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The observation of unusually large, positive and rare-earth depetf@ntO isotope shifts in the
metal-insulator transition temperatuf®,; of RNIO; perovskites is reportedATy; = +10.3 K).
The results clearly indicate that the mechanism of the transition involves a strong electron-lattice
interaction. A simple model based on the existence of Jahn-Teller polarons in a stoichiometric,
metallic, charge-transfer system is used to account for the evolutiod7af; along the series.
[S0031-9007(98)05540-9]

PACS numbers: 71.30.+h, 71.38. +i

Rare earth nickelates with the perovskite structureobserved in stoichiometric LaMngy belowT;t = 600 K
have several common characteristics with the homologuf’]. However, no anisotropy could be detected in the NiO
RMnO; series. From the technological point of view, octahedra neither above or beldy;; (the six Ni-O dis-
both systems display extremely unusual electronic anthnces differ only in a few thousands of A). This seems
magnetic properties which can be monotonously tunedo indicate that Jahn-Teller effect is either drastically re-
by changing the composition or by applying either highduced (maybe due to the more covalent character of Ni
pressures or magnetic fields. From a more fundamentaixides), dynamic in character, or simply nonexistent in
point of view, nickelates and manganites contaihtran-  Ni perovskites. However, as we pointed out before, the
sition metal Jahn-Teller (JT) ions with a single electronunusual magnetic structure reported for these compounds
in an orbitally degenerate ground statg, ¢! ands3,el  (they display a propagation vectér = (50 3) which is
for Mn3* and NP, respectively). A direct consequence unprecedented in an oxide with perovskite structure [2])
of this fact is that neither Ni nor Mr** display the strongly suggests the existence of an ordering otithe,
conventional antiferromagnetic ordering expected¥dr  andds..—, orbitals. If this orbital ordering actually exists,
ions in the perovskite structure. At least for manganitest should produce a small but significant distortion of the
[1] (and probably also for nickelates [2]), the observedNiOg octahedra, which will manifest by the appearance of
magnetic structure is due to the ordering of the - and  superstructure peaks witk = (%0 %) periodicity in the
ds;>— > e, orbitals which, below a given temperatufg:,  diffraction patterns. To be noted is that the unit cell asso-
are no longer degenerate due to spontaneous JT-induceihted with this propagation vector is 4 times larger than
distortions. Concerning transport properties, both seriethat observed in the metallic region. Thus, the metal-to-
display important differences; StoichiometrRNInOsy)  insulator transition will proceed through a gap opening in
manganites are very good insulators, whereas Ni petthe quarter-filled Nie,-O 2p o™ band which will displace
ovskites display a temperature-driven transition from ahe filled and empty states with respect to each other in a
“bad” insulator to a “bad” metal [3]. In the classification similar way as in a Peierls transition.
proposed by Zaanen, Sawatzky, and Allen [4], manganites Since up to now we could not find any evidence of purely
are believed to be Mott-Hubbard insulators, whereas nickauclear superstructure peaks in the insulating region [6],
elates are placed at the boundary separatingdometals we decided to try an alternative way to investigate the
(A is the charge-transfer energy) and charge-transfaole of the electron-lattice interaction as a possible motor
insulators. for the transition. For this purpose we synthesized two

Since temperature-driven metal-to-insulator transitionseries of nickelatesR( = Lay 1Pry9, Pr, Nd, Sm, and Eu),
are extremely rare in oxides, a great deal of work has beeone prepared using natural oxygen (99.76%) and the
done in order to understand the origin of this phenomenowther using the heavier isotop®. The influence of the O
in Ni perovskites [5]. The coincidence @f;; andTy for  mass in the metal-insulator temperature was explored using
PrNiO; and NdNiQ (Ty is the Néel temperature) first sug- both differential scanning calorimetry (DSC) and neutron
gested a magnetic origin for the transition. However, thigpowder diffraction.
possibility has been disregarded after recent studies on the The powder samples used in this work were prepared
magnetic behavior of the nickelates wilh; # Tn [6].  following the high pressure synthesis procedure described
An alternative, rather appealing possibility was a gap openin Ref. [3]. All compounds showed excellent crystallinity
ing done to a JT-induced distortion of the same kind of thafreflected by the narrow diffraction peaks observed in the

0031-900798/80(11)/2397(4)$15.00 © 1998 The American Physical Society 2397



VOLUME 80, NUMBER 11 PHYSICAL REVIEW LETTERS 16 MRcH 1998

x-ray and neutron diffraction experiments) and were freet+3.1, and +1.7 K for R = LayPry9, Pr, Nd, Sm, and
of impurities. The good sample quality was confirmed byEu is observed. A similar shiff= +8.2 K) has also
the small hysteresis observed @k (less than5°, see been measured in the case of Priiky means of neu-
Fig. 1). TheRNi'®0; andRNi'®0; series were prepared tron powder diffraction (see Fig. 2). To be noted is that
from the same batch of the starting material containinghe orthorhombic to rhombohedral structural transition dis-
natural O. They were subjected to the same thermagblayed by the nickelates at higher temperatures is not af-
treatment in closed ampoules, one contairlft@, and the  fected at all by the mass of the oxygen isotoffgr( =
other!80, gas. The exchange was carried outzt°C in 787 K for both PrNi{®0; and PrNI#0;), thus indicat-
an oxygen pressure ef1.2 bar, the'°0, and'®0, partial  ing that the observed isotope shift is a specific feature
pressures differing by less than 2%. After exchange, nof the metal-insulator transition. A final proof that the
evidence of decomposition was detected by x-ray anghange inTy; is due to the substitution dfO by '*0
neutron diffraction (at this pressure, nickelates start tavas obtained through oxygen back-exchahge — '°0
lose oxygen abové000 °C). The'®0 concentration was and!®0 — '30. Furthermore, the values of the Ni-O dis-
determined from weight measurements of the differentancesin;.o, the NFO-Ni superexchange anglésand the
isotope-enriched samples and in all cases was larger th&h content3 + 6 obtained from high resolution neutron
92(2)%. The total O contentwas in all caSes &, where diffraction indicate that, within the experimental accuracy
8 = 0.00(2). (+£0.0007 A, +0.1°, and +0.02 for dxi.0, A, and 8, re-
Several neutron powder diffraction experiments werespectively), no structural changes are induced by exchang-
performed at the Institut Laue Langevin (Grenoble). Theng the O isotope [9].
diffractometers used in this work were D1B (P&= The relative change of the metal-insulator temperature is
2.52 A) and the Swiss CRG instrument D1A [Ge(115), better described by the oxygen isotope exponent, defined as
A =191 A]. Several powder diffraction patterns were ap = —d InTy/dIn Mg (Mg is the O isotope mass). Its
recorded on D1B between 100 and 150 K (PfR and  value for the five nickelates is displayed in Fig. 3 together
PrNi'%03) in order to determine the temperature depenwith the values recently reported for the Curie temperature
dence of both the unit cell volume and the Ni magneticT¢ of hole-doped manganites [10]. To be noted is that,
moment. The measurements were performed by heatirglthough 7 is also an insulator to metal transition, the
at a constant rate d.1 K/min. Additional high reso- mechanism of the electronic localization has, in this case,
lution patterns were recorded on D1A to investigate thea magnetic origin (the double exchange mechanism is
eventual structural changes associated with the isotopioelieved to favor the stabilization of a ferromagnetic
substitution. The data were analyzed with the Rietveldnetallic state below¢). This is a strong difference with
program FULLPROF [8]. DSC measurements were per- respect to Ni perovskites, where the magnetic and the
formed for the two sets dfO/!80 samples with a Perkin- electronic transitions are completely decoupled [6]. It is
Elmer DSC-4TADS system. The heatirigooling ratio  then not surprising to find completely opposite behaviors
was10 K/min. in both series of compounds: For nickel perovskitesjs
Figure 1 shows the DSC curves measured by heatingegative and increases in absolute value with the average
and by cooling for the two series of nickelaté8( and  radius of the rare earth iork.. For manganites, it is posi-
130). A sharp maximum/minimum indicating the occur- tive, and it decreases witky.. It is also worth stressing
rence of the metal-insulator transition is observed in althatag of Lag 1 PryoNiO; (= —0.79) is the largeshegative
cases (the difference between the endothermic and exotherxygen isotope exponent ever measured for any kind of
mic curves just reflects the first order character of thdransition temperature.
transition). For thé®0O-enriched sampled;y;; coincides The sign and the evolution of the isotope shift along the
with that previously reported for the same compoundshickelate series can be both qualitatively and quantitatively
containing natural O. For th&®0 samples, apositive understood using a simple model based on the concept of
isotope shifATy; = T — 1§ = 4103, +8.5, +7.6, the Jahn-Teller polaron. JT polarons were first introduced

8 —16g PMNIO, || — e NdNiO, || —¢o SmNIQ, || — 180 EuNiO,
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FIG. 1. DSC curves across the metal-insulator transition recorded by heating and by cooling (see arrows) for the two series of
nickelates O and'30).
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FIG. 2. Temperature dependence of (a) the unit cell volumdlestroying the QT distortion at the Ni sites_in a similar way
and (b) the Ni* magnetic moment acrosg,; for PrNi'60;  ase, electrons in Mn hole doped perovskites do.
and PrNI2O;. The main effect of JT polarons in the transport

properties is to reduce the bandwidth by means of
by Hock in 1983 [11], which defined them as the entitiesan exponential renormalization factor of the type
formed by the electron plus its induced JT distortionW = W, exp(—yEjr/hiw) [15]. Here W, is the bare
around it. In hole-doped manganites, where the chargbandwidth, E;r the Jahn-Teller energy [16)p is the
fluctuations correspond to electron transfers of the typérequency of the active Jahn-Teller mode(s), ands
Mn3*Mn** — Mn**Mn3*, JT polarons are believed to an increasing function ofZ;r/W whose value ranges
exist in the high temperature insulating phase [12] akhetween 0 and 1. Since is inversely proportional
a consequence of the motion of the JT distortion wheno the square root of the oxygen isotope mass, the
an e, electron is transferred from a Mh to a Mr**.  polaron-induced band narrowing can be modified by
The extension of this concept to stoichiometric nickelatesubstituting'®O by '*0. The sign of the expected shift of
depends basically on the two following points: first, on thethe metal-to-insulator temperature can be deduced from
adequacy of using the polaron concept in the metallic statthe following expression:
[in the insulating regionT < Ty1) we will assume the

existence of the statik = (%0 %) orbital ordering], and kgTvr = A — We exp(—yEsr/hw), @
second, on the possibility of defining JT polarons for an 2
undoped system. which just reflects the fact that, for a change-transfer insu-

Although polaronic effects are expected to be mucHator, the gap energ¥, (=kzTwmi) can be expressed in a
more pronounced in insulators than in metals, nickelatefirst approximation as the difference between the charge-
constitute a special case since they are intrinsically clostansfer energy and half of the bandwidth. Equation (1)
to the boundary separating the two regimes. Moreovepredicts a reduction of¥ by increasing the O isotope
the metallic state in these compounds is characterized byraass and consequently, a raise7af;. This is exactly
large value of the resistivity<0.4 and1.3 m{Q cm atroom what we observe in the nickelates studied in this work. In
temperature for PrNi©Qand NdNiQ, respectively, see the hole-doped manganites, the Curie temperafyrds pro-
works of Xuet al. and Cheongt al. cited in Ref. [5]), an  portional to W, exp(—yEr/liw), and, in consequence,
extremely low density of carrier®25 ¢~ /Ni atom [13]), the opposite behavior holds [10].

a large effective carrier mass$lgn, [14]), and a small dif- The evolution ofao along the series can be easily ex-
fusivity (3 X 1072 cm?/s [14]). The screening of the po- plained by using the dependence W§, with the struc-
laronic effects usually provided by conduction electronstural parameters. For values of the Ni-O-Ni superexchange
is then expected to be significantly smaller than in nor-angleé close to180° (as is the case in Ni perovskitedl;

mal metals. Concerning the definition of JT polarons, itis proportional to cos /dx;i o, Where¢ = (180° — 6)/2

is worth remembering that Ni perovskites are believed tas the tilting angle of the Ni@ octahedra [17]. Since
be charge-transfer insulators. Thus, the charge fluctua#ni.o is the same for all nickelates=1.94 A), the rele-
tions in the metallic regime (abov&) are expected to vant parameter in tuning the bare bandwidthd¢is Its
correspond to electron transfers between Ni and O sitegalue for the nickelates studied in this work ranges between
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cos¢. The straight lines correspond to the fits described in

the text.

10.98°(5) (Lag.Pryo) and 14.08°(5) (Eu), W, decreasing

In summary, we would like to stress that the results pre-
sented in this work constitute the first observation of large
(ATyv; = 10.3 K) °0-130 isotope effects (a) in a pure
(nonmagnetic) metal-insulator transition, (b) in a Ni-based
oxide family, and (c) in perfectly stoichiometric (no mixed-
valence) compounds. Moreover, they represent an impor-
tant advance in the understanding of the MI transition in
Ni perovskites since they clearly prove the dominant role
of the electron-lattice interaction as a driving force for the
transition. Also, the excellent agreement between the mea-
sured isotope shifts and a simple model based on the exis-
tence of Jahn-Teller polarons in a stoichiometric, metallic,
charge-transfer system gives strong qualitative and quanti-
tative support to the polaronic picture suggested for other
perovskite oxides containing Jahn-Teller transition metal
ions [10,12,20,21].
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