PHYSICAL REVIEW B VOLUME 60, NUMBER 17 1 NOVEMBER 1999-I

Isotope and pressure effects in manganites: Important experimental constraints
on the physics of manganites
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The oxygen-isotope effect on the ferromagnetic transition temperatuteas been studied on the manga-
nites Lg ,CaMnO;,, as a function ofx. As x increases, both the oxygen-isotope exponegtand the
pressure-effect coefficieft=d In Tc/dP increase, reach a maximum at a composition near the metal-insulator
phase boundary,,, , and then decrease monotonically. Kgy;<x<0.33, the isotope exponent followag
=21.9 exp(-0.016T¢), which is simply proportional tg8. The present results demonstrate that the observed
oxygen-isotope effect is an intrinsic property of manganites, which arises from a strong electron-phonon
coupling.[S0163-182899)05138-3

The manganese-based perovskites LA,MnO; (where  CaCQ,. The well-ground mixture was heated in air at
A is a divalent elementhave recently been the subject of 1000 °C for 20 h, 1100°C for 20 h with one intermediate
intensive investigations. Although these materials have beegrinding. The powder samples were then pressed into pellets
studied for more than four decadesthe current burst of and sintered at 1260 °C for 72 h, and 1160 °C for 72 h with
activity was stimulated by the discovery of very largfeo- ~ one intermediate grinding. Two pieces were cut from the
lossal”) magnetoresistanc€CMR) in thin films of these Same pellet for oxygen-isotope diffusion. The diffusion was
compound$ The physics in manganites has primarily been¢@'ried out for 50 h at 1000°C ando oxygen pressure of about
described by the double-exchange mddeMillis, Littie- 1 bar. The cooling rate was 300 °C/h. The oxygen-isotope

wood, and Shraimdrhave pointed out, however, that double enrichment was determined from the weight changes of both

: 160 and *®0 samples. Thé®0 samples had-90% %0 and
exchange alone cannot fully explain the data Of~10% 160

La, xSrMnO;. They proposed that polaronic effects due 10 Fig|d-cooled magnetization was measured with a Quan-
strong electron-phonon couplifigrising from a strong Jahn-  tym Designed superconducting quantum interference device
Teller (JT) effect] should be involved. Many recent experi- magnetometer in a field of 5 mT. The samples were cooled
ments have provided strong evidence for the existence directly to 5 K, then warmed up to a temperature well below
polaronic charge carriers in manganités!® and thus Tc. After waiting for 5 min at that temperature, data were
strongly support these theoretical model¥’ collected upon warming to a temperature well abdye In

However, NagaeV has recently raised a serious criticism Fig- 1, we show the temperature dependence of the low-field
of these theoretical models. One of his major arguments i§*@gnetizationnormalized to the magnetization well below

- - ) for the 10 and 80 samples of La_,CaMnO; with x

that a large number of other ferromagnetic semiconductordc P A x-3MNYs

e =0.10 (a), x=0.25 (b), x=0.33(c), andx=0.40 (d). It is
also show a resistivity peak dic and CMR, but none of .evident that the ferromagnetic transition of the samples is

them exhibits a Jahn-Teller effect. The second argument Sharp, indicating a good sample quality. The oxygen-isotope

that th? observdedbglant ?xygen-llsottope (;ffeCtS n malf‘ga”g ift of Tc was determined from the differences between the
aré not caused Dy a strong €lectron-phonon coupling, idpoint temperatures on the transition curves of #i@

rather by an oxygen-mass dependence of excess oxygen. Thg4 185 samples. In all the cases, there are substantial
first argument is not sound since the microscopic meChanygen-isotope shifts of . . Forx=0.33, the isotope shift is

ni_sms for CMR are not necessarily universal, and a materialpout 10 K, which is in excellent agreement with our previ-
without a JT effect could have a strong electron-phonon cougs resylt®

pling (e.g., La_,SKNiO,). If the second argument were rel-  Figure 2 demonstrates how the magnetic transition of
evant, one would accept that the physics of manganites Wellga, (Ca, MnO;,, changes upon the oxygen-isotope ex-
not related to a strong electron-phonon interaction. Here wehange(a) and with the annealing temperatul®. It is strik-
show that the giant oxygen-isotope shiftf is an intrinsic  ing that upon replacing®0 with 20, the ferromagnetic tran-
property of manganites, and is not caused by the presence sition temperaturd - decreases by 21 K, while the magnetic
excess oxygen. The oxygen-isotope exponent is simply praransition has no significant change with the annealing tem-
portional to the pressure-effect coefficientl Tc/dP), and  peratureT, when T,=1000°C. This implies that thé®0
is a unique function off ¢ in the doping region of 0.20x  sample annealed at 1000 °C should have nearly the same
< 0.35. The present results thus demonstrate that the extreno&ygen content as the sample annealed at 1260 °C, and that
sensitivity of the electrical and magnetical properties to theboth samples should be almost stoichiometric according to
external pressure and to the oxygen-isotope mass is causBef. 20. This is justified by the fact that both the ferromag-
by a strong electron-phonon interaction. netic transition temperature<190 K) and the Curie-Weiss
Samples of La ,CaMnO; were prepared by conven- constant &200 K) in the present®0 sample are the same
tional solid-state reaction using dried @&, MnO,, and as those in the stoichiometric sample reported in Ref. 21. For
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the samples annealed below 1000 °C, it is possible that thet@ree times as large as thé&2.06 GPa') for x=0.33%°
exists excess oxygen and the amount depends on the anne8lmilarly, the oxygen-isotope exponemniy for x=0.20 is

ing temperature. Indeed, the. of the present'®0 sample 0.85 in the nonstoichiometric sampfEspr 1.0 in the sto-
increased by about 20 K after it was annealed for 40 h aichiometric samples, which is also about three times as large
950°C and in 1 bar oxygen pressure. as that -0.3) for x=0.33. This indicates that the oxygen-

It is clear that theT of the stoichiometric sample is isotope exponent is proportional to the pressure-effect coef-
lower, but the oxygen-isotope shift is the same as that of théicient. The observed unusually large pressure and isotope
nonstoichiometric sampf&. If the unusually large isotope effects nearxy,, may be related to the enhanced electron-
shift for this composition were caused by the excess oxygerphonon coupling near this composition, which has been dem-
one would expect that the oxygen-isotope exponent observeshstrated by Moritomo, Asamitsu, and Tokdra.
in the present samples should be smaller than that observed In order to quantitaively compare the pressure-effect co-
in the samples of Ref. 12. In fact, the oxygen-isotope expoefficient and the oxygen-isotope exponent, we plot, in Fig. 4,
nent ao=dInT:/In Mgy (where Mg is the oxygen-isotope the pressure-effect coefficiefffor a fixed x=0.3) and the
mas$ obtained in the present samples is about 1.0, which i®xygen-isotope exponent (6:%<0.33) as a function of
larger than that0.85 observed in the samples having excessT.. The data for the pressure effect were summarized in
oxygen!? Ref. 13, and the data faro were summarized in a review

The doping dependences of both oxygen-isotope exponeatticle?’ It is striking that the data can be well fit byg
andTc for the Ca-doped system are shown in Fig3Here  =4dInTc/dP=21.9exp-0.016T). Thus, the oxygen-

T¢ is defined as the midpoint temperature on the transitiorisotope exponent is simply proportional to the pressure-effect
curve, which would correspond to an average transition temeoefficient, and is a unique function @, for 0.2<x<0.33.
perature. The doping dependencelgfshown in Fig. 8a) is  Since the pressure effect is an intrinsic property of a material
similar to that reported in Ref. 22. Aroung;,;=0.18, there (no chemical composition is changed under a pregssueh

is a boundary between the metallic and insulating grounch simple proportionality betweedg andd In To/dP implies
states’ It is interesting to see that the oxygen-isotope expo+hat the observed oxygen-isotope effects must be intrinsic.
nent exhibits a local maximum neay,, . Our present results thus strongly argue against a specula-

In Fig. 3(b), we plot the doping dependence of thetion that the giant oxygen-isotope shift observed in
pressure-effect coefficient for the LaSLMnO;,, system  LagCéay 2Mn03+y is due to the presence of the excess
where the pressure effect has been studied for a wide dopiraxygen®®'® As a matter of fact, the compound
range. The data for=0.12 and 0.15 are taken from Ref. 23, (LaMn), 44405 has the largest access oxygen content, but its
and the others from Ref. 24. It is remarkable that theisotope effect is very similar to the compound
pressure-effect coefficient also shows a sharp maximum ne&m, s,Ca, 39MnO; having no excess oxygen and a similar
Xui - A similar doping dependence of the pressure-effect coT.*® Furthermore, the largest oxygen-isotope exponent
efficient was also found for La, Cax(Mnog>+y The mag- (~5) has been found for the compound
nitude ofdInTc/dP for x=0.21 is 0.18 GPal, which is  (Lag ,dNdy 790 -Ca MNO; where there is no excess oxygen
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content?® Such a larger, is due to the fact that this material FIG. 3. (a) The doping dependence of the oxygen-isotope expo-
has a very lowT, and a very large pressure effect. nentag and T in La;_,CaMnOg; (b) the doping dependence of

Now we try to understand why both oxygen-isotope ex-the pressure-effect coefficiegtin La; _,Sr,MnO;,.,. The data for
ponent and the pressure-effect coefficient decrease with in=0.12 and 0.15 are taken from Ref. 23, and the others from Ref.
creasing doping in the composition range of the metallic24-
ground state (02x<0.4). In this doping region, double
exchange plays a dominant role in the ferromagnetic ex-
change, so that the kinetic energy of charge carriers mainly
determine the ferromagnetic transition temperature. Becaus 2
of the strong polaronic nature of the charge carriers, the
change in the lattice vibration frequency either by the exter- =2 1
nal pressure or by the oxygen-isotope mass will strongly™
change the effective mass of the carriers and thus the double a_ |
exchange interaction. When doping increases, the electrong -
phonon coupling decreases due to an increased screening €
fect of charge carriers. As a result, ba#ly) andd In T/dP
should decrease. This could qualitatively explain the ob-
served results. Nevertheless, a more sophisticated theory i
needed to quantitatively explain the simple empirical rela-
tion: a¢p=21.9 exp-0.016T).

On the other hand, it is quite puzzling why bath and 8
decrease with a decrease of dopingXerxy,, . One possible
explanation is that at low doping, the double exchange inter- 0
action is much weaker than the ferromagnetic superex-
change, so thal is mainly determined by the ferromag-
netic superexchange which should be independent of the FiG. 4. The pressure-effect coefficiet (for a fixed x=0.3)
oxygen-isotope mass. The lower the Mrconcentration, the  and the oxygen-isotope exponerg (0.2<x<0.33) as a function
less the ferromagnetic exchange contributed from the doublef T, . The data for the pressure effect were summarized in Ref. 13,
exchange, and the smaller the oxygen-isotope shiftof and the data forg were summarized in a review artiRef. 27).
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In summary, our present results thus provide convincingelectron-phonon coupling dominates the basic physics of
evidence that the observed oxygen-isotope effects in mangasanganites. The microscopic mechanism of CMR in this
nites are intrinsic, which are caused by a strong electronmaterial should be also related to this interaction, as
phonon interaction. The extreme sensitivity of the electricaproposed.®
and magnetic properties of the Iol\= manganites to both
the external pressuitand the isotope mass’! manifests a This work was supported by the Swiss National Science
very strong polaronic effect. We believe that the strongFoundation.
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