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Thermal-expansion and magnetic susceptibility measurements were performed on oxygen-is
substituted manganitessLa12xCaxd12yMn12yO3 with a Mn41 concentration of,33%. The linear
thermal-expansion coefficientbsT d exhibits an asymmetric peak at the Curie temperatureTC , indicative
of a second-order ferromagnetic transition. Upon replacing16O with 18O, TC is lowered by about
10 K, while the second-order jump in the thermal-expansion coefficientfDbsTCdg is raised by about
20%. Such a “colossal” oxygen-isotope effect onDbsTCd is very surprising, but can be explained
quantitatively on the basis of double exchange and strong polaronic effects. [S0031-9007(96)022

PACS numbers: 75.70.Pa, 71.38.+ i
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The manganese-based perovskites La12xMxMnO3

(M ­ Ca, Sr, and Ba) have recently been the subje
of intensive investigations because of their unusu
and potentially useful magnetic properties (e.g., t
colossal magnetoresistance effect [1,2]). The undop
parent compound LaMnO3 (with Mn31) is an insulating
antiferromagnet [3]. When Mn41 ions are introduced
by substituting divalent ions for La31, the materials
become ferromagnetic and metallic at low temperatu
for 0.2 # x # 0.5 [4]. The ferromagnetic and metallic
ground state has also been observed in the cation-defic
sLaMnd12yO3 compound, which contains,33% Mn41

[5]. Moreover, it was shown that the Mn41 concentration
in cation-deficient materials can be adjusted by simp
changing the anneal temperature [6]. This convenie
feature makes it an attractive candidate for studying t
effect of changing the Mn41 concentration.

The physics in manganites has primarily been d
scribed by the double-exchange model [7,8]. Millis
Littlewood, and Shraiman [9] have pointed out, how
ever, that double exchange alone cannot fully expla
the data of La12xSrxMnO3. They proposed that po-
laronic effects due to strong electron-phonon coupli
(arising from a strong Jahn-Teller effect) should b
involved. The strong coupling between the electron
and lattice subsystems has been demonstrated by
recent observation of a giant oxygen-isotope shift of t
ferromagnetic transition in La12xCaxMnO3 [10]. This
scenario is also supported by thermal expansion [11,
and small-angle neutron scattering experiments [1
Here we report an observation of a “colossal” oxyge
isotope effect on the height of the thermal-expansi
jump DbsTCd at a second-order ferromagnetic transitio
in the perovskitesLa12xCaxd12yMn12yO3 with a Mn41

concentration of,33%. TheTC can be changed by vary-
ing either the Mn41 concentration or the oxygen mass
Increasing the Mn41 concentration does not chang
the thermal-expansion jumpDbsTCd, while increasing
the oxygen mass does increaseDbsTCd by ,20%.
0031-9007y97y78(5)y955(4)$10.00
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We propose a model to explain these unusual isoto
effects.

Samples ofsLaMnd12yO3 were prepared by conven-
tional solid state reaction using La2O3 and MnO2. The
La2O3 was dried for 6 h at 900±C prior to weighing. The
powders were mixed, ground thoroughly, and pressed in
pellets. These pellets were then fired in air at 1040±C
for ,48 h with one intermediate grinding. To obtain
samples with small grains and enough porosity, we r
ground the samples thoroughly, pressed them into pelle
and annealed them in air at 1010±C for 12 h.

Each pellet was broken in half, and the halves we
then subjected to16O and18O isotope diffusion. The dif-
fusion was carried out for 48y40 h at 950y930±C and
oxygen pressure of about 1 bar. The cooling rate w
30±Cyh. The oxygen isotope enrichment was determin
from the weight changes of the16O and 18O samples.
The 18O samples had,95% 18O and ,5% 16O. The
samples are single phase as checked by x-ray diffracti
The structure at room temperature is rhombohedral, a
the x-ray pattern was refined in the space groupR3c,
hexagonal description. In this description, lattice param
ters for the16O and 18O samples (annealed at 930±C)
were the same: ah ­ 5.5196s2d, ch ­ 13.348s1d, and
unit volume­ 58.69s2d Å3. From the relation between
y and the unit volume [6], we estimatedy ­ 0.055s6d,
corresponding to a Mn41 concentration of 35(5)% in
agreement with the thermograviometric analysis [14
The samples of La0.67Ca0.33MnO3 were prepared in a
high temperature (1250±C). The detailed procedures fo
sample preparation and isotope exchange will be pu
lished elsewhere [14].

The thermal expansion was measured using a capa
tance dilatometer with a length resolution of,0.1Å. Data
were collected during warming and subsequent cooling
the same constant rate of 3 mKys. Field-cooled magne-
tization was measured with a commercial SQUID ma
netometer in a field of 4 mT. The samples were cool
directly to 5 K, then warmed up to a temperature we
© 1997 The American Physical Society 955
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below TC . After waiting for 20 min at that temperature,
data were collected upon warming to a temperature w
aboveTC.

In Fig. 1(a) we show the temperature dependence
the low-field magnetization (normalized to the magnet
zation well belowTC) for the 16O and 18O samples of
sLaMnd0.945O3, which were annealed at 930±C. It is evi-
dent that the ferromagnetic transition of the samples
very sharp and that the transition widths of the two iso
tope samples are the same (i.e., the two curves are
same but for a parallel shift). The oxygen-isotope shi
of TC was determined from the differences between th
midpoint temperatures on the transition curves of the16O
and18O samples. The18O sample has lowerTC than the
16O sample by,12 K [i.e., dTCyTC ­ 24.6s2d%]. In
Fig. 1(b) we show the field dependence of the magne
zation at 5 K for the two isotope samples. The magn
tization starts to saturate above a magnetic field of 1
which indicates a normal ferromagnetism and that th
two isotope samples have the same saturation mom
f3.99s1dmBg. The saturation moment is just that expecte
for an effective spin of 1.85 in samples with 30% Mn41

FIG. 1. The temperature dependence of the low-field ma
netization (normalized to the magnetization well belowTC)
for the 16O and 18O samples ofsLaMnd0.945O3 [Fig. 1(a)]; the
field dependence of magnetization at 5 K for the16O and 18O
samples ofsLaMnd0.945O3 [Fig. 1(b)].
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(the saturation moment for a spin of 2 is about4.3mB in
this system [15]). This implies that the Mn41 concentra-
tion in our samples is about 30% in agreement with th
value determined above. The normal ferromagnetic b
haviors observed in our cation-deficient samples are al
consistent with our resistivity measurements, which sho
a metallic ground state, similar to the Ca-doped compoun
La0.67Ca0.33MnO3.

In Fig. 2 we show the linear thermal-expansion coeffi
cientbsT d for the 16O and18O samples ofsLaMnd0.945O3
[Fig. 2(a)] and of La0.67Ca0.33MnO3 [Fig. 2(b)]. The
thermal-expansion coefficient has a sharp asymmet
peak atTC, corresponding to a large thermal-expansio
jump DbsTCd. The peak inbsTd occurs at a tempera-
ture where the magnetization is close to its maximum
value. There is no hysteresis inbsTd within the ac-
curacy of our measurementss,0.1 Kd. From the tem-
perature dependence of the sample length, we find th
the volume change due to the ferromagnetic transitio

FIG. 2. The linear thermal-expansion coefficientbsT d for
the 16O and 18O samples ofsLaMnd0.945O3 [Fig. 2(a)] and
of La0.67Ca0.33MnO3 [Fig. 2(b)]. The thermal-expansion
jumps DbsTCd for the 18O samples ofsLaMnd0.945O3 and
La0.67Ca0.33MnO3 are raised by124s3d% and 16(3)% relative
to the 16O samples, respectively. The oxygen-isotope shift o
TC is 9.7(3) K for La0.67Ca0.33MnO3.
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(accompanied by an insulator-metal transition) is abo
0.15%, which is very close to thats,0.13%d observed in
La0.75Ca0.25MnO3 [12].

It is surprising that the jumpDbsTCd depends strongly
on the oxygen mass. Although the magnitude of the jum
depends on the sharpness of the transition, the relat
change in the jump is independent of the transition wid
provided that two samples have the same transition wid
This is the case for the two isotope samples, as se
from the magnetization curves above [see Fig. 1(a)].
we define the jumpDbsTCd as the difference between the
peak and base-line values ofbsT d, where the baseline
is the high-temperature part ofbsTd above TC, then
DbsTCd for the 18O sample is larger than that for the
16O sample by 24(3)% forsLaMnd0.945O3, and by 16(3)%
for La0.67Ca0.33MnO3. This is the first observation of a
colossal oxygen-isotope effect on the thermal-expansi
jump at the ferromagnetic transition.

It is important to show that the observed oxygen
isotope effects are intrinsic. To do that, we first too
one piece of the16O sample ofsLaMnd12yO3 (which had
been annealed at 950±C in 1 bar16O2 gas for 48 h) then
annealed it at 930±C in 1 bar16O2 gas for 40 h. TheTC

of the sample is raised by,10 K due to the increase in
the Mn41 concentration, but the jumpDbsTCd is nearly
unchanged, as seen from Fig. 3(a). This implies that t
jump DbsTCd does not depend on the Mn41 concentration
within the range studied. Subsequently, we took the sam
piece of 16O sample and annealed it at 930±C in 1 bar
18O2 gas for 40 h. TheTC of the 18O sample (which
has been exchanged from the16O sample) decreases
by ,12 K, while DbsTCd is enhanced by,24% [see
Fig. 3(b)]. These results clearly show that the chang
effected inDbsTCd arises only from the change in oxygen
mass and that the observed large oxygen-isotope effe
on bothTC and the thermal-expansion jump are intrinsic

The conventional theory of ferromagnetism, in whic
the electron-phonon interaction is not taken into accou
cannot explain the oxygen-isotope effects observed he
In order to find an explanation, we may relateDbsTCd
to the pressure effectsd ln TCydPd. If the ferromagnetic
transition is of second order, as is the case in the optima
doped manganites (with a Mn41 concentration of 33%)
[16], then

d ln TCydP ­ 3DbsTCdyDCPsTCd , (1)

where CP is the specific heat. For La0.67Ca0.33MnO3,
DbsTCd ­ 4.2 3 1025 K21 [see Fig. 2(b)],
DCP ­ 50 Jymole K [17], and unit volume­ 60 Å3.
Substituting the above values into Eq. (1), we obta
d ln TCydP ­ 0.07 GPa21, in excellent agreement with
the measured value (,0.06 GPa21 [21]). Thus the
ferromagnetic transition in the optimally doped sample
is indeed of second order.

We now turn to the isotope dependence ofDbsTCd.
From Eq. (1) we see that there must be a corresponding
pendence ofd ln TCydP on the oxygen massM, provided
ut
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FIG. 3. The dependence of the linear thermal-expansion c
efficient bsT d on the Mn41 concentration [Fig. 3(a)], and on
the oxygen mass [Fig. 3(b)]. A piece of the16O sample of
sLaMnd12yO3 was first annealed at 950±C, and then at 930±C
in 16O2 gas. The same piece of the sample was finally anneal
at 930±C in 18O2 gas. It is clear thatTC of the samples de-
pends both on the Mn41 concentration and on the oxygen mass
while the jumpDbsTCd changes only with the oxygen mass.

that DCPsTCd is independent ofM. This should be the
case, sinceDCPsTCd arises from entropy changes due to
combination of ferromagnetic ordering of the Mn spins an
delocalization of charge carriers [17,19], neither of whic
contributions should be influenced byM. We can under-
stand theM dependence ofd ln TCydP in terms of double
exchange [7–9] and polaronic effects [20]. In the stron
coupling limit of double exchange,TC ~ Wp [9], where
Wp is the effective bandwidth. Thusd ln TCydP should,
in general, depend onWp. Zhaoet al. have recently shown
[10] that polaronic effects must play a central role in th
manganites, since the oxygen mass is shown strongly
influenceTC and thusWp. This means thatd ln TCydP
should depend on the oxygen mass.

More specifically, Eq. (1) implies that there should b
the same relative change ind ln TCydP as in DbsTCd
in response to a small change inWp, no matter how
this arises. Such a change inWp can be measured by
957
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FIG. 4. The relation betweend ln TCydP and TC for
Mn41 concentrations of 30% and 50%. The experimenta
data are as follows: d ln TCydP ­ 2.23 GPa21 at TC ­
49 K, d ln TCydP ­ 1.29 GPa21 at TC ­ 73 K for sLa0.25
Nd0.75d0.7Ca0.3MnO3 [22]; d ln TCydP ­ 0.06 GPa21 at TC ­
267 K for La0.67Ca0.33MnO3 [18]; d ln TCydP ­ 0.015 GPa21

at TC ­ 364 K for La0.7Sr0.3MnO3, d ln TCydP ­
0.008 GPa21 at TC ­ 360 K for La0.5Sr0.5MnO3 [21];
d ln TCydP ­ 0.37 GPa21 at TC ­ 115 K for sSm0.875
Nd0.125d0.5Sr0.5MnO3 [23]; d ln TCydP ­ 0.098 GPa21 at
TC ­ 204 K for Nd0.5Sr0.36Pb0.14MnO3 [24]. It is clear that
d ln TCydP depends exponentially onTC for fixed Mn41

concentrations of,30% and 50%.

a change inTC, providing the Mn41 concentrationx
remains constant. Thus a small change in any releva
parameter on whichTC (or Wp) depends, should cause
the same relative change ind ln TCydP as inDbsTCd, for
the same change inTC. Now, TC, and thusWp varies
with the oxygen mass and the mean ionic radiuskrAl at
the cation site La12xMex for fixed x. From inspection
of direct studies of the pressure dependence ofTC

[18,21–24], we find, moreover, that for fixedx , 0.3
and 0.5, varying krAl causesd ln TCydP to change
exponentially withTC (or Wp) over a wide range ofTC

that encompasses our own data:

d ln TCydP ~ exps20.016TCd , (2)

as shown in Fig. 4. Thus the relative change in
d ln TCydP due to a small change inWp is equal to
20.016dTC. For dTC ­ 212 or 10 K (as is caused
in our samples by the change in the oxygen mass), on
should observe a rise ind ln TCydP of 20 or 16%, which
is in fair agreement with our measured value of 24(3)% o
16(3)% for the relative change inDbsTCd. This provides
quantitative support for the proposal that the observe
colossal oxygen-isotope effect onDbsTCd arises from the
oxygen-mass dependence of the effective bandwidthWp

due to polaronic effects.
Our isotope results thus provide a crucial test for the

nature of charged carriers in manganites. The charge
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carriers must be of polaronic type, so that the effectiv
bandwidth strongly depends on the oxygen mass. An
correct theory for the colossal magnetoresistance effe
has to take the polaronic effect into account. It appea
that the theoretical models proposed by Milliset al. [9,25]
and by Röderet al. [26] are consistent with our isotope-
effect results.
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