
VOLUME 80, NUMBER 11 P H Y S I C A L R E V I E W L E T T E R S 16 MARCH 1998

nd
ance

ice
ic,
Giant 16O-18O Isotope Effect on the Metal-Insulator Transition
of RNiO3 Perovskites (R 5 Rare Earth)
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The observation of unusually large, positive and rare-earth dependent16O-18O isotope shifts in the
metal-insulator transition temperatureTMI of RNIO3 perovskites is reportedsDTMI # 110.3 Kd.
The results clearly indicate that the mechanism of the transition involves a strong electron-latt
interaction. A simple model based on the existence of Jahn-Teller polarons in a stoichiometr
metallic, charge-transfer system is used to account for the evolution ofDTMI along the series.
[S0031-9007(98)05540-9]

PACS numbers: 71.30.+h, 71.38.+ i
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Rare earth nickelates with the perovskite structu
have several common characteristics with the homolog
RMnO3 series. From the technological point of view
both systems display extremely unusual electronic a
magnetic properties which can be monotonously tune
by changing the composition or by applying either hig
pressures or magnetic fields. From a more fundamen
point of view, nickelates and manganites contain3d tran-
sition metal Jahn-Teller (JT) ions with a single electro
in an orbitally degenerate ground state (t3

2ge1
g and t6

2ge1
g

for Mn31 and Ni31, respectively). A direct consequence
of this fact is that neither Ni31 nor Mn31 display the
conventional antiferromagnetic ordering expected for3d
ions in the perovskite structure. At least for manganite
[1] (and probably also for nickelates [2]), the observe
magnetic structure is due to the ordering of thedx22y2 and
d3z22r2 eg orbitals which, below a given temperatureTJT,
are no longer degenerate due to spontaneous JT-indu
distortions. Concerning transport properties, both seri
display important differences; Stoichiometric (RMnO3.00)
manganites are very good insulators, whereas Ni pe
ovskites display a temperature-driven transition from
“bad” insulator to a “bad” metal [3]. In the classification
proposed by Zaanen, Sawatzky, and Allen [4], manganit
are believed to be Mott-Hubbard insulators, whereas nic
elates are placed at the boundary separating low-D metals
(D is the charge-transfer energy) and charge-trans
insulators.

Since temperature-driven metal-to-insulator transition
are extremely rare in oxides, a great deal of work has be
done in order to understand the origin of this phenomen
in Ni perovskites [5]. The coincidence ofTMI andTN for
PrNiO3 and NdNiO3 (TN is the Néel temperature) first sug-
gested a magnetic origin for the transition. However, th
possibility has been disregarded after recent studies on
magnetic behavior of the nickelates withTMI fi TN [6].
An alternative, rather appealing possibility was a gap ope
ing done to a JT-induced distortion of the same kind of th
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observed in stoichiometric LaMnO3.00 belowTJT ø 600 K
[7]. However, no anisotropy could be detected in the NiO6

octahedra neither above or belowTMI (the six Ni-O dis-
tances differ only in a few thousands of Å). This seem
to indicate that Jahn-Teller effect is either drastically re
duced (maybe due to the more covalent character of
oxides), dynamic in character, or simply nonexistent i
Ni perovskites. However, as we pointed out before, th
unusual magnetic structure reported for these compoun
(they display a propagation vectork ­ s 1

2 0 1
2 d which is

unprecedented in an oxide with perovskite structure [2
strongly suggests the existence of an ordering of thedx22y2

andd3z22r2 orbitals. If this orbital ordering actually exists,
it should produce a small but significant distortion of the
NiO6 octahedra, which will manifest by the appearance o
superstructure peaks withk ­ s 1

2 0 1
2 d periodicity in the

diffraction patterns. To be noted is that the unit cell asso
ciated with this propagation vector is 4 times larger tha
that observed in the metallic region. Thus, the metal-to
insulator transition will proceed through a gap opening i
the quarter-filled Nieg-O 2p sp band which will displace
the filled and empty states with respect to each other in
similar way as in a Peierls transition.

Since up to now we could not find any evidence of purel
nuclear superstructure peaks in the insulating region [6
we decided to try an alternative way to investigate th
role of the electron-lattice interaction as a possible moto
for the transition. For this purpose we synthesized tw
series of nickelates (R ­ La0.1Pr0.9, Pr, Nd, Sm, and Eu),
one prepared using natural oxygen (99.76%16O) and the
other using the heavier isotope18O. The influence of the O
mass in the metal-insulator temperature was explored usi
both differential scanning calorimetry (DSC) and neutro
powder diffraction.

The powder samples used in this work were prepare
following the high pressure synthesis procedure describ
in Ref. [3]. All compounds showed excellent crystallinity
(reflected by the narrow diffraction peaks observed in th
© 1998 The American Physical Society 2397
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x-ray and neutron diffraction experiments) and were fre
of impurities. The good sample quality was confirmed b
the small hysteresis observed onTMI (less than5±, see
Fig. 1). TheRNi16O3 andRNi18O3 series were prepared
from the same batch of the starting material containin
natural O. They were subjected to the same therm
treatment in closed ampoules, one containing16O2 and the
other18O2 gas. The exchange was carried out at725 ±C in
an oxygen pressure ofø1.2 bar, the16O2 and18O2 partial
pressures differing by less than 2%. After exchange, n
evidence of decomposition was detected by x-ray an
neutron diffraction (at this pressure, nickelates start
lose oxygen above1000 ±C). The 18O concentration was
determined from weight measurements of the differe
isotope-enriched samples and in all cases was larger th
92(2)%. The total O content was in all cases3 1 d, where
d ­ 0.00s2d.

Several neutron powder diffraction experiments wer
performed at the Institut Laue Langevin (Grenoble). Th
diffractometers used in this work were D1B (PG, l ø
2.52 Å) and the Swiss CRG instrument D1A [Ge(115)
l ø 1.91 Å]. Several powder diffraction patterns were
recorded on D1B between 100 and 150 K (PrNi16O3 and
PrNi18O3) in order to determine the temperature depen
dence of both the unit cell volume and the Ni magnet
moment. The measurements were performed by heat
at a constant rate of0.1 Kymin. Additional high reso-
lution patterns were recorded on D1A to investigate th
eventual structural changes associated with the isoto
substitution. The data were analyzed with the Rietve
program FULLPROF [8]. DSC measurements were per
formed for the two sets of16Oy18O samples with a Perkin-
Elmer DSC-4yTADS system. The heatingycooling ratio
was10 Kymin.

Figure 1 shows the DSC curves measured by heati
and by cooling for the two series of nickelates (16O and
18O). A sharp maximum/minimum indicating the occur-
rence of the metal-insulator transition is observed in a
cases (the difference between the endothermic and exoth
mic curves just reflects the first order character of th
transition). For the16O-enriched samples,TMI coincides
with that previously reported for the same compound
containing natural O. For the18O samples, apositive
isotope shiftDTMI ­ T18

MI 2 T 16
MI ø 110.3, 18.5, 17.6,
eries of
FIG. 1. DSC curves across the metal-insulator transition recorded by heating and by cooling (see arrows) for the two s
nickelates (16O and18O).
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13.1, and 11.7 K for R ­ La0.1Pr0.9, Pr, Nd, Sm, and
Eu is observed. A similar shiftsø 18.2 Kd has also
been measured in the case of PrNiO3 by means of neu-
tron powder diffraction (see Fig. 2). To be noted is th
the orthorhombic to rhombohedral structural transition d
played by the nickelates at higher temperatures is not
fected at all by the mass of the oxygen isotope (TOR ­
787 K for both PrNi16O3 and PrNi18O3), thus indicat-
ing that the observed isotope shift is a specific featu
of the metal-insulator transition. A final proof that th
change inTMI is due to the substitution of16O by 18O
was obtained through oxygen back-exchange18O ! 16O
and16O ! 18O. Furthermore, the values of the Ni-O dis
tancesdNi-O, the Ni-O-Ni superexchange anglesu, and the
O content3 1 d obtained from high resolution neutron
diffraction indicate that, within the experimental accurac
(60.0007 Å, 60.1±, and 60.02 for dNi-O, u, and d, re-
spectively), no structural changes are induced by excha
ing the O isotope [9].

The relative change of the metal-insulator temperature
better described by the oxygen isotope exponent, define
aO ­ 2d ln TMIyd ln MO (MO is the O isotope mass). Its
value for the five nickelates is displayed in Fig. 3 togeth
with the values recently reported for the Curie temperatu
TC of hole-doped manganites [10]. To be noted is th
althoughTC is also an insulator to metal transition, th
mechanism of the electronic localization has, in this ca
a magnetic origin (the double exchange mechanism
believed to favor the stabilization of a ferromagnet
metallic state belowTC). This is a strong difference with
respect to Ni perovskites, where the magnetic and
electronic transitions are completely decoupled [6]. It
then not surprising to find completely opposite behavio
in both series of compounds: For nickel perovskites,aO is
negative and increases in absolute value with the aver
radius of the rare earth ionrRe. For manganites, it is posi-
tive, and it decreases withrRe. It is also worth stressing
thataO of La0.1Pr0.9NiO3 sø 20.79d is the largestnegative
oxygen isotope exponent ever measured for any kind
transition temperature.

The sign and the evolution of the isotope shift along t
nickelate series can be both qualitatively and quantitativ
understood using a simple model based on the concep
the Jahn-Teller polaron. JT polarons were first introduc
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FIG. 2. Temperature dependence of (a) the unit cell volum
and (b) the Ni31 magnetic moment acrossTMI for PrNi16O3
and PrNi18O3.

by Höck in 1983 [11], which defined them as the entitie
formed by the electron plus its induced JT distortio
around it. In hole-doped manganites, where the char
fluctuations correspond to electron transfers of the ty
Mn31Mn41 $ Mn41Mn31, JT polarons are believed to
exist in the high temperature insulating phase [12] a
a consequence of the motion of the JT distortion whe
an eg electron is transferred from a Mn31 to a Mn41.
The extension of this concept to stoichiometric nickelate
depends basically on the two following points: first, on th
adequacy of using the polaron concept in the metallic sta
[in the insulating regionsT , TMId we will assume the
existence of the statick ­ s 1

2 0 1
2 d orbital ordering], and

second, on the possibility of defining JT polarons for a
undoped system.

Although polaronic effects are expected to be muc
more pronounced in insulators than in metals, nickelat
constitute a special case since they are intrinsically clo
to the boundary separating the two regimes. Moreove
the metallic state in these compounds is characterized b
large value of the resistivity (ø0.4 and1.3 mV cm at room
temperature for PrNiO3 and NdNiO3, respectively, see the
works of Xuet al. and Cheonget al. cited in Ref. [5]), an
extremely low density of carriers (0.25 e2yNi atom [13]),
a large effective carrier mass (11me [14]), and a small dif-
fusivity (3 3 1022 cm2ys [14]). The screening of the po-
laronic effects usually provided by conduction electron
is then expected to be significantly smaller than in no
mal metals. Concerning the definition of JT polarons,
is worth remembering that Ni perovskites are believed
be charge-transfer insulators. Thus, the charge fluctu
tions in the metallic regime (aboveTMI) are expected to
correspond to electron transfers between Ni and O si
e
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FIG. 3. 16O-18O isotope coefficienta0 as a function of
the average radius of the rare earth ion for nickelates a
manganites.

sNi31O22 $ Ni21O12d. Since Ni21 is not a JT ion, JT
polarons will appear as a consequence of the suppress
of the JT distortion when ane2 moves from anO22 to a
Ni31. Conduction electrons will move through the lattic
destroying the JT distortion at the Ni sites in a similar wa
aseg electrons in Mn hole doped perovskites do.

The main effect of JT polarons in the transpo
properties is to reduce the bandwidth by means
an exponential renormalization factor of the typ
W ­ Wb exps2gEJTyh̄vd [15]. Here Wb is the bare
bandwidth, EJT the Jahn-Teller energy [16],v is the
frequency of the active Jahn-Teller mode(s), andg is
an increasing function ofEJTyW whose value ranges
between 0 and 1. Sincev is inversely proportional
to the square root of the oxygen isotope massMO, the
polaron-induced band narrowing can be modified b
substituting16O by 18O. The sign of the expected shift of
the metal-to-insulator temperature can be deduced fr
the following expression:

kBTMI ­ D 2
Wb

2
exps2gEJTyh̄vd , (1)

which just reflects the fact that, for a change-transfer ins
lator, the gap energyEg søkBTMId can be expressed in a
first approximation as the difference between the charg
transfer energyD and half of the bandwidth. Equation (1
predicts a reduction ofW by increasing the O isotope
mass and consequently, a raise ofTMI. This is exactly
what we observe in the nickelates studied in this work.
hole-doped manganites, the Curie temperatureTC is pro-
portional to Wb exps2gEJTyh̄vd, and, in consequence,
the opposite behavior holds [10].

The evolution ofaO along the series can be easily ex
plained by using the dependence ofWb with the struc-
tural parameters. For values of the Ni-O-Ni superexchan
angleu close to180± (as is the case in Ni perovskites),Wb

is proportional to cosfyd3.5
Ni-O, wheref ­ s180± 2 udy2

is the tilting angle of the NiO6 octahedra [17]. Since
dNi-O is the same for all nickelatessø1.94 Åd, the rele-
vant parameter in tuning the bare bandwidth isf. Its
value for the nickelates studied in this work ranges betwe
2399
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FIG. 4. Dependence of (a)TMI s16Od and (b) DTMI with
cosf. The straight lines correspond to the fits described
the text.

10.98±s5d sLa0.1Pr0.9d and 14.08±s5d sEud, Wb decreasing
in consequence along the series. One should note that
approach is not strictly valid when other parameters (a
for example, hole doping or compositional disorder) co
tribute to changeWb. In this sense,RNiO3 perovskites
constitute an ideal system since, due to their perfect O s
ichiometry, the variation ofWb is controlled only by the
distortion of the structure. By combining the expressio
of aO and Eq. (1) it is straightforward to obtain

aO ­ 2
WbgEJT

4h̄vD expsgEJT yh̄vd 2 2h̄vWb
. (2)

Since all variables in (2) are positive andWb increases
for larger rare earth ions,aO is negative and increases
in absolute value with the size of the rare earth io
Expression (2) is therefore able to explain the qualitati
behavior ofaO in nickel perovskites. An interesting poin
is that such a simple model also gives reasonable estima
of the different parameters involved in Eq. (1). In order t
show this, we have substitutedWb by Acos fyd3.5

Ni-O in (1)
(A is just a proportionality constant), and we have fitted th
observed dependence ofTMI with cosf for the two sets
of 16O and 18O samples. By takinḡhv16 ­ 80 meV (a
typical energy for O modes in perovskites [18]) andEJT ­
400 meV [16], we obtain a reasonable set of paramete
(D16 ­ 2.89 eV, D18 ­ 2.83 eV, Wby cosf ­ 8.53 eV,
g ­ 0.075) as well as the fits shown in Fig. 4. To be note
is the excellent agreement between the experiment and
calculation, as well as the fact that the values ofD16, D18,
andWb are of the same order of magnitude as previous
published estimates from spectroscopic techniques [19
2400
in

this
s,

n-

to-

n

n.
ve
t
tes
o

e

rs

d
the

ly
].

In summary, we would like to stress that the results pre
sented in this work constitute the first observation of larg
sDTMI # 10.3 Kd 16O-18O isotope effects (a) in a pure
(nonmagnetic) metal-insulator transition, (b) in a Ni-base
oxide family, and (c) in perfectly stoichiometric (no mixed-
valence) compounds. Moreover, they represent an impo
tant advance in the understanding of the MI transition i
Ni perovskites since they clearly prove the dominant rol
of the electron-lattice interaction as a driving force for the
transition. Also, the excellent agreement between the me
sured isotope shifts and a simple model based on the ex
tence of Jahn-Teller polarons in a stoichiometric, metallic
charge-transfer system gives strong qualitative and quan
tative support to the polaronic picture suggested for othe
perovskite oxides containing Jahn-Teller transition meta
ions [10,12,20,21].
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