite Manganites
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Measurements of the temperature dependence of the thermoelectric power and the resistivity o
18Oy16O isotope-exchangedsLa12xNdxd0.7Ca0.3MnO3 samples have confirmed the existence of vibronic
electronic states belowTc in the narrow range of bandwidths where static, cooperative Jahn-Teller
(J-T) deformations are suppressed and dynamic J-T deformations introduce vibrational modes into the
interatomic spin-spin interactions. A giant isotope effect onTc is related to a mass-enhanced change in
both the density and mobility of the mobile charge carriers atTc. [S0031-9007(98)05628-2]

PACS numbers: 72.15.Jf, 71.30.+h, 72.15.Gd, 75.30.Kz
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Conventional theories of interatomic spin-spin inter
actions in magnetic materials neglect atomic vibration
The only exception was postulated [1] some years ago
account for the ferromagnetism found in the perovskit
single-valent system LaMn12xGaxO3 on suppression by
Ga of thestatic,cooperative Jahn-Teller (J-T) deformation
of the high-spin MnIII ions found in LaMnO3. It was
pointed out that the cooperative oxygen vibrations of
dynamicJ-T coupling would coordinate empty and half
filled Mn III s-bonding orbitals alternating on opposite
sides of an oxygen atom to give an isotropic ferroma
netic superexchange interaction. In 1951, Zener [2] h
postulated that the observed [3] ferromagnetic ord
and metalliclike temperature dependence of the resist
ity below Tc in the perovskite, mixed-valence system
La12xCaxMnO3 was due to a real charge transfer (
double-exchange mechanism) within MnIII -O-Mn IV pairs
that preserved both the spin angular momentum and
intra-atomic Hund’s field coupling between the localize
spin of a t3 configuration (S ­

3
2 ) and the spin of the

e electron shared between the two Mn atoms of a pa
For global ferromagnetism to occur in Zener’s mode
pair diffusion without any activation energy is assume
implicitly to be rapid compared to a spin-relaxation time
Not understood at the time was how a motional enthalp
DHm ­ 0 might arise. On the other hand, in a double
exchange model that avoids the introduction of vibron
states, de Gennes [4] assumed that he mobile electr
occupy a narrowsp band ofe-orbital parentage and that,
if they are bound, they generate a local spin alignment.

The data reported for the perovskite manganite
shows that the ferromagnetic transition atTc is coupled
to a drop in resistivity at a first-order phase change (s
[5,6], for example). The unusual transport propertie
below Tc are suggestive of a vibronic state [7]. We
have recently provided experimental evidence [8] for
transition from polaronic to metallic electronic behavio
with increasing hydrostatic pressure in a temperatu
interval Tc0 , T , Tc in La0.85Sr0.15MnO3, which ex-
hibits charge ordering at temperaturesT , Tc0 [9]. The
unusual electronic behavior occurs in the composition
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range whereTc increases sharply with increasing width
of the sp band. Variations60 , Tc , 360 K have been
found for the Curie temperatures of theR0.7A0.3MnO3

perovskites (R ­ rare earth,A ­ alkaline-earth atoms)
over a narrow range of bandwidths [5]. In this Letter, we
compare thermoelectric-power measurements made
ambient pressure and resistivity data under differen
pressure on 18Oy16O isotope-exchanged samples to
show conclusively the mass dependence of the unusu
electronic behavior belowTc in the O (orthorhombic)
phase. This comparison also demonstrates that th
giant isotope effect onTc found for La12xCaxMnO3
ferromagnets [10] is due to changes not only in the
mobility of polaronic charge carriers, but also in their
density aboveTc, with changes in the oxygen massM.

In the phase diagram of Fig. 1 for the perovskites
Ln0.7Ca0.3MnO3, the structure changes fromO0 [or-
thorhombic scya ,

p
2d] to O [orthorhombic scya .p

2d] with increasing room-temperature tolerance facto
t ­ sA-Ody

p
2 (Mn-O), where A-O and Mn-O are the

equilibrium bond lengths. A larger thermal expansion
of the A-O equilibrium bond length makest(T) increase

FIG. 1. The variation ofTc with room-temperature tolerance
factor t ; sA-Ody

p
2 (Mn-O), where the A-O and Mn-O

equilibrium bond lengths are the sums of empirical ionic radi
of an AMnO3 perovskite; in this diagram,A ­ R0.7Ca0.3.
© 1998 The American Physical Society 2665
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gradually with temperatureT; an unusually high com-
pressibility of the Mn-O bond makes hydrostatic pres
sureP move theO0 to O transition at room temperature
from tc to a lower effectivet [6]. In the O0 phase, the
e-orbital degeneracy of the high-spin MnIII : t3e1 configu-
ration is removed by a cooperative, static J-T deformatio
that orders the occupiede orbital into thea-b plane; the
charge carriers are localized at single Mn sites as MnIV

ions and move as small polarons in the MnIII matrix. In
this phase, superexchange spin-spin interactions are do
nant, and a canted-spin ferromagnetism is observed bel
the magnetic-ordering temperatureTN . In the O phase,
the e-orbital degeneracy may be lifted by either dynamic
cooperative J-T deformations, or by transformation of th
e electrons into itinerantsp-band electrons. An unusual
electronic state has been found below the Curie tempe
tureTc in theO phase [7]; it would appear to be associate
with a dynamic J-T lifting of thee-orbital degeneracy as a
transitional state between the static J-T orbital ordering
the O0 phase and the itinerant-electron state appearing
higher values oft. In order to probe this transitional state
further, we use pressure to induce anO0 to O transition;
it is in the O phase near this transition that the peculia
properties of the unusual electronic state are maximized

The composition (La0.25Nd0.75)0.7Ca0.3MnO3, which we
have characterized elsewhere [6,7], lies at the positi
No. 1 in Fig. 1. Two additional samples with differentt
factors, marked No. 2 and No. 3 in Fig. 1, were prepare
(La0.2Nd0.8)0.7Ca0.3MnO3 and (La0.15Nd0.85)0.7Ca0.3MnO3.
Isotope exchange of sample No. 1 was carried out in
furnace with two identical, parallel ceramic tubes passin
16O and18O gas separately with identical gas flows. Two
pieces cut from the same (La0.25Nd0.75)0.7Ca0.3MnO3 pellet
were put in the same heating zone of the furnace. T
two samples were first loaded at 950±C for 72 h with
16O or 18O, furnace cooled over 24 h, and then weighe
precisely. An exchange of samples between the two tub
was followed by the same annealing procedure; the isoto
exchange, as determined by the weight change, was 7
16O to 18O and 73%18O to 16O. Each of the samples
No. 1–No. 3 has a tolerance factort , tc. A four-probe
method was used to measure the resistivityr(T ) under
high pressure in a self-clamped pressure cell with silicon
oil as the pressure-transfer medium. The thermoelect
powera(T ) was measured in a home-built apparatus. W
have takenTc to be the temperature at whichdrydT ­ 0;
the error in this reading ofTc has been shown to be
within 60.5 K. In a test for thermal hysteresis ofTc, all
samples were measured on cooling to 12 K before bei
measured on warming for each pressure applied. T
connection between theTc defined as above from the first-
order transition and the Curie temperature from magne
susceptibility has been well-established [5,6]. Therefor
we are able to monitor the ferromagnetic Curie temperatu
by measuring the transition in resistivity.

Figure 2 compares thea(T ) curves for the two oxy-
gen isotopes of sample No. 1. We have shown elsewhe
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FIG. 2. Temperature dependence of the thermoelectric pow
for the two isotopes of sample No. 1.

[6] that the increase ina(T ) with decreasing temperature
T . Tc is due to a trapping out of mobile charge carri
ers (polarons), and that for samples witht . tc the Curie
temperatureTc increases sensitively with the concentra
tion of mobile polarons just aboveTc ast increases. The
polaronic character aboveTc has been confirmed by neu-
tron diffraction [11,12] and other spectroscopic technique
[13,14]. The increase in the maximum value ofa(T ) on
replacing16O by 18O means a reduction in the concentra
tion of mobile polarons just aboveTc and is equivalent to
a reduction int. We have found a similar isotope effect
on a(T ) in samples witht . tc but it diminishes with in-
creasingt . tc. It follows that at least part of the giant
isotope effect onTc previously reported [10] is due to an
increased trapping energy of the polarons aboveTc with
increased oxygen massM. However, any mass depen-
dence of the ferromagnetic coupling belowTc remains to
be demonstrated.

In order to identify any additional mass dependenc
of the interatomic ferromagnetic exchange belowTc, we
turned to measurements ofr(T ) under pressure, Figs. 3
and 4. We used enough pressure to maket of all
our samples crosstc, where a maximum of the mass
dependence is expected. We summarize in Fig. 5 t
measured values ofTc. The transition atdrydT ­ 0
found for pressuresP , Pc in the range40 , T , 50 K
appears to be second order as it shows no hysteresis.

With increasing pressureP, a first-order phase change
occurs a little below 2 kbar in the16O sample No. 1 and
a little below 11 kbar in the18O sample No. 1; the dra-
matic onset of a thermal hysteresis atTc is taken to mark
a tsPd ø tc at P ­ Pc. It follows that the 18O sample
No. 1, which has a largerPc, is equivalent to the16O
sample No. 1, but with a lower effective tolerance fac
tor t as was also deduced from thea(T ) data. At a
pressureP ­ 11 kbar . Pc, a giant isotope coefficient
d ln Tcyd ln M ­ 4.9 has been obtained; it is about 6 times
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FIG. 3. The resistivity versus temperature for16O sample
No. 1 under different pressures; the pressure labeled is tak
from the value atTc. A high noise level made measurement o
the resistivity below 30 K not meaningful in the phases withou
a first-order transition.

larger than that reported [10] for La0.8Ca0.2MnO3. How-
ever, this giant coefficient may reflect only the change
the density of mobile charge carriers in the paramagne
state; thea(T ) data have shown an important mass depe
dence of the mobile polaron density aboveTc. To probe
the mass dependence of the electronic state belowTc,
we note that fort . tc both the hysteresis widthDTc ­
Tc(warming)-Tc(cooling) and the coefficientdTcydP are
mass dependent. The maximumDTc ø 27 K for 16O and
19 K for 18O occurs atP ­ Pc; at a P . Pc, DTc and
dTcydP are reduced significantly on going from16O to
18O, Fig. 5(a). To clarify whether this reduction is due t
a pressure dependence or a mass dependence ofDTc and
dTcydP, we did pressure experiments on samples No.
and No. 3. According to Fig. 1, a higherPc is to be ex-
pected for these samples with smaller tolerance factot
than for the16O sample No. 1. As shown in Fig. 5(b),

FIG. 4. The resistivity versus temperature for18O sample
No. 1 under different pressures as in Fig. 3.
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a PcsNo. 3d . PcsNo. 2d . PcsNo. 1d is observed, and
the maximumDTc ø 27 K of all 16O samples is nearly
pressure independent. Moreover, the coefficientsdTcydP,
which are labeled in Fig. 5, are reduced under pressur
but they remain higher than that of the18O sample No. 1.
Comparison of these parameters for18O sample No. 1 and
16O sample No. 3 is particularly significant asPc is nearly
the same in the two samples. This comparison rules o
any pressure dependence onDTc anddTcydP. We have
thus demonstrated that both the thermal hysteresis wid
DTc and dTcydP found in the ferromagnetic perovskite
manganites are mass dependent.

To interpret the mass dependence ofDTc anddTcydP,
we refer to the virial theorem and the observation [6] tha
the compressibility of the Mn-O bond is greater than tha
of the A-O bond, whereA ­ sLa12xNdxd0.7Ca0.3 in our
samples. For a central-forcer21 potential energy, the
virial theorem states that2kT l 1 kV l ­ 0, wherekT l and
kV l are the mean kinetic and potential energies of th
system. We have argued that the anomalously large co
pressibility of the Mn-O bond reflects a double-well po-
tential of the equilibrium Mn-O bond length that can be
expected to occur where there is a discontinuous chan
in the mean kinetic energy of the electronic system. Al
though a discontinuous change in the kinetic energy o
the electronic system may be expected on passing fro
polaronic to itinerant electronic behavior on loweringT

FIG. 5. The pressure dependencies ofTc (warming) andTc
(cooling) taken fromdrydT ­ 0 and fit to an exponential
function: (a) for 16O and 18O sample No. 1 from Figs. 3 and 4;
(b) for samples No. 2 and No. 3. The labeleddTcydP values
were taken fromTc (cooling) and fit to a linear curve atP ­ Pc
for 18O sample No. 1 and sample No. 3.
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throughTc, which is the conventional interpretation of this
transition, alternative transitions are also possible. F
example, a polaron gas in equilibrium with regions o
trapped polarons may transform to a vibronic phase
which the trapped polarons form extended MnIV-rich do-
mains as in a mobile charge-density wave within whic
larger polarons are organized. In order to distinguish b
tween these possibilities, we consider the significance
DTc. At Tc, the Gibbs free energyDG is identical for
both the ferromagnetic and paramagnetic phases and
hysteresisDTc is due to an interface strain energy asso
ciated with the nucleation of the second phase as a res
of the volume changeDV occurring at a first-order transi-
tion. Neutron-diffraction data [12,15] have corroborate
the volume changeDV , 0 on lowering the temperature
at Tc in theO (orthorhombic) phase. Therefore,DTc can
be used as an indicator of the relative magnitude of th
volume change. The largerDV , the largerDTc; therefore,
the largerDTc for 16O compared to18O samples indicates a
DV s16Od . DV s18Od. This conclusion is also verified by
the greater pressure sensitivitydTcydP for the 16O com-
pared to the18O sample.

If the electrons are itinerant, the tight-binding band
width W0 is mass independent. However, the Mot
bandwidth for polaronic conduction [16] varies asW ,
W0 exps2g´byh̄v0d, where´b is the polaron binding en-
ergy by a lattice optical mode of frequencyv0 and g is
a constant; the polaron bandwidth is clearly mass depe
dent throughv0. The mean kinetic energykT l increases
with the bandwidth; therefore, the mean kinetic energ
of itinerant electrons should be independent of the ox
gen massM0, whereas that of polarons decreases wit
decreasingv0 ,

p
M0. It follows from the virial theo-

rem that the volume of the ferromagnetic state belowTc

is mass dependent if the electrons are polaronic, but
mass independent if they are itinerant. If, as is genera
assumed, a polaronic to itinerant electronic transition o
curs on cooling throughTc, then the mass dependence o
DTc is due to the mass dependence of the paramagne
state volume since there would be no mass depende
of the volume of an itinerant-electron state. But from th
virial theorem, the lower polaron kinetic energy of the18O
paramagnetic state would makeDV s18Od . DV s16Od for
itinerant electrons belowTc, which is opposite to what
is observed in our samples. We are, therefore, forced
conclude that the volume of the ferromagnetic state belo
Tc is more mass dependent than that of the paramagne
state, the higher mobility of the charge carriers in the16O
ferromagnetic phase resulting in a smaller volume than
found in the 18O ferromagnetic phase. This conclusion
requires retention of some form of polaronic phase belo
Tc at the crossover from static to dynamic Jahn-Teller si
deformations. This requirement is consistent with the st
bilization of a vibronic state belowTc in a small interval
Dt abovetc.

In conclusion, the thermoelectric power measuremen
on 16Oy18O isotope samples confirm that the isotope shi
2668
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of Tc is partially due to a mass-dependent trapping ou
of mobile polarons in the paramagnetic state. Trappin
out of mobile charge carriers indicates a segregatio
into hole-rich clusters within a hole-poor matrix in the
paramagnetic state. Moreover, the pressure dependen
of the resistivity shows a sharp transition from a second
order to a first-order transition atTc on passing from
the O0 to the O phase. In addition, the observations
of a mass dependence in both the thermal hysteres
width DTc and the coefficientdTcyP indicate that lattice
vibrations are involved in the transport properties of the
ferromagnetic state in theO phase. This mass-dependent
ferromagnetic state is understandable with a polaroni
picture belowTc. With twofold-degenerates-bonding
atomic orbitals occupied by one or less localized electro
per atom, dynamic J-T deformations would introduce
vibronic processes. Where vibronic processes amongsp-
band electrons occur in the presence of localized spin
in p-bonding orbitals, the interatomic spin-spin exchange
interactions are not independent of the oxygen-atom
vibrational dynamics. These vibronic processes introduc
a double-exchange component to the global ferromagnet
coupling aboveTc that increases not only with the polaron
density, but also with the polaron mobility, and hence
inversely with the root of the oxygen mass.
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