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Very strong magnetic-field dependence of the oxygen isotope shift of the charge-ordering
transition in La 0.5Ca0.5MnO3
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Oxygen isotope effect on the charge-ordering transition was studied in La0.5Ca0.5MnO3 . Upon replacing16O
with 18O, the charge-ordering temperature increases by 9 K under zero magnetic field. With an increase of the
magnetic field, the oxygen isotope shift increases rapidly and reaches a magnitude of about 40 K under a
magnetic field of 5.4 T. The present results cannot be explained by the existing theories of the charge-ordering
transition in manganites.@S0163-1829~99!00601-3#
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It is well known that the observation of the oxyge
isotope effect in conventional superconductors is import
for the development of the microscopic theory of superc
ductivity. Recently, Zhao and co-workers1–3 have initiated
the studies of oxygen isotope effects in the colossal mag
toresistive manganese perovskites. The observed strong
gen isotope effects in the manganites give clear evidence
the existence of small lattice polarons in these systems.
isotope effects along with many other experimental results4–7

strongly support those theoretical models8,9 where a strong
coupling of conduction electrons to local Jahn-Teller dist
tions is considered to be important for the basic physics
manganites.

Recently much attention has turned to charge orderin
the manganites Ln0.5A0.5MnO3 ~where Ln is a rare earth an
A is a divalent cation!.12–15 This phenomenon has been o
served in other transition-metal-based oxides such as T4O7
~Ref. 10!, and La22xSrxNiO4 ~Ref. 11!. In particular, the
charge ordering in those manganites exhibit some rem
able features. As an example, the charge-ordering state in
manganites Nd0.5Sr0.5MnO3 and Pr0.5Sr0.5MnO3 can be de-
stroyed by a small magnetic field (,10 T).14,15This implies
that the charge ordering state in these systems is no
stable, which appears to be in contradiction with a large
ergy gap observed from both photoemission16 and
tunneling17 experiments. Theoretically, it has been propos
that the long-range Coulomb repulsive interaction amo
conduction carriers might be responsible for the charge
dering in these systems.18–20 However, these models18–20

might not be able to explain why a small magnetic field c
destroy the charge-ordering state with a large energy g
Here we report a study of the oxygen isotope effect on
charge-ordering transition temperature in La0.5Ca0.5MnO3.
Upon replacing16O with 18O, the charge-ordering tempera
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ture increases by about 10 K under zero magnetic field. W
an increase of the magnetic field, the oxygen isotope s
increases rapidly and reaches a value of about 40 K und
magnetic field of 5.4 T. The unusually strong magnetic-fie
dependence of the oxygen isotope effect on the cha
ordering temperature is difficult to understand on the basi
the existing theories. The present results do suggest tha
electron-phonon interaction plays an important role in
charge ordering of manganites.

The samples of La0.5Ca0.5MnO3 were prepared by stan
dard solid-state reaction using dried high-purity La2O3,
CaCO3, and Mn3O4. The well-ground mixture was heate
in air at 1000 °C for 12 h, 1100 °C for 12 h, and 1250 °C f
20 h with several intermediate grindings. The powd
samples were then pressed into pellets and sintered
1400 °C for 20 h in air. The samples are clean single ph
as checked by x-ray diffraction. Two pieces were cut fro
the same pellet for oxygen isotope diffusion. The diffusi
was carried out for 40 h at 980 °C and at oxygen pressur
about 1 bar. The cooling rate was 90 °C/h. The oxygen i
tope enrichment was determined from the weight change
both 16O and 18O samples. The18O samples had;95%18O
and;5%16O.

Magnetization of the samples was measured with a Qu
tum Design superconducting quantum interference dev
magnetometer~SQUID!. The data were taken after th
samples had been cooled in a field from 300 K. In Fig. 1,
show the temperature dependence of the magnetization
the 16O and 18O samples of La0.5Ca0.5MnO3 under a mag-
netic field of 0.5 T@Fig. 1~a!#, 2.5 T @Fig. 1~b!#, and 5.4 T
@Fig. 1~c!#. Since the weights of the two isotope samples
very similar~15.6 mg for the16O sample and 15.4 mg for th
18O sample!, we only show the raw data that are not divide
81 ©1999 The American Physical Society
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by the sample weights. The transition from a high magn
zation to a low magnetization state is a signature of the tr
sition from a ferromagnetic to a charge-ordering~CO!
state.14,15 Here we define the charge-ordering temperat
(TCO) as the temperature where the steepest straight lin
the transition curve intersects with the low-temperature b
line ~marked by the arrows in the figure!. With this defini-
tion, we find that the charge-ordering temperature for the18O
sample is higher than for the16O sample by 9~1! K under
H50.5 T, by 18~1! K under H52.5 T, and by 40~2! K
under H55.4 T. The isotope shift in low magnetic fiel
observed in La0.5Ca0.5MnO3 is similar to that observed in
La0.57Ca0.43MnO3.21 However, the presence of the oxyge
isotope shift ofTCO reported in Ref. 21 is not quite certai
because their samples are not homogenous and only a s
portion of the samples has a charge-ordering state.

FIG. 1. Oxygen isotope effect on the charge-ordering temp
ture of La0.5Ca0.5MnO3 : Temperature dependence of the magne
zations for the16O and 18O samples under magnetic fields of 0.5
~a!; 2.5 T ~b!; 5.4 T ~c!. The charge-ordering temperature for th
18O sample is higher than for the16O sample by 9~1! K under H
50.5 T, by 18~1! K under H52.5 T, and by 40~2! K under H
55.4 T.
i-
n-

e
on
e

all
ur

present results clearly demonstrate that there is a large
gen isotope shift ofTCO in La0.5Ca0.5MnO3. The shift is
completely reversible upon oxygen isotope back-exchan
which shows that the observed isotope effect is intrinsic.22

In Fig. 2~a!, we show the charge-ordering temperatures
the 16O and 18O samples of La0.5Ca0.5MnO3 as a function of
the external magnetic field. It is clear that, with an increa
of the external magnetic field, the charge-ordering tempe
tures of both16O and 18O samples decrease, but the decre
ing rate for the18O sample is much slower than for the16O
sample. This leads to a dramatic increase in the oxygen
tope shift with increasing magnetic field. A similar resu
was also observed22 in Nd0.5Sr0.5MnO3, which is reproduced
in Fig. 2~b! for comparison. The magnitudes of the isoto
shift are quite different for the two compounds although t
charge-ordering temperatures of both16O samples are nearly
the same in zero magnetic field.

The exponent of the oxygen isotope effect onTCO can be
defined asaO52d ln TCO/d ln MO ~whereMO is the oxygen
mass!. The magnetic-field dependence ofaO in
La0.5Ca0.5MnO3 is shown in Fig. 3~a!. It can be seen that the
magnitude ofaO increases rapidly with increasing magne
field. For comparison, the magnetic-field dependence ofaO
in Nd0.5Sr0.5MnO3 ~Ref. 22! is replotted in Fig. 3~b!. It is
clear that the magnitude ofaO in Nd0.5Sr0.5MnO3 is much
larger than that in La0.5Ca0.5MnO3 especially when the ex
ternal magnetic field is low.

a-
-

FIG. 2. Magnetic-field dependence of the charge-ordering te
peratures of the16O and18O samples of La0.5Ca0.5MnO3 ~a!, and of
Nd0.5Sr0.5MnO3 ~b!. The data for Nd0.5Sr0.5MnO3 are from Ref. 22.
It is clear that, with an increase of the external magnetic field,
charge-ordering temperatures of both16O and 18O samples de-
crease, but the decreasing rate for the18O samples is much slowe
than for the16O samples. This leads to a dramatic increase in
oxygen isotope shift with increasing magnetic field.
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The observed negative oxygen isotope effect on
charge-ordering temperature~i.e., TCO is higher for heavier
oxygen mass! is in contrast with the positive oxygen isotop
effect on the ferromagnetic transition temperatureTC re-
ported in La12xCaxMnO3.1 For the present samples o
La0.5Ca0.5MnO3, a positive oxygen isotope effect onTC is
also observed, but the shift is small (,7 K). The relative
isotope shift ofTC (DTC /TC) appears to be independent
the external magnetic field, in contrast to the relative isoto
shift of TCO (DTCO /TCO), which strongly depends on th
magnetic field.

The observed large oxygen isotope shift of the char
ordering temperature and its strong dependence on ap
magnetic field are difficult to understand on the basis of
existing theories. In most theoretical models, charge orde
is assumed to arise from a long-range Coulomb repuls

FIG. 3. Magnetic-field dependence ofaO for La0.5Ca0.5MnO3

~a!, and for Nd0.5Sr0.5MnO3 ~b!. The data for Nd0.5Sr0.5MnO3 are
from Ref. 22. Here the exponent of the oxygen isotope effect
TCO is defined asaO52d ln TCO /d ln MO . It is clear that, with an
increase of the external magnetic field, the magnitude ofaO in-
creases rapidly.
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interaction between carriers.18–20So these models predict n
isotope effect, and cannot explain our present results.

If the charge-ordering in the manganites is related
small polaron ordering, one may be able to explain the o
gen isotope shift of the charge-ordering temperature in z
magnetic field. This is because the effective mass of
laronic carriers is larger in samples with a heavier isoto
mass, and the larger the carrier mass, the more stable
charge-ordering state. As a result, one would expect a hig
TCO in samples with a heavier isotope mass. Thus this mo
can qualitatively explain the observed isotope effect in z
magnetic field. However, it cannot explain why a small ma
netic field (,10 T corresponding to an energy of about
K! can destroy the charge-ordering state in Nd0.5Sr0.5MnO3
where a large energy gap (.1000 K) was observed.16,17

The observed large energy gap implies that the cha
ordering state, if it is an ordering state of polarons, must
stable and cannot be destroyed by a small magnetic field
contradition with the experiments.14,15

Now we consider a theory of bipolaronic charg
ordering.23,24 On the basis of this theory,23,24 the bipolaron
charge ordering temperature is a function of both the rep
sive interactionv between bipolarons and the bipolaron ho
ping integralt. Since bothv and t could strongly depend on
the isotope mass,24 one might expect a large oxygen isotop
effect on the charge-ordering temperature. Furthermore,
cause the energy difference between the bipolaron ord
and disordered state could be very small~depending on the
magnitudes ofv and t),23 a small magnetic field could mel
the bipolaron ordered state. Meanwhile there is no difficu
in explaining the observed large energy gap that could be
binding energy of the bipolarons. Although this explanati
sounds plausible, other independent experimental results
support the bipolaron picture in manganites are rather ra

In summary, we have observed a large oxygen isot
shift of the charge-ordering temperature and its strong dep
dence on applied magnetic field in La0.5Ca0.5MnO3. The re-
sults cannot be explained by the existing theories of
charge-ordering transition in manganites. We believe that
present isotope-effect experiment will be crucial to the d
velopment of a correct microscopic theory for the char
ordering in manganites and perhaps in other materials, jus
the isotope effect in conventional superconductors provi
important insight into the pairing mechanism of superco
ductivity.
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