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Oxygen-isotope effect of the paramagnetic-insulating to ferromagnetic-metallic transition
in La12xCaxMnO3
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The oxygen-isotope effect of the ferromagnetic transition in La12xCaxMnO3 was investigated fromx
520% to x543%. This is the range of the conducting ferromagnetic phase. We find thataO5

2D ln Tc /D ln m decreases from 0.36 to 0.14 with increasing Ca concentration. A large value ofaO50.83 was
found for x520%, it is possibly connected with excess oxygen content. The isotope effect decreases with
increasing tolerance factor, pointing to the importance of double exchange. The isotope effect at 35% Ca is
independent of magnetic field.@S0163-1829~98!06833-7#
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The perovskite compounds La12xCaxMnO3 can be pre-
pared for the complete range of Ca concentrations 0<x<1
and exhibit a rich magnetic phase diagram.1–3 For Ca con-
centrations in the rangex520 to x550 %, the high-
temperature paramagnetic phase transforms into a
temperature metallic-ferromagnetic phase. Forx in the
approximate range 42 to 50 %, the ferromagnetic-meta
phase transforms at lower temperatures into a charge ord
antiferromagnetic insulator.4 Extremely large magnetoresis
tance is observed near the ferromagnetic transition, du
the field dependence of the insulating to meta
transition.5,6 The ferromagnetic transition is considered to
due to double exchange.7–9 There have also been many e
perimental and theoretical suggestions of extremely la
electron-phonon interactions in this system, these influe
the transport properties, and possibly also the transi
temperature.10–14 Jahn-Teller or magnetic polaron formatio
have been observed.15,16 Very large oxygen-isotope effect
were observed forx510 and 20 %, and related to Jahn-Tell
polaron formation.17

In the present paper we present oxygen-isotope ef
studies for Ca concentrations between 20 and 43 %, i.e.
the whole range of the ferromagnetic-metallic phase. T
oxygen-isotope exponentaO is defined by aO5
2D ln Tc /D ln mO, whereTc is the Curie temperature. Th
most detailed investigations were carried out at a Ca con
tration of 35%. At this concentration, the magnetoresista
is largest, and the Curie temperatureTc close to its maximum
value. We observed the transition magnetically at 50 G an
T, carried out resistance measurements in fields up to
and observed the Raman spectrum as a function of temp
ture from room temperature to 15 K. These investigatio
were carried out on sintered polycrystalline pellets. At oth
Ca concentrations~including another 35% Ca pair! we inves-
tigated the isotope effect on pressed powders since the u
powders facilitates the isotopic gas exchange. Here meas
ments of the transition were carried out magnetically at 50

Samples of La12xCaxMnO3, x535%, were prepared
from stoichiometric mixtures of La2O3, CaCO3, and MnO2.
The mixtures were fired in air at 1100 and 1200 °C repe
edly, with regrinding between firings. A final firing in 1 atm
of pure O2 was carried out at 1200 °C, resulting in a fair
PRB 580163-1829/98/58~9!/5189~4!/$15.00
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dense pellet. This pellet was divided into two pieces, wh
were treated in16O2 or 18O2 ~1 atm! in a parallel processing
system previously described.18 The pellets were gas ex
changed at 950 °C~48 h!, 1100 °C ~48 h!, and finally
1150 °C~48 h!. This resulted in a18O concentration of 82%
~by weight!. Magnetic, resistive, and Raman studies we
carried out on this pair. Back exchange with16O2 restored
the original transition. A second comparison pair at this c
cium concentration was produced by gas-exchanging pow
samples at 1000 °C for 60 h. Here a 90%18O concentration
was reached. Complete back exchange was possibl
950 °C~60 h!. For all other concentrations, the gas exchan
was carried out on powders at 950 °C for 60 h, this is su
cient for powders to achieve18O substitutions in the 90%
range.

The magnetic transitions for both comparison pairs ax
535% are shown in Fig. 1. The transitions were observ
after field cooling in 50 G. The transition temperature for t
16O sample near 270 K agrees with the best literature valu
Magnetic transition temperatures (Tc) were obtained by ex-
trapolating the decreasing ferromagnetic part of the mag
tization to zero. This procedure in general leads to aTc less
than Tc(Rmax). A downward shift of 8.2~pellet! and 8.5 K
~powder! is observed on18O substitution, this gives an
oxygen-isotope exponent of 0.26~pellet! and 0.27~powder!.
No adjustment for incomplete18O substitution was applied
As seen from Fig. 1, back exchange with16O restores the
original transition, both for the pellet samples and the po
der samples. The magnetic transition of the pellet comp
son samples were also observed in 4 T. Isotopic shifts co
most easily be identified in the remanent magnetization a
field cooling in 4 T.M rem50 is reached at 262.1 K (16O),
and 254.8 K (18O), leading toDTc57.3 K andaO50.24.

Resistivity measurements were carried out on the 3
pellets, in fields of 0, 2, and 4 T. The resistivity shows t
well-known maximum atTc , Fig. 2. AboveTc , up to 400 K,
we were able to fit the conductivity to the small polaro
conduction expression of Emin and Holstein:19

s5s0T2nexp~2Ea /kBT!, ~1!

wheren51 for the adiabatic andn51.5 for the nonadiabatic
case.20 We obtained the following values forEa and s0
5189 © 1998 The American Physical Society
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~nonadiabatic values in brackets!: Ea589.4 ~103.0! meV for
16O, Ea5102.6 ~117.55! meV for 18O, ands057.683105

(2.253107) V21 cm21 for 16O, s058.863105 (3.65
3107) V21 cm21 for 18O. The 16O values are in excellen
agreement with data obtained by Jaimeet al.20 on a 30% Ca
sputtered film.

The prefactors0 is given by20

s05gdnoe2/akB , ~2!

wherea is an average hopping distance~Mn-Mn!, no a typi-
cal optical phonon frequency, andgd'1 depends on the

FIG. 1. Ferromagnetic transition in a field of 50 G~field
cooled!; black dots: 16O, open circles:18O, open squares:18O
samples back exchanged with16O. ~a! sintered pellet samples,18O
concentration 82%. The resistive maximum positions in zero fi
are indicated.~b! Pressed powder samples,18O concentration 90%.

FIG. 2. Resistivity for the sintered pellet pair,xCa535%. The
isotopic shift was determined from the location of the resist
peaks. The isotope exponentaO is essentially independent of fiel
~see text!.
hopping geometry. Witha53.9 Å, we obtaingdno51.61
31013 Hz for 16O andgdno51.8631013 Hz for 18O.

Since the Curie temperatureTc is very close to the resis
tivity maximum, one can use these data to obtain resistiv
determined isotope effects for fields up to 4 T. In Fig. 1 w
have indicated the position of the resistive maximum in 0
it is seen to be close to the onset of the magnetic transit
for both the16O and18O samples. The resistively determine
shift is, therefore, very close to the magnetic shift. For high
fields the resistive maximum moves rapidly to higher te
peratures, and broadens, Fig. 2. In spite of the broaden
we can estimate the isotopic temperature shift within ab
61.5 K ~0 T! and62.5 K ~4 T!. This leads to uncertaintie
in aO of about60.05. We find at 0 T a (DTc)res of 7.1 K,
aO50.23, at 2 T a (DTc)res59.40, aO50.28 and at 4 T a
(DTc)res of 8.5 K, aO50.24. In a field of 4 T the magneti-
zation at the resistive maximum is about 20% of the satu
tion value at low temperatures. We see, therefore, no dep
dence of the isotope exponent on field up to 4 T, with
experimental error.

Isotopic substitution of18O does not only reduceTc , but
it also sharpens the resistive peak. We describe the p
sharpness by comparing it to the resistivity at 350
DR/R3505@R(Tc)2R350#/R350. We find that this ratio at
given field is increased by 60% in the18O substituted
samples, independent of field up to 4 T. As a function
transition temperature,DR/R350 is approximately a universa
curve, Fig. 3. The effect of isotopic substitution is, therefo
qualitatively similar to that of an applied field, with th
smaller mass (16O) corresponding to a larger field. Simila
behavior was also observed in the pressure effect, wh
larger pressure increasesTc and broadens the resistivit
peak.21

Raman scattering measurements identified two str
oxygen related lines near 225 and 430 cm21. The isotopic
frequency shift ~at 0 K! of the 225 cm21 line is 8
61 cm2153.5%, and of the 430 cm21 line it is 21
61 cm2154.8%. For an 18O concentration of 82% we
would expect a~harmonic! shift of 5.0%, which is close to
the 430 cm21 line shift. The lower frequency line is appa
ently hybridized with heavier ion~Mn! vibrations. Both lines

d

FIG. 3. The relative resistive peak height@R(Tc)2R(350 K)#
/R(350 K) as a function of Curie temperatureTc , xCa535%.
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TABLE I. Oxygen-isotope dependence of the paramagnetic to ferromagnetic conducting transit
La12xCaxMnO3.

x
~%!

Tc(
16O)

~K!
Tc(

18O)
~K!

DTc

~K! aO ^r A& t

20 222.7 202.0 20.7 0.83 1.356 0.9638
20a 200.8 192.8 8.0 0.34 1.356 0.9638
20b 243.0 229.5 13.5 0.48 1.356 0.9638
22 259.5 248.6 10.9 0.36 1.356 0.9647
25 266.8 257.0 9.8 0.32 1.355 0.9662
30 272.0 262.4 9.6 0.30 1.354 0.9686
35 270.7 261.7 9.0 0.29 1.353 0.9710
40 271.3 265.0 6.3 0.20 1.352 0.9735
41 274.0 266.0 8.0 0.25 1.352 0.9740
42 257.3 251.6 5.7 0.19 1.352 0.9744
43 260.3 255.9 4.4 0.14 1.351 0.9749

aAfter 24 h in argon at 950 °C.
b24 h in O2 ~1 atm! at 1175 °C, oven cooled.
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show considerable hardening~and sharpening! with falling
temperature belowTc , 3.5 to 4.5 % for the low frequency
line, and 1.3 to 1.4 % for the high frequency line. A simil
hardening of about 3% was also observed in infrared ac
lines at 330 and 550 cm21 by Kim et al.22 The Raman data
will be more fully discussed in a separate paper.

In order to establish the dependence of the isotope ef
on Ca concentration over the whole ferromagnetic cond
ing range, we prepared powder samples at various other
centrations. For these samples only the isotopic shift at
fields was determined by magnetization measurements i
G. For high Ca concentrations,x>42%, we observe two
transitions, at high temperatures the transition to the fe
magnetic conducting phase and at somewhat lower temp
tures to the charge-ordered insulating phase. Large iso
shifts are seen in the charge-ordering transition, they will
reported in a separate paper.23 In contrast to this, the isotop
shift of the ferromagneticTc is quite small, withaO near 0.1
in this range. At the low Ca concentration of 20% we find
very large isotope exponent ofaO50.83, in excellent agree
ment with the data of Zhaoet al.17 For a slightly largerx of
22% Ca,aO drops to about 0.38 and then continues to f
with increasing Ca concentration. These data are given
Table I, and shown in Fig. 4, as function of Ca concentrat
and tolerance factor~see below!.

The results at the calcium concentration of 20%
clearly different from the trend seen at larger concentratio
At 20% Ca, one lies at the border of the conducting a
insulating-ferromagnetic phases. At this concentration,
magnetic properties are very sensitive to the total oxy
content.24,25 In particular, annealing at the relatively low
temperature of 950 °C in 1 atm of O2 can lead to exces
oxygen content above 3.0. In order to check this, we hea
this sample pair in pure argon at 950 °C for 24 h. We fou
that the magnetic transitions sharpened, theTc (16O) moved
from 222.7 to 200.8 K, andaO was reduced to 0.34. Thi
latter value is in line with those for larger calcium conce
trations. A second identical argon treatment did not cha
the data.

A second comparison pair with 20% Ca was then p
pared, annealed for 24 h at 1175 °C and oven cooled. T
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annealing temperature should lead to nearly O3.0 content.25

We achieved an18O content of 96%~by weight!, and ob-
served an isotope exponent of 0.48. The transition temp
tures had increased and the transitions are sharp. We sus
therefore, that the large isotope exponents between 0.8
0.9 in 20% Ca samples refer to samples with oxygen exc
From a study of the end member LaMnO31d it was found26

that an oxygen excess is accommodated in the struc
through vacancies at the La and Mn sites. This will lead
locally strongly distorted structures. Forx larger than 0.20,
the oxygen content is close to the stoichiometric value
see Ref. 3. This is also evident from our results atx50.35,
whereTc andaO are largely independent of heat treatme

Discussion of the properties of perovskite manganites
often carried out in terms of effective radii, in the form of th
tolerance factor:27

FIG. 4. The oxygen-isotope exponentaO for La12xCaxMnO3 as
function of tolerance factort, lower scale, and calcium concentr
tion x, upper scale. Black dots, gas exchanged at 950 °C. B
square, heated in argon at 950 °C~24 h!. Black triangle, heated in 1
atm O2 at 1175 °C~24 h!, oven cooled.
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t5
1

&
~^r A&1r O!/~^r B&1r O!, ~3!

where^r A& is the average radius of theA site ion~La or Ca!
and^r B& of theB site ion~Mn! in the perovskite structure. I
was shown, e.g., that both the resistivity, transition tempe
ture, and pressure effect can be described as a simple f
tion of ^r A& ~Refs. 21, 28, and 29! for given hole concentra
tion. The tolerance factor relates to deviations from the id
perovskite structure, which is obtained att51. The structure
is also stable fort,1 to aboutt50.75. In this case the MnO6
polyhedra adjust themselves to a too smallA atom by rota-
tion and tilting. This, in, turn, leads to deviations of the M
O-Mn angle from 180°, reducing the double exchange in
action. The relation between tolerance factor and bond a
in perovskites was given by Sasakiet al.30 The tolerance
factor t is calculated by using average values forr A and r B
for the case of a mixture of La and Ca in theA site and Mn31

and Mn41 in theB site. We use the ionic radii of Shanon,31 in
12-fold coordination for theA atoms, and in 6-fold coordi-
nation for theB atom. These values arer (La31)51.36 Å,
r (Ca21)51.34 Å, r (Mn31)50.645 Å, r (Mn41)50.53 Å.
For r O we use 1.40 Å. For an oxygen formula content of 3
one finds the Mn41 concentration is equal tox. We have
calculated the tolerance factor over the range of our d
from x520 to 43% under the assumption thatx equals the
Mn41 concentration. With increasing Ca concentration,
averageA site ion size decreases by 0.34% and the averagB
site ion size decreases by 4.44%. Both effects result in
increase of the tolerance factor by 1.15%. The major ef
on t, and therefore, the Mn-O-Mn angle, is the decrease
the Mn-O6 polyhedra size; compared to this the change inA
site ion size is small.

The calculated averageA site ion size^r A&, and the tol-
erance factor, are given in Table I. It should be remarked
different authors have used different ionic radii, so that dir
a-
nc-
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,
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t

comparisons are not always possible. The relative dep
dence of^r A& and t on Ca concentration is, however, n
much affected by this. The isotope exponentaO as function
of the tolerance factor is shown in Fig. 4.

We find then that the isotope exponentaO over the Ca
concentration that leads to the ferromagnetic metallic pha
decreases from a relative high value near 0.36, to low va
near 0.1 as the Ca concentration, and the tolerance fact
increase. The averageA site ion size decreases in this rang
the dependence on Ca concentration is, therefore, oppos
that seen in Ref. 17. In that work, however, no results ins
the ferromagnetic conducting range were given. An isoto
shift of 9.7 K in the thermal expansion peak o
La0.67Ca0.33Mn0.3 was seen by Zhaoet al.32 in agreement
with our work.

The observed isotope exponents show the strong lattic
phonon dependence of the ferromagnetic transition. The
pendence on tolerance factor points towards an influence
the double exchange mechanism. The tight-binding ba
width is given by33

W5constl cosf K cosS Q i j

2 D L , ~4!

wherel is the overlap intergral,f the Mn-O-Mn bond angle,
and Q i j the angle between two Mn spins. Different expe
mental probes affect different terms in this expression, e
Q i j is affected by magnetic fields andf andl by pressure.
The independence ofaO on field~at least at 35% Ca! suggest
that isotopic substitution affectsf and possiblyl. It is,
therefore, not unexpected that the pressure dependence
decreases drastically between 20 and 40 % Ca.21
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A. Bussmann-Holder. This research was supported by gr
from the Natural Sciences and Engineering Research Cou
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