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Oxygen-isotope effect of the paramagnetic-insulating to ferromagnetic-metallic transition
in La;_,Ca,MnO4
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The oxygen-isotope effect of the ferromagnetic transition in_LE&aMnO; was investigated fromx
=20% to x=43%. This is the range of the conducting ferromagnetic phase. We find dhat
—A In T,/A In mdecreases from 0.36 to 0.14 with increasing Ca concentration. A large vadie=di.83 was
found for x=20%, 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 fiellS0163-18208)06833-7

The perovskite compounds LaCaMnO; can be pre- dense pellet. This pellet was divided into two pieces, which
pared for the complete range of Ca concentratiossx&1  were treated in®0, or 180, (1 atm) in a parallel processing
and exhibit a rich magnetic phase diagrimFor Ca con-  System previously describél. The pellets were gas ex-
centrations in the rangex=20 to x=50%, the high- changed at 950°Q48 h), 1100 °C (48 h, and finally
temperature paramagnetic phase transforms into a lowt150 °C(48 h. This resulted in &% concentration of 82%
temperature metallic-ferromagnetic phase. Forin the  (by weighy. Magnetic, resistive, and Raman studies were
approximate range 42 to 50%, the ferromagnetic-metalli€arried out on this pair. Back exchange wifO, restored
phase transforms at lower temperatures into a charge order&f original transition. A second comparison pair at this cal-
antiferromagnetic insulatdrExtremely large magnetoresis- CiUM concentration was produced by gas-exchanging powder

tance is observed near the ferromagnetic transition, due AMPIes at 1000 °C for 60 h. Here a 90% concentration
the field dependence of the insulating to metallic V@S reached. Complete back exchange was possible at

transition>® The ferromagnetic transition is considered to be?20 OC(G.O h. For all other concentra:)tlons, the gas _ex_chang_e
due to double exchande® There have also been many ex- &S carried out on powders at 950 °C for 60 h, this is suffi-

perimental and theoretical suggestions of extremely Iarg&g'ent for powders to achiev&’O substitutions in the 90%

electron-phonon interactions in this system, these influenctN9¢-

the transport properties, and possibly also the transition Tr;e magnetic tI’E'inSIt.IOI’]S for both comparison pair at
temperaturd®=14 Jahn-Teller or magnetic polaron formation =35% are shown in Fig. 1. The transitions were observed

; fter field lingin 50 G. The t ition t ture for th
have been observéd® Very large oxygen-isotope effects ?65” 1€ ICOO Ing n € ra!nh3|f|10nbem?era ure orl N
were observed fax=10 and 20 %, and related to Jahn-Teller O Sample near 270 K agrees with the best literature values.
polaron formatiort? Magnetic transition temperature$ ) were obtained by ex-
In the present paper we present oxygen-isotope effeé{apolating the decreasing ferromagnetic part of the magne-

studies for Ca concentrations between 20 and 43 %, i.e., fdfzation to zero. This procedure in general leads f;dess

the whole range of the ferromagnetic-metallic phase. Thd"a Te(Rmay). A downward shift of 8.2(pelled and 8.5 K
oxygen-isotope exponenta, is defined by ao= (powde) is observed on*®O substitution, this gives an

—A InT,/AInmy, whereT, is the Curie temperature. The OXYgen-isotope exponent of 0.26elley and 0.27(powde.

most detailed investigations were carried out at a Ca concerl¥O adjustment for incomplet€0 subsntu;:% was applied.

tration of 35%. At this concentration, the magnetoresistancé'S S€en from Fig. 1, back exchange witfO restores the

is largest, and the Curie temperatiieclose to its maximum original transition, both for_ the pe!I(_et samples and the pow-

value. We observed the transition magnetically at 50 G and #€r samples. The magnetic transition of the pellet compari-

T, carried out resistance measurements in fields up to 4 1°N samples were also observed in 4 T. Isotopic shifts could

and observed the Raman spectrum as a function of temperHlOSt easily be identified in the remanent magnetization after

: N —0 1

ture from room temperature to 15 K. These investigationdi€!d cooling in 4 T.M =0 is reached at 262.1 K ).

were carried out on sintered polycrystalline pellets. At othe@Nd 254.8 K t%0), leading toAT =7.3 K andao=0.24.

Ca concentrationéncluding another 35% Ca paiwe inves- Resistivity measurements were carried out on the 35%

tigated the isotope effect on pressed powders since the use Bg!€ts; in fields of 0, 2, and 4 T. The resistivity shows the

powders facilitates the isotopic gas exchange. Here measuré€ll-known maximum af ¢, Fig. 2. AboveT., up to 400 K,

ments of the transition were carried out magnetically at 50 GWe were able to fit the conductivity to the small polaron
Samples of La ,CaMnO, x=35%, were prepared conduction expression of Emin and Holstéth:

from stoichiometric mixtures of L&, CaCQ, and MnQ. _ “n _

The mixtures were fired in air at 1100 and 1200 °C repeat- o=0ol "exp(~EalksT), @

edly, with regrinding between firings. A final firing in 1 atm wheren=1 for the adiabatic and= 1.5 for the nonadiabatic

of pure G, was carried out at 1200 °C, resulting in a fairly case?® We obtained the following values foE, and o
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FIG. 1. Ferromagnetic transition in a field of 50 @eld
cooled; black dots: %0, open circles:'®0, open squares!®O
samples back exchanged witfO. (a) sintered pellet sample$?0
concentration 82%. The resistive maximum positions in zero fiel
are indicated(b) Pressed powder samplé8D concentration 90%.

(nonadiabatic values in brackgt&,=89.4(103.0 meV for
180, E,=102.6(117.55 meV for ¥0, andoy=7.68<10°
(2.25x10") QO tem™t for %0, 0,=8.86x10° (3.65
x10°) Q1 ecm™? for 0. The %0 values are in excellent
agreement with data obtained by Jaigteal?° on a 30% Ca
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sputtered film.
The prefactoro is given by

wherea is an average hopping distan@dn-Mn), v, a typi-
cal optical phonon frequency, amglj~1 depends on the
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FIG. 2. Resistivity for the sintered pellet pakg,=35%. The
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FIG. 3. The relative resistive peak heigiR(T.) —R(350 K)]
/R(350 K) as a function of Curie temperatufg, Xc,= 35%.

hopping geometry. Witta=3.9 A, we obtaingqv,=1.61
X 10 Hz for %0 andgyv,=1.86x 10 Hz for 1%0.

Since the Curie temperatufig, is very close to the resis-
tivity maximum, one can use these data to obtain resistively

determined isotope effects for fields up to 4 T. In Fig. 1 we
have indicated the position of the resistive maximumin O T,
it is seen to be close to the onset of the magnetic transition,
Jor both the'®0 and'®0 samples. The resistively determined
shift is, therefore, very close to the magnetic shift. For higher

fields the resistive maximum moves rapidly to higher tem-

peratures, and broadens, Fig. 2. In spite of the broadening,
we can estimate the isotopic temperature shift within about
+1.5K (0 T) and*2.5 K (4 T). This leads to uncertainties

in ag of about=0.05. We find &0 T a (AT.)esOf 7.1 K,
a0=0.23, 42T a (AT es=9.40,20=0.28 and 84 T a
(AT.)es Of 8.5 K, a5=0.24. In a field 64 T the magneti-

zation at the resistive maximum is about 20% of the satura-
tion value at low temperatures. We see, therefore, no depen-
dence of the isotope exponent on field up to 4 T, within

)

experimental error.

Isotopic substitution of®0 does not only reducg&, but

it also sharpens the resistive peak. We describe the peak
sharpness by comparing it to the resistivity at 350 K,

given field is increased by 60% in thO substituted
samples, independent of field up to 4 T. As a function of

Resistivity (mQcm): 20

peak?!

transition temperaturé\ R/R35q is approximately a universal
curve, Fig. 3. The effect of isotopic substitution is, therefore,
qualitatively similar to that of an applied field, with the
smaller mass f0) corresponding to a larger field. Similar
behavior was also observed in the pressure effect, where
larger pressure increaség and broadens the resistivity

Raman scattering measurements identified two strong
oxygen related lines near 225 and 430 ¢mThe isotopic
frequency shift (at 0 K) of the 225cm? line is 8
+1cm 1=3.5%, and of the 430cnt line it is 21

+1cm 1=4.8%. For an®0 concentration of 82% we

isotopic shift was determined from the location of the resistivewould expect aharmoni¢ shift of 5.0%, which is close to
peaks. The isotope exponem, is essentially independent of field the 430 cmi?® line shift. The lower frequency line is appar-
ently hybridized with heavier iofMn) vibrations. Both lines

(see text
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TABLE I. Oxygen-isotope dependence of the paramagnetic to ferromagnetic conducting transition of
La;_,CaMnOs.

X T.(*%0) T.(*%0) AT,

(%) (K) (K) (K) ao (ra) t

20 222.7 202.0 20.7 0.83 1.356 0.9638
20% 200.8 192.8 8.0 0.34 1.356 0.9638
20° 243.0 229.5 135 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

8After 24 h in argon at 950 °C.
b24 h in O, (1 atm) at 1175 °C, oven cooled.

show considerable hardenirignd sharpeningwith falling  annealing temperature should lead to nearly, @ontent?®
temperature belowl,, 3.5 to 4.5% for the low frequency We achieved art®O content of 96%(by weighd, and ob-
line, and 1.3 to 1.4 % for the high frequency line. A similar served an isotope exponent of 0.48. The transition tempera-
hardening of about 3% was also observed in infrared activéures had increased and the transitions are sharp. We suspect,
lines at 330 and 550 cnt by Kim et al?? The Raman data therefore, that the large isotope exponents between 0.8 and
will be more fully discussed in a separate paper. 0.9 in 20% Ca samples refer to samples with oxygen excess.
In order to establish the dependence of the isotope effedtrom a study of the end member LaMgQ it was found®
on Ca concentration over the whole ferromagnetic conductthat an oxygen excess is accommodated in the structure
ing range, we prepared powder Samp|es at various other CoH]rOUgh VacanCie.S at the La and Mn sites. This will lead to
centrations. For these samples only the isotopic shift at loecally strongly distorted structures. Farlarger than 0.20,
fields was determined by magnetization measurements in 5/€ 0xygen content is close to the stoichiometric value 3.0,
G. For high Ca concentrationg=42%, we observe two S€€ Ref. 3. This is also ewqent from our resultxat0.35,
transitions, at high temperatures the transition to the ferrowhereT. andag are largely independent of heat treatment.
magnetic conducting phase and at somewhat lower tempera- Discussion of the properties of perovskite manganites are
tures to the charge-ordered insulating phase. Large isotogften carried out7|n terms of effective radii, in the form of the
shifts are seen in the charge-ordering transition, they will bdolerance factof!
reported in a separate papein contrast to this, the isotope i .
. . . . Calcium concentration (x)
shift of the ferromagneti@ . is quite small, withag near 0.1 0.2 03 04 05
in this range. At the low Ca concentration of 20% we find a 1.0 . . v
very large isotope exponent afy=0.83, in excellent agree-
ment with the data of Zhaet al!’ For a slightly largeix of .
22% Ca,aq drops to about 0.38 and then continues to fall 0.8 1
with increasing Ca concentration. These data are given in La, ,Ca, MnO,
Table I, and shown in Fig. 4, as function of Ca concentration
and tolerance factofsee below. 0.6 1
The results at the calcium concentration of 20% are o
clearly different from the trend seen at larger concentrations. 3 a
At 20% Ca, one lies at the border of the conducting and 0.4} 8
insulating-ferromagnetic phases. At this concentration, the
magnetic properties are very sensitive to the total oxygen
content?*?® In particular, annealing at the relatively low 02}
temperature of 950 °C in 1 atm of,an lead to excess
oxygen content above 3.0. In order to check this, we heated
this sample pair in pure argon at 950 °C for 24 h. We found 0 : :
that the magnetic transitions sharpened, Th&¢'°0) moved 0.96 Tol Ojiactor o 0-98
from 222.7 to 200.8 K, andvg was reduced to 0.34. This clerane
latter value is in line with those for larger calcium concen-  FIG. 4. The oxygen-isotope exponeng for La,_,CaMnOj; as
trations. A second identical argon treatment did not changeunction of tolerance factor, lower scale, and calcium concentra-
the data. tion x, upper scale. Black dots, gas exchanged at 950 °C. Black
A second comparison pair with 20% Ca was then presquare, heated in argon at 950 (2% h). Black triangle, heated in 1
pared, annealed for 24 h at 1175 °C and oven cooled. Thigtm G, at 1175 °C(24 h), oven cooled.
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comparisons are not always possible. The relative depen-
dence of(r,) andt on Ca concentration is, however, not
much affected by this. The isotope exponefyfas function

of the tolerance factor is shown in Fig. 4.

We find then that the isotope exponent over the Ca
ac_:oncentration that leads to the ferromagnetic metallic phase,
decreases from a relative high value near 0.36, to low values
near 0.1 as the Ca concentration, and the tolerance factor
increase. The averagesite ion size decreases in this range,
he dependence on Ca concentration is, therefore, opposite to
that seen in Ref. 17. In that work, however, no results inside
the ferromagnetic conducting range were given. An isotopic
shift of 9.7 K in the thermal expansion peak of
Lag s/Cay 3Ny 3 Was seen by Zhaet al3? in agreement

1
t:%«fA)‘Ho)/«rB)‘Ho), 3
where(r ») is the average radius of thesite ion(La or Ca
and(rg) of the B site ion(Mn) in the perovskite structure. It
was shown, e.g., that both the resistivity, transition temper
ture, and pressure effect can be described as a simple fun
tion of {r ) (Refs. 21, 28, and 29or given hole concentra-
tion. The tolerance factor relates to deviations from the ide
perovskite structure, which is obtainedtatl. The structure
is also stable fot<1 to about=0.75. In this case the MnO
polyhedra adjust themselves to a too snfatitom by rota-
tion and tilting. This, in, turn, leads to deviations of the Mn-

O-Mn angle from 180°, reducing the double exchange inter-_:
with our work.

action. The relation between tolerance factor and bond angle . .
. . ; 30 The observed isotope exponents show the strong lattice or
in perovskites was given by Sasaii al”™ The tolerance : o

phonon dependence of the ferromagnetic transition. The de-

factort is calculated by using average values f@randrg ! .
for the case of a mixture of La and Ca in thesite and MA* pendence on tolerance factor points towards an influence on
the double exchange mechanism. The tight-binding band-

and Mrf* in the B site. We use the ionic radii of Shandhin
12-fold coordination for theA atoms, and in 6-fold coordi-
nation for theB atom. These values arélLa’")=1.36 A,
r(Ce*)=1.34A, r(Mn®*")=0.645A, r(Mn*")=0.53A.
Forrowe use 1.40 A. For an oxygen formula content of 3.0
one finds the Mfi* concentration is equal t&. We have
calculated the tolerance factor over the range of our dat
froT x=20 to 43% under the assumption thatequals the
Mn**
averageA site ion size decreases by 0.34% and the aveBage
site ion size decreases by 4.44%. Both effects result in a
increase of the tolerance factor by 1.15%. The major effec

width is given by?°

il

2 L
where\ is the overlap intergrakp the Mn-O-Mn bond angle,
and ©;; the angle between two Mn spins. Different experi-
fhental probes affect different terms in this expression, e.g.,

0;; is affected by magnetic fields antland\ by pressure.

W=_const\ cos ¢< cos( (4)

concentration. With increasing Ca concentration, therpe independence af,, on field (at least at 35% Qasuggest

that isotopic substitution affectgy and possibly\. It is,
therefore, not unexpected that the pressure dependence also
liecreases drastically between 20 and 409%Ca.

ont, and therefore, the Mn-O-Mn angle, is the decrease in

the Mn-Q; polyhedra size; compared to this the changéin
site ion size is small.
The calculated averagk site ion size(r,), and the tol-
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A. Bussmann-Holder. This research was supported by grants

erance factor, are given in Table I. It should be remarked tharom the Natural Sciences and Engineering Research Council
different authors have used different ionic radii, so that direcbf Canada.
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