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Oxygen-isotope effect on the charge-ordering transition of La_,Ca,MnO;
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The colossal-magnetoresistance compoungd @aMnO; shows a transition to commensurate charge or-
dering (MF*—Mn#*) for x=50%. In the rangex=42—-50 %, the high-temperature paramagnetic insulating
phase transforms first into a conducting ferromagnetic phase at the Curie temp@&atuaad at somewhat
lower temperaturd g into the charge-ordered phase. The oxygen isotope effeti.da small in this range,
ao=—dInTc/dinmg~0.14. In contrast to this, the charge-ordering transition shows a large and negative
isotope effect, i.e., the heavier mas¥@) favors charge ordering. At the border of the existence of the
charge-ordered phas&®O substitution can induce this transition in 30 sample that does not show this
transition. The effect can be reversed by back exchange. These results show the extreme mass dependence of
the charge-ordering transition in this systgi80163-1828)51510-X]

The perovskites of the series L.gCaMnO; exhibit a inside two identical gold tubegheight 5 mm, diameter 3
rich magnetic phase diagraht high temperatures, they are mm). Typical samples had masses of about 100 mg. The
paramagnetic. At low temperatures, both antiferromagnetisamples were then gas exchanged at 950 °C for 60 h in either
and ferromagnetic phases have been observed. The ferré®0, or 80,. The 80 concentration was determined from
magnetic phase can be both insulatifay x<<20%), or me- the weight change to be near 90%5%). Back exchanging
tallic (20%<x<45%). At higher calcium concentration, %0 was also carried out at 950 °C and was effective in re-
0.5<x<1, the ground state is antiferromagnetisF) and  storing the®0O concentration in 60 h.
nonmetallic. Measurement of specific heat and sound veloc- We measured the dc magnetization of the samples using a
ity as a function of temperature and calcium concentratiorsuperconducting quantum interference device magnetometer.
showed that, for a certain range below=50%), approxi- A magnetic field of 50 G was applied at room temperature
mately in the range 42—-50 %, both the paramagnetic to ferand the sample was cooled down to 5 K. Measurements were
romagnetic conducting transition and, at lower temperatureiaken while warming up to room temperature. In some cases
the charge-ordering transition occutTEM electron diffrac-  where hysteretic behavior is expected, measurements were
tion spectra indicated the appearance of superlattices as &ken on both cooling and warming. Higher magnetic fields
evidence of charge ordering in the AF phdse., the real- were also used to study the antiferromagnetic behavior.
space ordering of the 1:1 MH/Mn*" species. The exact In Fig. 1(a) we show the results for=41%. In this case
extent of this region depends on making conditions and i®nly the transition to the ferromagnetic conducting phase is
very sensitive to the MA" concentration. seen. We observe an isotope shift of the Curie temperature

Strong lattice effects have been observed in tl@isd T of 6.1 K. This shift gives an oxygen isotope exponent
other relateficompounds, e.g., in the transport properties. Aag= — AInTc/Alnmg of 0.191. The 80 sample has the
very large isotope effect has been obsefvied x=10% and lower T¢, so theag is positive.

20%, i.e., in the ferromagnetic insulating phase, and at the Forx=42%, Fig. 1b), we see in the'®0 sample only a
border towards conducting ferromagnetism. In the presentery minute indication of the charge-ordering transition.
work we present results of a study of the isotope effect in theSubstitution of'®0 by 180 produces a very pronounced peak
system La_,CaMnO; in the calcium concentration range at the transition to the antiferromagnetic charge-ordered state
where both the ferromagnetic conducting and the chargenearT=212 K, followed by the ferromagnetic transition at
ordered phases are present. higher temperatures. The results show the quite surprising

Powder samples of La,CaMnO; were prepared fol- fact that the charge-ordered phase can be produced by simple
lowing the method of standard solid-state reaction, usingsotopic substitution. Back exchange witfO completely
high-purity metal oxides and carbonates that were preheata@stored the originat®O result, i.e., the charge-ordered phase
and dried. Lanthanum oxide (L#&s, purity 99.999% was is eliminated. Since charge ordering occurs at higher tem-
preheated at 800 °C, calcium carbonate (CgC@urity  peratures, we see that the isotope effect on this transition is
99.99% at 125 °C, and manganese oxide (Mn(purity  negative, i.e., the heavier oxygen mass favors charge order-
99.999% at 350 °C. Such a low preheating temperature foring.
manganese oxide ensured the absence of®nwhich ex- At higher temperatures we see the ferromagnetic transi-
ists at elevated preheating temperatute4000 °Q. tion. The isotope effect in this transition was estimated by

The stoichiometric mixture for each concentrationvas ~ comparing normalized magnetization for tH© and the'®0
fired in air at 1200 °C for 38 h with two intermediate grind- samples. Since the maximum magnitude of the magnetiza-
ings. X-ray-diffraction analysis was carried out at room tem-tion for the 80 sample can be assumed to be close to the
perature after each firing stage and did not show any foreigraturation value, we use this as the normalization level for
phases. The resulting powder was ground again and packede 80 sample. This is shown in Fig(t). We find a shift
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La; _,CaMnO;. (a) x=0.41,(b) x=0.42,(c) x=0.43.

AT of about 5.7 K giving anag for Tc of 0.189. The
exponent is positive, i.e., th#0 sample has the lower Curie
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temperature.

i.e., aco= —AInTco/Alnmg, one findsaco=—0.41. The
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S 06 1 FIG. 2. Molar susceptibility forx=0.42, measured in a mag-
3 netic fieldH,,=50 G for samples with different isotopic oxygen.
041 . The sample with!®0 showed lower susceptibility at all tempera-
Lag 55 Cag 4o MNO, % tures. Higher values of the susceptibility were recovered by back
021 ] exchange'®O to 0 (solid triangles.
0.0
©) sample. This matching was observed at all temperatures be-
i 1 tween 5 and 300 K, as indicated in Fig. 2.
08l N | In order to investigate the nature of the dual transition
% o observed in the calcium concentration range41%, we
00000 . . . . .
s osf °°°°°°°°°°°°°°ooc,0°°oooommm,&9° 1 measured the magnetization in a field of 50 G on cooling and
~ S . .
= 180 warming int hex=42% sample. The measurements were
04r q 1 carried out for both the'®0 and the'®0 samples and the
ol Lagy s, Cag,, MNO, | results are shown in Fi_g._3. Both isotopic samples experi-
enced hysteresis, but it is more pronounced for tfi®
00 - — s oo S sample. Figure @) presents the results for tHO sample.
Temperature (K) We first see that the paramagnetic to ferromagnetic transition
is second order. This is inferred from the fact that the cooling
FIG. 1. Normalized magnetic moment in 50 G for and warming curves merge together before the transition is

completed, at about 230 K. Then we see a large difference in

the magnitude of the magnetization and the transition tem-

perature, between the cooling and warming cases. In the
warming case, the charge-ordering transition takes place at

215 K, and the maximum value for the magnetization in this
Figure Xc) presents the results for a calcium concentracase is 0.52 emu. On the other hand, if the sample is mea-
tion of 43%. In this case, both the antiferromagnetic chargesured on cooling, the charge-ordering transition does not take
ordering transition and the ferromagnetic transition areplace until the temperature is lowered to about 175 K, and
present in the'®0 and the'®0 samples. The charge-ordering for this case, the magnetization is about 0.65 emu, 25%
transition is near 203 K for thé&°0 sample, and at 213 K for higher than the value for the warming procedure. The two
the 180 sample. The effect is, therefore, again negative, i.e.curves merge again at 90 K and yield a single curve down to
the heavier mass induces charge ordering at a higher tend-K. This hysteretic behavior implies that the charge order-
perature. If one expresses this also as an isotope exponeing, antiferromagnetic transition is first order. We also no-

ticed that the value of the equilibrium magnetization at 5 K

ferromagnetic Curie temperature, on the other hand, showshen the sample is measured while being slowly cooled
only a small temperature shifdTc~4.4 K, leading to a down, is less than its value when the temperature is brought
down to 5 K, and then measured while being warmed up.

positive ag of about 0.14.

We estimated the molar susceptibility, in the case of cal-

In Fig. 3b), we present similar results for the sample

cium concentratiorx=42%, for the three different oxygen containing the lighter oxygen isotop&%0. There is only a

situations: %0, 80, and back exchangetfO to %0, at a

small hysteretic behavior on cooling and warming. The

temperature of 5 K. In the first case, for which the samplecharge-ordering transition is absent when the sample is mea-

has %0, the molar susceptibility was about 15 efgatuss/
mole). A much smaller value was obtained for th€O

sured on warming. A weak evidence of that transition exists
at a temperature of 140 K on cooling. The value of the mag-

sample; about 7.8 emglauss/mole Back exchanging the netization &5 K did not change much in this case between
heavy oxygen isotope’®O to €0, restored not only the fast and slow cooling, and remained close to 0.7 emu.
functional temperature dependence of the susceptibility, but Studies of similar compounds, e.g., Cu0,>® showed

also increased its value & K to match the value for thé®0

that the anomalies in

the temperature dependgiit@ mea-
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o7 TABLE |. Oxygen isotope dependence on calcium doping in

La;_,CaMnO;.
0°%0,  Cooling (@)
06 | [ o
g o ° x Te(**0) Te(*O) ATc  ao ra t
1 o “‘f Hopp=50G 035 2707 2617 9 029 1353 0.9710
EOA 3 A L, 0.41 273.6 267.5 6.1 0.191 1.352 0.9740
K P o : 0.42 257.3 251.6 5.7 0.189 1.352 0.9747
so3} PreeeaeeaR?l 0 0.43 260.3 255.9 44 0144 1351 0.9749
Warming
02 | @
01} Lao,55C20.42MNO; state occurs at=0.5. In this case, the Mii/Mn** relative
concentration is 1:1 and the charge-ordered phase is robust.
on ' ' : ' — As x deviates from 0.5, the carrier concentration departs
. from commensurability and becomes more incommensurable
07 [eemneatanaeaanogge000** %0000, Cooling (b) with decreasingx. Robustness reaches its minimum at
06 | o T 2220 =0.42 where the isotopic substitutiot®0 to %0) is ca-
Warming ‘.0 pable of quenching the charge-ordered phase. Such quench-
,5°~5 I ¢ ing of the phase, from charge ordering to metallic ferromag-
Soat Q netism, has been previously carried out using external
s o 250G magnetic field up to 1,78 in similar perovskites.
03 %P A second interesting result is the small positive oxygen
02 | . isotope effect of the ferromagnetic Curie temperature. More
Lag 55Ca0.4,MNO; " extensive results over the whole ferromagnetic conducting
0.1 range by the authotdave shown that the isotope exponent
0 . . . . L %wan, ao decreases over this range, and is essentially a function of
0 50 100 150 200 250 300 the tolerance factor
Temperature (K)
FIG. 3. Magnetic moment fox=0.42 on cooling and warming _ i Fatro 1)
for samples containing different oxygen isotop@s; %0, (b) 0. J2 retro’
Hysteretic behavior is observed at the charge-ordering transition,
but is more prominent in thé®0 sample. Here,r , is the average radius of thesite (La or C3, rg is

that of theB site (Mn3* or Mn*"), andr, is that of oxygen.

sured in low magnetic field<100 G is determined not only @o becomes small as the tolerance factor approaches 1, i.e.,
by the amount of nonstoichiometric oxygen but also by theas the distortion from the ideal perovskite structure becomes
distribution of nonstoichiometric oxygen in the orthorhombic small. Materials that exhibit relatively low show strong
crystal lattice. This means that oxygen inhomogeneities recolossal magnetoresistance. They are ferromagnetic metals,
sult in a phase separation into an oxygen-depleted AFMIominated by the double exchange mechan{®&). No
phase and an oxygen-enriched metallic phase. Thisharge ordering may occur in this range since charge order-
might explain the two-stage transition in {3CaMnO;, ing inhibits the electron transfer process associated with DE
0.41<x<0.5. At the boundaries of this region the compoundand therefore cannot coexist with ferromagnetism in manga-
single phase is either FM for=0.41 or insulating AFM for  nites. The compound lga<Ca,3MnO; exemplifies such
x=0.5. Whenx increases from 0.41, the compound phasematerials. At largert, materials in this region do not
separates into a minor AFM phase that coexists with thexhibit ferromagnetism. For example, the compound
dominant FM phase. The AFM phase is characterized byl 7Ca sMnO; becomes charge ordered at 200 K and anti-
Neéel transition temperatur&, , while the FM phase is char- ferromagnetic upon further cooling to 140’Kor an inter-
acterized by Curie transition temperatiig. In this caseT, ~ mediate range of, a ferromagnetic metallic state similar to
is slightly less tharT. The result is a superposition of two that seen in strong colossal-magnetoresistance materials
temperature dependencies of magnetization for which th&ransforms to an antiferromagnetic, charge-ordered insulat-
signatures of the two transitions are evidgfigs. 1b) and  ing state. NgsStsMnO 3 is an examplé.
1(0)]. We calculated the tolerance factor for the compound

Our results show a strong mass dependence of the charged; -xCaMnO; in the range 0.4$x<0.43. Theresults are
ordering transition. The heavier mass favors charge orderingresented in Table | along with averagg andrg. Values
It appears, therefore, that thermal motion is unfavorable, agbtained forx=0.35 are shown for comparison. The ionic
might be expected. It is, however, quite unexpected that theadii that have been used are those of Shahiorthe 12-fold
rather small mass change from 16 to 18 for the oxygen siteoordination for theA atom, and 6-fold coordination for the
can induce this transition in a sample where it did not previ-B atom. These values angLa®")=1.36, r(Ca")=1.34,
ously exist. Moreover, the robustness of the charge-orderedMn3*)=0.645, andr(Mn**)=0.53. Forr(0?") we used
state is affected by the commensurability of the charged.40. Charge conservation implies that the“¥iconcentra-
carrier concentration with the periodicity of the crystal lat- tion is equal tox for oxygen contents €, Our measure-
tice. In the lanthanum manganites, a fully commensuratenents showed that the isotope exponent decreases monotoni-



RAPID COMMUNICATIONS

57 OXYGEN-ISOTOPE EFFECT ON THE CHARGE. . R5605

cally with increasing. The effect of calcium doping is more transition to lattice phonons. In the three cases that have been

prominent on the tolerance factor than on the averagite  studied, the isotope exponemg, is positive for the paramag-

atomic radius. netic transition and negative for the charge-ordering one. We
In conclusion, we measured the isotope effect on the magalso found that the isotope exponent decreases with increas-

netic transition of the perovskite ka,CaMnO; for calcium  ing the tolerance factor. This shows that the relative magni-

concentratiorx=0.41, 0.42, and 0.43. A gradual transition tudes of the MaA—O—Mn bonds and bond ang|es p|ay an
from the ferromagnetic phase to the charge-ordered phasgportant role in the transition dynamics.

was observed at low temperatures. At a concentratior of
=0.42, isotopic substitutioR®O to %0 was able to induce a  This research was supported by grants from the National
charge-ordered phase. This indicates the sensitivity of th&cience and Engineering Research Council of Canada.
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