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The detailed behavior of the phase transitions was mapped out for the series RNiO; as a function of
the rare earth (R). A sharp insulator-metal transition is observed, which depends strongly on R. For
small R it occurs at a higher temperature than the antiferromagnetic ordering (measured by muon-
spin relaxation). By increasing either the temperature or the size of R, an insulator-metal transition is
observed, most probably caused by the closing of the charge-transfer gap, induced by an increase in

the electronic bandwidth.

The discovery of superconductivity at high tempera-
tures in a number of oxides' ~3 has caused a revival of in-
terest in oxides in general. Before the discovery of super-
conductivity in these materials, perhaps their most in-
teresting property was the insulator-metal transition* ™%
as exhibited by Tiy03;, V03, and VO,, for example.
Theoretical discussions of these transitions were generally
based on the closing of the Mott-Hubbard gap which was
present because of strong Coulomb correlations. Interpre-
tation of these transitions, however, was complicated by
the fact that there were simultaneous changes in the elec-
tronic, magnetic, and structural properties and it is still
difficult to identify which is the cause and which is the
effect. More recently, Zaanen, Sawatzky, and Allen®
(ZSA) have developed-a general framework for oxides (as
well as sulfides, chlorides, etc.), which has been recently
shown'? to be able to account for the differences between
metallic and insulating conductivity for a wide variety of
oxides. According to the ZSA picture, there are two gen-
eral types of gaps possible: the Mott-Hubbard gap due to
the Coulomb correlation energy U and the charge-transfer
gap associated with an energy A. Associated with these
two types of possible gaps, there are two types of insula-
tors: Mott insulators (where the smallest gap is associat-
ed with U) and charge-transfer insulators (where the
smallest gap is associated with A). Accordingly, we could
expect two types of insulator-metal transitions: when the
Mott-Hubbard gap closes (as attributed* % to Ti,0s,
V,03, and VO,); and when the charge-transfer gap closes,
as we conclude in this paper happens in RNiO;. In addi-
tion to introducing a new type of insulator-metal transi-
tion, this work provides solid experimental data on the
electronic energies in RNiO;. Such information is funda-
mental to the assumptions underlying theoretical models
for oxides, which should perhaps first concentrate on un-
derstanding such basic transitions before attempting to
explain the relatively subtle mechanism of high-tem-
perature superconductivity.

45

Metallic conductivity was observed'' in LaNiOs,
whereas LuNiO; and YNiO; appeared '? insulating based
on magnetic susceptibility measurements, which suggest-
ed antiferromagnetic ordering at Tn =130 and 145 K, re-
spectively. Very recently, insulator-metal transitions were
discovered in the Sm,'> Nd,'*'* and Pr (Ref. 13) com-
pounds, as shown in Fig. 1(a), in which the transition tem-
perature strongly decreased with increasing size of the
rare-earth ion. Associated with this insulator-metal tran-
sition, a small discontinuous decrease in the unit-cell
volume is observed'>' and shown in Fig. 1(b). This con-
traction has been attributed'® to the onset of electronic
delocalization in the metallic state. In the case of the Pr
and Nd compounds, the Ni spins are observed to be mag-
netically ordered'® at low temperatures, with an unusual
antiferromagnetic structure,'® which disappears at the
insulator-metal transition. In this paper, we report a sys-
tematic study of the insulator-metal and magnetic-phase
transitions in the RNiOj series, including new data for the
Eu and Sm compounds as well as for some solid solutions
between those of Sm, Nd, Pr, and La, in order to map out
the behavior of these phase transitions, so that we can
better understand their inter-relationships and physical
origins.

The difficulty of preparing'?~'# compounds in the series
RNIiQO; increases severely as the radius of the rare earth
decreases. We finally succeeded in preparing ceramic pel-
lets of EuNiQj3 by reacting the oxides at 1000 °C under an
oxygen pressure of 200 bars for 3 days. The solid solu-
tions Sm; - Nd,NiO; and Nd,-,La,NiO; were readily
prepared from the corresponding oxides (under usual con-
ditions'?) and exhibited the expected smooth variation of
their lattice constants. We have found that differential
scanning calorimetry (DSC) can be used to measure the
insulator-metal transition and is more convenient for tran-
sitions above room temperature. The transition tempera-
tures'’ determined from the endothermic DSC peak cor-
responded well with those from resistivity measurements.
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FIG. 1. (a) The resistivity of La-, Pr-, Nd-, and SmNiO3

showing their insulator-metal transitions [after Lacorre eral.
(Ref. 13)]; (b) the temperature dependence of the unit-cell
volume for Pr-, Nd-, and SmNiQOj; showing the extra contraction
occurring upon entering the metallic state [after Garcia-Muiioz
etal. (Ref. 15)]; and (c) the paramagnetic fraction as deter-
mined from muon *-spin-rotation experiments, which drops sud-
denly at the antiferromagnetic ordering temperature.

In order to study the relation between the magnetic-
ordering temperatures and the insulator-metal transition,
we have carried out positive muon-spin relaxation
(u*SR) experiments at TRIUMF on several members of
this series. From these experiments, one can determine'®
the volume fraction of the sample that is paramagnetic,
which is shown as a function of temperature in Fig. 1(c)
for the Pr, Nd, Sm, and Eu compounds. (The large back-
ground for EuNiO; occurred because the small sample al-
lowed ~40% of the muon beam to be stopped in the sub-
strate.) Similar data are obtained for the solid solutions.
The initial drop in the paramagnetic fraction measures the
antiferromagnetic ordering temperature, 7. The temper-
atures'’ (135 and 195 K) found for the Pr and Nd com-
pounds are in excellent agreement with those from con-
ductivity'> and neutron measurements of the change in
lattice constants.'>'> In sharp contrast, the antiferromag-
netic transition temperatures (225 and 205 K) found for
the Sm and Eu compounds are dramatically lower than
those found (at 400 and 480 K) for their respective
insulator-metal transitions.

The general phase diagram for the series RNiOj is

shown in Fig. 2, where the observed transition tempera-
tures are plotted as a function of the tolerance factor, t,
where 1=(dg.0)/V2(dni-o). As discussed below, the
variation of ¢ in Fig. 2 for the series RNiOj; is caused by
changes in the size of the rare-earth ion: increasing size
gives rise to increasing ¢. Concentrating first on the con-
ductivity behavior, the insulator-metal transition tempera-
tures found by Lacorre etal.'* are shown as large open
squares in Fig. 2, along with the data point (large trian-
gle) for metallic'' LaNiO;. The data reported here for
EuNiOj3 and the solid solutions Sm;-,Nd,NiO; and
Nd, —La,NiO; are plotted as the large open circles in
Fig. 2. The data for the solid solution Pr;-.La,NiO;
(not shown) fall near the same curve. The magnetic tran-
sitions from u *SR measurements are also plotted in Fig.
2 as the small solid circles, together with earlier 12.13 data.

It is evident from Fig. 2 that the transitions observed in
RNiOj; form a coherent pattern as a function of the toler-
ance factor (1). These transitions separate three distinct
regimes: an antiferromagnetic insulator, a paramagnetic
insulator, and a metal. These three regimes of this ma-
terials system are all found in SmNIiOQ;, for example. At
room temperature, it is a paramagnetic insulator, but
loses its paramagnetism below 225 K [Fig. 1(c)] as it
enters the antiferromagnetic phase.'” Above 400 K it
loses its insulating character [Fig. 1(a)] as it crosses the
insulator-metal transition into the metallic phase. At low
temperatures, the Ni spins in NdNiO3 (and PrNiO3) are
also antiferromagnetically ordered, but with increasing
temperature this order disappears before the expected Ty
because the electrons become delocalized at the (low)
insulator-metal transition. The insulating and metallic re-
gimes in Fig. 2 are separated by a well-defined boundary
or transition, the temperature of which decreases almost
linearly with ¢ (or rare-earth radius). On the other hand,
the magnetic-phase boundary rises as ¢ increases, until it
reaches the insulator-metal transition, beyond which the
antiferromagnetic order appears not to persist.

The GdFeOj structure of the RNiO3 compounds'>'? is
shown schematically in the inset of Fig. 2. Regular NiO¢
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FIG. 2. Insulator-metal-antiferromagnetic phase diagram for
RNiO; as a function of the tolerance factor and (equivalently)
the ionic radius of the rare earth (R).
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octahedra share corners to form a three-dimensional ar-
ray, with the R ions occupying the space in between these
octahedra. For our purposes, the most important feature
of this structure is the Ni-O-Ni bond angle, 6, since the
electronic bandwidth and the magnetic exchange interac-
tion are closely related?® to cosf. This angle is generally
less than 180° because of the orthorhombic distortion,
which is conventionally discussed*2""?? in terms of the
tolerance factor, ¢, defined above. If the rare-earth ion
were large enough to give ¢ =1, the rare-earth-oxygen
bond lengths (dgr.o) and nickel-oxygen bond lengths
(dni-o) would be compatible with the ideal cubic
perovskite structure, i.e., the structure in Fig. 2 with no
distortion and with the Ni-O-Ni bond angle 6=180°.
Since the rare earths are too small to satisfy this criterion,
the structure becomes distorted as the NiOg octahedra tilt
and rotate in order to fill the extra space otherwise present
around the rare-earth ion.

Examining the series RNiOj in Fig. 2, as the size of the
rare earth and hence the tolerance factor (¢) increase, the
orthorhombic distortion decreases.?> At the same time
the bent Ni-O-Ni bond angle 6 gradually straightens out.
Quantitatively, as the rare-earth size increases from Ho
(Ref. 12) (+=0.880) to Sm (Ref. 13) (¢=0.906) to Pr
(Ref. 13) (1=0.923) to La (Ref. 15) (1 =0.940), the Ni-
O-Ni bond angle increases gradually from 151.7 to 152.6°
to 158.7° to 165.2°. In addition, as the temperature is in-
creased, this angle also tends to straighten out (probably
driven by entropy). This effect has been measured in the
case of PrNiO; by Huang et al.,?* who found that @ in-
creases by ~—1.5° between 300 and 673 K. It should be
emphasized that the behavior of 6 as a function of r and T
is a general, steric feature of these structures and is also
present in other distorted perovskite systems,? for exam-
ple, RAIO;. In these structures, increasing ¢t and/or T
also increases the M -O-M angle, for M =Al, Fe, etc.

This gradual variation in @ over the space of Fig. 2 is
not significantly complicated by structural changes occur-
ring at the insulator-metal transition. A careful neutron
structure examination'>'> of this transition in PrNiO;
and NdNiOj; found no change in lattice symmetry and no
evidence of superlattices. Hence, the only structural
change at the transition appears to be the very small
(~0.2%) change in unit cell volume, which can be quan-
titatively accounted for'® by a decrease in the Ni-O bond
length of 0.0035 A, presumably induced by electronic
delocalization (“metallic bonding”). These small changes
are in contrast with the larger ones found in the widely
studied*~® V,0; system, where there is a 3.5% change in
volume at the insulator-metal transition and a change in
lattice symmetry from monoclinic to trigonal. This latter
insulator-metal transition is thus complicated by the
significant role played by structural changes in driving the
transition. In contrast, in the RNiOj series, there are only
relatively small changes in unit-cell volume, which are in-
duced by the insulator-metal transition.

The space spanned in Fig. 2 thus contains a range of
tolerance factor and temperature over which there is a
gradual and continuous variation of 6 and hence of the
electronic bandwidth: an ideal system for systematic
studies of electronic properties. The general behavior of
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the RNiO3 compounds in Fig. 2 can be reasonably under-
stood as follows: as the tolerance factor and/or the tem-
perature increase, the bandwidth increases and the com-
pounds become more metallic. In fact, they become more
metallic at an abrupt insulator-metal phase transition.
The magnetic-ordering temperature is also expected to in-
crease as the bandwidth increases: hence its rise with in-
creasing tolerance factor in Fig. 2.

As mentioned in the introduction, corresponding to the
two types of insulators in the ZSA framework® (Mott-
Hubbard and charge-transfer), there are expected to be
two types of insulator-metal transitions. The identifi-
cation of the physical mechanism of the transition in the
RNiO; system is taken from a broad study'o of
transition-metal oxides that uses the ZSA framework and
a simple ionic model in order to estimate the relevant en-
ergies. In this comparison of 76 oxide compounds, there
appear boundaries which separate the insulators from the
metals. Furthermore, it identifies Ti,O;, V;0;, and
RTiO; (which each have an insulator-metal transition) as
lying near the boundary between metals and insulators
with small Coulomb correlation (U) gaps, in agreement
with the traditional interpretation.*™® The two systems
VO, and RNiO;, however, are shown'® to lie near the
insulator-metal boundary where the charge-transfer gaps
are small.

Our model for RNiO; is thus shown schematically in
Fig. 3. For small rare earths, the structure contains bent
Ni-O-Ni bonds, a lower bandwidth, and is insulating. The
gap is a charge-transfer gap between the occupied oxygen
2p valence band and the unoccupied Ni 3d conduction
band. The insulating ground state may be crudely viewed
as ionic, containing O%~ and Ni3* ions, with Ni** in a
low-spin state.'® As the bandwidth is increased, the
charge-transfer gap decreases, eventually going to zero, as
the valence and conduction bands overlap, giving rise to a
semimetallic state. In this low-A metal, the concept of
jonic Ni** and 02 loses its meaning, as unpaired elec-
trons occur on both types of sites. The fact that the band-
width may be increased by either increasing the tempera-
ture or the rare-earth size gives rise to the phase boundary
in Fig. 2. The data for small rare earths show separate
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FIG. 3. Schematic diagram of model for insulating and me-
tallic phases of RNiO;.
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magnetic and electronic transitions, allowing us to
separate the roles of the different effects.

Finally, we note that suggestions?® that low-energy
charge-transfer excitations might give rise to high-tem-
perature superconductivity make the anomalously low-A
system RNiO; especially attractive for further study.
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