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Thermal-expansion and magnetic susceptibility measurements were performed on oxygen-isotope
substituted manganited_a, Ca.);-,Mn; ,O0; with a Mt concentration of~33%. The linear
thermal-expansion coefficie(T") exhibits an asymmetric peak at the Curie temperaligrendicative
of a second-order ferromagnetic transition. Upon replach@ with '*0, T is lowered by about
10 K, while the second-order jump in the thermal-expansion coeffi¢i®(T¢)] is raised by about
20%. Such a “colossal” oxygen-isotope effect AB(T¢) is very surprising, but can be explained
guantitatively on the basis of double exchange and strong polaronic effects. [S0031-9007(96)02269-7]

PACS numbers: 75.70.Pa, 71.38. +i

The manganese-based perovskites;_L&,MnO;  We propose a model to explain these unusual isotope
(M = Ca, Sr, and Ba) have recently been the subjeceffects.
of intensive investigations because of their unusual Samples of(LaMn),_,O; were prepared by conven-
and potentially useful magnetic properties (e.g., theional solid state reaction using 1@; and MnQ. The
colossal magnetoresistance effect [1,2]). The undopela,O; was dried for 6 h at 908C prior to weighing. The
parent compound LaMnO(with Mn3") is an insulating powders were mixed, ground thoroughly, and pressed into
antiferromagnet [3]. When Mt ions are introduced pellets. These pellets were then fired in air at 1830
by substituting divalent ions for Ba, the materials for ~48 h with one intermediate grinding. To obtain
become ferromagnetic and metallic at low temperaturesamples with small grains and enough porosity, we re-
for 0.2 = x = 0.5 [4]. The ferromagnetic and metallic ground the samples thoroughly, pressed them into pellets,
ground state has also been observed in the cation-deficieahd annealed them in air at 1010 for 12 h.
(LaMn);-, O3 compound, which contains-33% Mn*+ Each pellet was broken in half, and the halves were
[5]. Moreover, it was shown that the Mn concentration then subjected t&O and'®O isotope diffusion. The dif-
in cation-deficient materials can be adjusted by simplyfusion was carried out for 480 h at 95¢930°C and
changing the anneal temperature [6]. This convenienbxygen pressure of about 1 bar. The cooling rate was
feature makes it an attractive candidate for studying th&0°C/h. The oxygen isotope enrichment was determined
effect of changing the M1 concentration. from the weight changes of th€O and '*0 samples.

The physics in manganites has primarily been deThe 80 samples had~95% '80 and ~5% '0O. The
scribed by the double-exchange model [7,8]. Millis, samples are single phase as checked by x-ray diffraction.
Littlewood, and Shraiman [9] have pointed out, how-The structure at room temperature is rhombohedral, and
ever, that double exchange alone cannot fully explaithe x-ray pattern was refined in the space gratgr,
the data of La .Sr,MnO;. They proposed that po- hexagonal description. In this description, lattice parame-
laronic effects due to strong electron-phonon couplingers for the'®O and '*0 samples (annealed at 930)
(arising from a strong Jahn-Teller effect) should bewere the same: a;, = 5.5196(2), ¢, = 13.348(1), and
involved. The strong coupling between the electronicunit volume= 58.69(2) A3. From the relation between
and lattice subsystems has been demonstrated by theand the unit volume [6], we estimated= 0.055(6),
recent observation of a giant oxygen-isotope shift of thecorresponding to a Md concentration of 35(5)% in
ferromagnetic transition in La,CaMnOs; [10]. This agreement with the thermograviometric analysis [14].
scenario is also supported by thermal expansion [11,12The samples of Lg;Ca33MnO; were prepared in a
and small-angle neutron scattering experiments [13]high temperature (125C). The detailed procedures for
Here we report an observation of a “colossal’” oxygen-sample preparation and isotope exchange will be pub-
isotope effect on the height of the thermal-expansiorished elsewhere [14].
jump AB(T¢) at a second-order ferromagnetic transition The thermal expansion was measured using a capaci-
in the perovskite(La;-,Ca,);—,Mn;-,03 with a Mt tance dilatometer with a length resolution-e6.1A. Data
concentration of~33%. TheT¢ can be changed by vary- were collected during warming and subsequent cooling at
ing either the MA™ concentration or the oxygen mass. the same constant rate of 3 ¥ Field-cooled magne-
Increasing the Mh" concentration does not change tization was measured with a commercial SQUID mag-
the thermal-expansion jump@B(T¢), while increasing netometer in a field of 4 mT. The samples were cooled
the oxygen mass does increage8(T¢) by ~20%. directly to 5 K, then warmed up to a temperature well
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below T¢. After waiting for 20 min at that temperature, (the saturation moment for a spin of 2 is abdup in
data were collected upon warming to a temperature welhis system [15]). This implies that the ¥h concentra-
aboveTc. tion in our samples is about 30% in agreement with the
In Fig. 1(a) we show the temperature dependence ofalue determined above. The normal ferromagnetic be-
the low-field magnetization (normalized to the magneti-haviors observed in our cation-deficient samples are also
zation well belowT¢) for the 'O and 80 samples of consistent with our resistivity measurements, which show
(LaMn)g 94503, which were annealed at 93Q. lItis evi- a metallic ground state, similar to the Ca-doped compound
dent that the ferromagnetic transition of the samples i$ay¢;Ca33:MnOs;.
very sharp and that the transition widths of the two iso- In Fig. 2 we show the linear thermal-expansion coeffi-
tope samples are the same (i.e., the two curves are tlwent 8(T) for the '°0 and'®O samples ofLaMn)g 94503
same but for a parallel shift). The oxygen-isotope shiftfFig. 2(a)] and of La¢;Ca33MnOs [Fig. 2(b)]. The
of T¢c was determined from the differences between théhermal-expansion coefficient has a sharp asymmetric
midpoint temperatures on the transition curves of @  peak atT¢, corresponding to a large thermal-expansion
and'80 samples. Thé*O sample has loweFc than the jump AB(T¢). The peak inB8(T) occurs at a tempera-
160 sample by~12 K [i.e., 8T¢/Tc = —4.6(2)%]. In  ture where the magnetization is close to its maximum
Fig. 1(b) we show the field dependence of the magnetivalue. There is no hysteresis i@(7T) within the ac-
zation at 5 K for the two isotope samples. The magneeuracy of our measurements-0.1 K). From the tem-
tization starts to saturate above a magnetic field of 1 Tperature dependence of the sample length, we find that
which indicates a normal ferromagnetism and that théhe volume change due to the ferromagnetic transition
two isotope samples have the same saturation moment
[3.99(1)up]. The saturation moment is just that expected

for an effective spin of 1.85 in samples with 30% #¥in 5.0 —
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the 0 and 'O samples of(LaMn)ye450; [Fig. 2(a)] and
FIG. 1. The temperature dependence of the low-field magef Lays;Ca33MnO; [Fig. 2(b)]. The thermal-expansion
netization (normalized to the magnetization well belG) jumps AB(T¢) for the 'O samples of(LaMn)yssOs; and
for the 1°0 and 80 samples ofLaMn)o450; [Fig. 1(a)]; the  Laye;Cay33MnO; are raised by+24(3)% and 16(3)% relative
field dependence of magnetization at 5 K for th® and 'O to the '°0 samples, respectively. The oxygen-isotope shift of
samples ofLaMn)y450; [Fig. 1(b)]. Tc is 9.7(3) K for La67Cay33Mn0O;.
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(accompanied by an insulator-metal transition) is about 50 ——————

0.15%, which is very close to th&t0.13%) observed in - A e 150.1(930 °C)
Lag.75Cay2sMn0O; [12]. 40 F * 190.1(950°C)

It is surprising that the jump B8(T¢) depends strongly
on the oxygen mass. Although the magnitude of the jump
depends on the sharpness of the transition, the relative
change in the jump is independent of the transition width
provided that two samples have the same transition width.
This is the case for the two isotope samples, as seen
from the magnetization curves above [see Fig. 1(a)]. If
we define the jump B(T¢) as the difference between the
peak and base-line values @f(7'), where the baseline
is the high-temperature part g8(7) above T¢, then
AB(T¢) for the 80 sample is larger than that for the
160 sample by 24(3)% fofLaMn),.04503, and by 16(3)%
for Layg7Cay33Mn0Os. This is the first observation of a
colossal oxygen-isotope effect on the thermal-expansion
jump at the ferromagnetic transition.

It is important to show that the observed oxygen-
isotope effects are intrinsic. To do that, we first took
one piece of thé®O sample of(LaMn);_, 05 (which had
been annealed at 958G in 1 bar'°0, gas for 48 h) then
annealed it at 930C in 1 bar'®°0, gas for 40 h. Thd¢
of the sample is raised by 10 K due to the increase in
the Mrt* concentration, but the jump B(T¢) is nearly
unchanged, as seen from Fig. 3(a). This implies that the
jump AB(T¢) does not depend on the Kfhconcentration
within the range studied. Subsequently, we took the same
piece of '°0O sample and annealed it at 93D in 1 bar
180, gas for 40 h. TheTc of the 'O sample (which
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has been exchanged from tHéO sample) decreases FIG. 3. The dependence of the linear thermal-expansion co-

by ~12 K, while AB(T¢) is enhanced by-24% [see

efficient 8(T) on the Mri* concentration [Fig. 3(a)], and on

Fig. 3(b)]. These results clearly show that the changdhe oxygen mass [Fig. 3(b)]. A piece of theO sample of

effected inA B(T¢) arises only from the change in oxygen "

mass and that the observed large oxygen-isotope effecfs

(LaMn), -, 05 was first annealed at 98C, and then at 93@C
160, gas. The same piece of the sample was finally annealed
930°C in 80, gas. It is clear thaf¢ of the samples de-

on bothT¢ and the thermal-expansion jump are intrinsic. pends both on the M concentration and on the oxygen mass,
The conventional theory of ferromagnetism, in whichwhile the jumpAB(T¢) changes only with the oxygen mass.

the electron-phonon interaction is not taken into account,
cannot explain the oxygen-isotope effects observed here.
In order to find an explanation, we may relaigs(T¢)

to the pressure effect! InT¢/dP). If the ferromagnetic

that ACp(T¢) is independent of4. This should be the
case, sincA Cp(T¢) arises from entropy changes due to a

transition is of second order, as is the case in the optimallgombination of ferromagnetic ordering of the Mn spins and

doped manganites (with a Mh concentration of 33%)
[16], then

dInTc/dP = 3AB(Tc)/ACK(Tc), 1)

where Cp is the specific heat. For kg Ca)33Mn0O;,
AB(Tc) =42 X 1075 K™! [see Fig. 2(b)],
ACp = 50 J/moleK [17], and unit volume= 60 A3.

delocalization of charge carriers [17,19], neither of which
contributions should be influenced By. We can under-
stand theV dependence af InT¢/dP in terms of double
exchange [7-9] and polaronic effects [20]. In the strong
coupling limit of double exchang&c =« W* [9], where
W* is the effective bandwidth. Thu#InT-/dP should,

in general, depend o *. Zhaoet al. have recently shown

Substituting the above values into Eg. (1), we obtain10] that polaronic effects must play a central role in the
d In Tc/dP = 0.07 GPa!, in excellent agreement with manganites, since the oxygen mass is shown strongly to

the measured value~(0.06 GPa!' [21]). Thus the

ferromagnetic transition in the optimally doped samplesshould depend on the oxygen mass.

is indeed of second order.
We now turn to the isotope dependence X8(T¢).

influenceT¢ and thusW*. This means thad InTc/dP

More specifically, Eq. (1) implies that there should be
the same relative change hInT¢c/dP as in AB(T¢)

From Eq. (1) we see that there must be a corresponding dét response to a small change ", no matter how

pendence ofl InT¢/dP on the oxygen mas¥, provided

this arises. Such a change Wi* can be measured by
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FIG. 4. The relation betweend InTc/dP and T, for

Mn** concentrations of 30% and 50%.
data are as follows: d InTo/dP = 2.23 GPa! at T, =
49K, dInTe/dP = 129 GPa'! at T = 73 K for (Lagss
Nd0A75)0‘7Ca)A3MnO3 [22], dIn Tc/dP = 0.06 GPa'! at Tc =
267 K for Lag;Cay33MnO; [18]; d InT¢c/dP = 0.015 GPa'!

at T =2364K for Lay;SpsMnOs;, dInT¢/dP =
0.008 GPa!' at T, =360K for LaysSrpsMnO; [21];
dInT¢/dP =037 GPa! at T = 115K for (Smygrs

Nd0'125)0'5sr0‘5MnO3 [23], dlIn TC/dP = 0.098 GPa! at
Tc = 204 K for Ndg5Sros6Phy.14MnO; [24]. It is clear that
d InT¢/dP depends exponentially o for fixed Mn**

concentrations of-30% and 50%.

a change inT¢, providing the MA* concentrationx

remains constant. Thus a small change in any relevant

The experimental

carriers must be of polaronic type, so that the effective
bandwidth strongly depends on the oxygen mass. Any
correct theory for the colossal magnetoresistance effect
has to take the polaronic effect into account. It appears
that the theoretical models proposed by Mi#isal. [9,25]

and by Rodeeet al. [26] are consistent with our isotope-
effect results.
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