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High-pressure experiments on the RNiO3 perovskites with smaller rare-earth R3+ ions complete our study of
the crossover from itinerant to localized e-electron behavior associated with the low-spin Ni�III� : t6e1 ion. By
measuring second-sintered samples in a multianvil module, we have observed a clear anomaly of ��T� at TIM

and obtained the pressure dependence of TIM for the RNiO3 �R=Eu, Y, Lu� that are different from the published
data supporting a charge-ordering model. Instead, they are comparable to that for the orbital-ordering insulator
LaMnO3. Our distinct results show clearly that where the crossover is approached from the localized-electron
side by increasing the orbital overlap integral, a cooperative Jahn-Teller distortion prevents charge transfer
from molecular e orbitals on strongly bonded NiO6/2 clusters to more weakly bonded Ni�III� centers. However,
where the crossover is approached from the itinerant-electron side as in the perovskite CaFeO3, a dispropor-
tionation charge transfer may occur. In a separate experiment in which the powder samples were pressed in a
Bridgman anvil device without a pressure medium, we have shown after releasing pressure that the samples
were reduced. This irreversible effect should be distinguished from the hydrostatic-pressure effect on the
physical properties of the RNiO3 perovskites.
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I. INTRODUCTION

The perovskite family RNiO3 provides an opportunity to
study the transition from itinerant to localized 3d-electron
behavior1 in a system with �180°−�� Ni-O-Ni interactions
where a single electron per Ni�III� in a low-spin state t6e1

occupies, in cubic site symmetry, a twofold-degenerate or-
bital in which the orbital angular momentum is quenched.
Moreover, it is instructive to contrast the behavior of the e
electrons in the RNiO3 family with those in the perovskites
CaFeO3 and LaMnO3 since high-spin octahedral-site Fe�IV�
and Mn�III� each also have a single e electron in a t3e1 mani-
fold but in the presence of a localized spin S=3 /2 from the t3

electrons.
The end member LaNiO3 of the RNiO3 family is rhom-

bohedral R3̄c; this structure does not lift the e-orbital degen-
eracy, and LaNiO3 remains metallic with an enhanced Pauli
paramagnetism to lowest temperature.2 In this compound, the
covalent component of the Ni-O bonding is strong enough
that the interactions of the �-bonding ligand-field e orbitals
across the bridging oxygen make the e electrons occupy a
narrow �� band of itinerant electron states. However, as
shown in Fig. 1�a�, the orthorhombic Pbnm members of the
RNiO3 family3 exhibit an insulator-conductor transition at a
TIM that increases with decreasing ionic radius �IR� of the
R3+ ion from Pr to Gd. The insulator phase becomes antifer-
romagnetic below a Néel temperature TN that increases with
increasing IR until it intersects TIM in the Sm1−xNdxNiO3
system. A first-order expansion of the lattice occurs on either

traversing the R3̄c to Pbnm transition or crossing the metal-
lic to insulator phase within the Pbnm structure3; but on
cooling through the TIM�TN transition temperature, no
anomaly could be detected in the Curie-Weiss paramagnet-
ism of the Sm0.5Nd0.5NiO3 sample.2 Under hydrostatic pres-
sure, the TIM=TN of PrNiO3 decreases dramatically and van-
ishes through a first-order transition to a quantum-critical-
point phase.4

The insulator phase below TIM is monoclinic P2I /n with
two distinguishable Ni sites, one with a shorter and the other
with a longer mean Ni-O bond length.5,6 This observation led
to the assumption that a charge disproportionation
2Ni�III�=Ni3−�+Ni3+�, i.e., a negative-U charge-density
wave, sets in below TIM. Such a disproportionation
reaction would be analogous to the reaction 2Fe�IV�
=Fe�III�+Fe�V� occurring in CaFeO3 below a TIM�240 K
that has been conclusively demonstrated by a neutron-
diffraction study.7 However, structural studies of the RNiO3
with smaller IR have shown a large Jahn-Teller �JT� distor-
tion of the larger Ni site below TIM characteristic of a local-
ized e electron on Ni�III� : t6e1; no such distortion would be
expected at a Ni�II� : t6e2 or a Ni�IV� : t6e0 site. Thus, it ap-
pears that the e electrons of the Ni�III� in the RNiO3 with
smaller IR remain localized to a site but there is a displace-
ment of the oxygen that distinguishes the covalent bonding
with the e orbitals on the two Ni�III�O6/2 sites.8

In contrast to orthorhombic CaFeO3, which is metallic
above its TIM,9 orthorhombic LaMnO3 is a polaronic
conductor10 in its high-temperature phase and undergoes a
cooperative Jahn-Teller distortion of the Mn�III� sites below
a TJT�TN.11 Figure 1�b� shows the phase diagram for the
RMnO3 family to illustrate that the transition temperatures in
the two opposite end members, LuNiO3 and LaMnO3, are
similar. From the transitions in CaFeO3 and LaMnO3, we see
that the disproportionation reaction removes the orbital de-
generacy of a narrow �� band of e-orbital parentage whereas
a cooperative Jahn-Teller distortion removes the e-orbital de-
generacy of localized electrons.

In a recent report, Mazin et al.12 have put forward a
model, based on high-pressure transport data for LuNiO3,
that a disproportionation, or charge ordering �CO�, is more
favorable than the cooperative Jahn-Teller distortion, or or-
bital ordering �OO�, in “an intermediate phase between a
strongly localized and an itinerant regime.” Their data, how-
ever, do not show whether ��T� has an anomaly at TIM and
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how TIM is suppressed under pressure; these data are critical
to distinguish the CO insulator from the OO insulator below
TIM. Suppressing the first-order insulator-to-metal transition
requires a rather high pressure; 32 GPa in the OO insulator
LaMnO3.13 In contrast, the CO phase is better described as a
band insulator below TIM, and one should then observe under
pressure “a semiconducting behavior with the gap smoothly
going to zero and disappearing at the transition.”12 However,
testing these two models on the perovskite nickelates turns
out to be not so easy because of some chemical issues.

The synthesis of chemically stoichiometric RNiO3 re-
quires high oxygen pressure. A 200 bar oxygen pressure
achieved in a high-pressure gas furnace is sufficient to syn-
thesize the RNiO3 members for R=La to Eu. Hard-pellet
samples obtained directly from the high-oxygen-pressure
synthesis can be used to measure transport properties. How-
ever, for compounds with a smaller IR, a high-pressure syn-
thesis above 2 GPa with a solid-state pressure medium must
be used.14,15 In this case, the starting materials are mixed
with an oxygen-releasing agent, e.g., KClO4, and sealed in a
Au or Pt crucible before being loaded into a press. A high-
purity perovskite phase can be obtained by grinding the high-
pressure product and washing with diluted acid and water.
However, it is difficult to make dense pellets for the mea-
surement of transport properties since sintering at high tem-
peratures is accompanied by loss of oxygen. Therefore, dif-
ferential scanning calorimetry �DSC� has been used to
monitor the TIM transition temperature in these as-made pow-
der samples. Since the temperature of the DSC anomaly
matches well that of the sharp transition of ��T� at TIM for
SmNiO3,14,16 the anomaly from the DSC has been used to
track TIM versus IR over the whole phase diagram shown in
Fig. 1�a�. Three questions remain open for the nickelates
with a smaller IR: �1� does ��T� change abruptly at TIM? �2�
How does ��T� below TIM change with pressure? �3� How
does TIM change with pressure? One more factor needed to
be considered in designing experiments at high temperatures
is oxygen stoichiometry in the sample, which may change
during the measurement.

Mazin et al.12 measured the temperature dependence of
the resistance on a powder sample LuNiO3 in a diamond-
anvil cell �DAC� below room temperature. They have shown
in Fig. 3�a� of their paper a peculiar behavior of R�T� versus
pressure below 300 K. At 2.7 GPa, for example, R�T� under-
goes a broad maximum at a Tmax that increases with pressure
until it saturates at P�5 GPa. With the same technique, an

apparent gradual closing of an energy gap was also reported
for EuNiO3 under pressure.17 However, no such behavior has
been seen in the ��T� versus pressure data for RNiO3
�R=Sm0.5Nd0.5 with TIM�TN and R=Nd, Pr with TIM=TN�
where a well-defined TIM decreases monotonically with
pressure.18 Since TIM at atmospheric pressure changes
smoothly as a function of IR between EuNiO3 and SmNiO3,
we were motivated to check whether a gradual closing of an
energy gap does, in fact, occur under an applied pressure.

II. EXPERIMENT

Powder samples of RNiO3 �R=Eu, Y, Lu� were prepared
under high pressure and high temperature. The detailed pro-
cedure can be found in previous publications.14,15 In order to
obtain highly dense pellets, the powder samples were sin-
tered again at 4 GPa oxygen pressure and 900 °C for 20
min. In this sinter, the sample pellets and KClO4 sealed in a
Au crucible were separated by a thin layer of Y-stabilized
ZrO2 so that oxygen can penetrate through the ZrO2 barrier
while KCl remains separated from the sample. X-ray powder
diffraction shows that the samples after the second sintering
have the same lattice parameters as that from the first sinter-
ing. Thermoelectric power, S, is extremely sensitive to the
chemical stoichiometry for insulator samples and is not in-
fluenced by the contact issue at grain boundaries. All the
as-made samples and the second-sintering samples show
S�−300 �V /K at room temperature, which is consistent
with an insulator ground state for these nickelates. We have
carried out both the second sintering and R�T� measurements
under high pressure and high temperature �HPHT� in a
Walker-type multianvil module �Rockland Research� that is
placed in a 500-Ton hydraulic press. The assembly for R�T�
measurements is shown in Fig. 2; it has a quasifour-probe
configuration. This configuration can get rid of any contribu-
tion from the leads but it still includes the contact resistance
between the sample and leads. However, the contact resis-
tance is on the order of a couple of ohms and is reduced
significantly under pressure. It is negligible in comparison
with the R�T� from high-resistance samples such as the
RNiO3 perovskites in this study. The TIM for the RNiO3
samples and the TJT from LaMnO3 obtained with this method
are consistent with those obtained with DSC or a standard
four-probe resistance measurement at ambient pressure.
Since the sample is not protected with a Au crucible in the
R�T� measurement under HPHT, chemical stoichometry may

(a) (b)

FIG. 1. �Color online� Phase diagram of two
perovskite families �a� RNiO3 and �b� RMnO3.
Lines through data points are guides to the eyes.
The phase boundary between the Pbnm phase

and the R3̄c phase in �a� is based on the data in
Ref. 34.
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have been changed during the measurement. We have
checked the samples recovered after the measurement by
x-ray diffraction �XRD� and by a thermoelectric-power mea-
surement. The lattice parameters from XRD in Fig. 3 show
no noticeable change and the absolute value of S shown be-
low is only slightly reduced. We have found that the hexago-
nal BN sleeve plays a critical role to keep the sample’s oxy-
gen stoichiometry. This soft material is used to provide
quasihydrostatic pressure around the sample. Therefore, the
sample recovered after the measurement up to 10 GPa has
exactly the same shape it had when it was loaded. As we
discuss below, nonhydrostatic pressure creates some shear
stress that causes a serious problem for the chemistry of the
nickelates. The resistivity measurements at ambient pressure
were made with a standard four-probe method and the ther-
moelectric power measurements were performed in a home-
made apparatus.

III. RESULTS AND DISCUSSION

The temperature dependences of resistivity of the RNiO3
�R=Eu, Y, Lu� samples shown in Fig. 4 reveal important
information about the transition at TIM for the RNiO3 family
with smaller IR. The major features are these: �1� the resis-
tivity indeed undergoes a dramatic change at TIM where the
DSC shows an anomaly; �2� the transition at TIM is not par-
ticularly sensitive to high pressure; TIM stays well above 500
K under 10 GPa for LuNiO3; �3� ��T� at T�TIM does not
behave as a typical metal but it approaches metallic behavior
under higher pressures; �4� ��T� increases dramatically be-
low TIM. In contrast, the transition at TIM reported by Mazin
et al.12 cannot be defined from their measurements of R�T�
under different pressures. According to their phase diagram,
the metallic phase should extend to room temperature at 10
GPa for LuNiO3. Before discussing the implications of our
data, we have to clarify a critical issue, viz., why samples
coming from the same source �CSIC� show different behav-
ior in the different high-pressure measurements.

The second sintering made at UT Austin was performed to
make a well-sintered and dense pellet but it does not alter the

crystal structure and chemistry as mentioned in the experi-
mental part. Moreover, a sample recovered from the ��T�
under HPHT does not show any change in the crystal struc-
ture and has only a slightly reduced thermoelectric power,
which signals that the high-temperature behavior of ��T�
shown in Fig. 4 is the intrinsic property of RNiO3. In the
report by Mazin et al.,12 what happens to the sample after
releasing pressure has not been mentioned. A diamond-anvil
cell was used in their work for measuring the resistivity un-
der pressure. No pressure medium has been specified in the
report. We have performed the following experiments to test
what happens to the nickelate under a strong uniaxial pres-
sure. As shown in the inset of Fig. 5, the powder samples
were placed in a hole drilled in a hard cardboard as a gasket
that was loaded between two tungsten carbide �WC� anvils
of 1.2 cm diameter. The loading force to 20 tons generates
about 0.5 GPa, an average pressure between anvils; but the
pressure at the central location can reach to about 2 GPa. The
pellets recovered from the pressing had good mechanical
strength. The XRD peaks of the hard pellets shown in Fig. 3
are broadened a little relative to that of the powder samples
before pressing. However, the thermoelectric power from the
pellets, YNiO3 in Fig. 5�a� for example, is significantly lower

FIG. 2. �Color online� Schematic drawing of the configuration
for a resistivity measurement under high temperature and high pres-
sure in a multianvil module.
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FIG. 3. �Color online� X-ray powder diffraction data for samples
made by different procedures. CP stands for cold pressing. Numbers
on the left-hand side inside the plot are the FWHM for the �111�
diffraction. All data are given together with the results of a Rietveld
refinement by using the Pbnm space group. The monoclinic distor-
tion is extremely small at room temperature. Refinements of the
XRD data with P2 /n and Pbnm do not result in any difference.
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than that of the original powder samples. We have done the
same experiment on all other samples of RNiO3 from R
=Pr to Lu. NdNiO3 of Fig. 5�a� is a typical example for the
RNiO3 with larger IR. These samples all have a relatively
small absolute value of S regardless of a metallic phase or an
insulator phase, and they exhibit no anomaly in S�T� at TIM.
The cold-pressed sample of YNiO3 in Fig. 5�b� also shows a
less dramatic temperature-dependent resistance below TIM
than the sample after the second sintering. As checked by the
magnetic susceptibility, TN from these cold-pressed samples,
however, shows more or less no change relative to that from
the as-made samples. A significantly reduced absolute value
of S from the cold-pressed samples indicates that the sample
is doped with more charge carriers after the cold pressing.
Thermogravimetric analysis was used to verify this conjec-
ture. As shown in Fig. 6, the overall weight loss during de-
composition to R2O3 and nickel metal is nearly the same for
both an as-made sample and a cold-pressed sample. But the
detail of how the weight changes as a function of tempera-
ture differs quite a lot between the two samples. The decom-
position temperature of the cold-pressed sample is lower by
over 100 °C, which is indicative of a much smaller grain
size in the sample. The sample begins to lose oxygen upon
heating from room temperature. The oxygen loss at such a
low temperature must be from the grain boundaries, which is
why the cold-pressed sample is slightly electron doped. This
result is highly consistent with the change in S from −300 to
−50 �V /K between these two samples. The chemical sto-
ichiometry in these cold-pressed samples can be restored by
performing the second sintering under high oxygen pressure.
High-quality transport data showing low resistivity in the
conductive phase and an extremely sharp transition at TIM
from both ��T� and S�T� have been obtained, respectively, on
these cold-pressed and reannealed samples.2,4,17 It has also
been found that high-pressure measurements made in a large-

volume, liquid-filled chamber in a piston-cylinder device do
not alter the doped state in the nickelates. In the case of the
DAC, the final gap between anvils is very tiny for
P�10 GPa. In this case, the sample may make contact with
the two anvils and become subject to some uniaxial pressure
even where the chamber is filled with some pressure me-
dium. A good example to show this uniaxial pressure effect
in a DAC is from a comparison between two high-pressure
experiments on BaFe2As2;19 one was done with a modified
Bridgman device and the other with a cubic multianvil mod-
ule. The onset of superconductivity in BaFe2As2 is extremely
sensitive to uniaxial pressure along the c axis. A
c-axis-oriented flake of the crystal placed in the Bridgman
device shows superconductivity at a much lower pressure Pc
than that used in a multianvil module. Our experience in
handling nickelates samples is that the sample’s chemistry is
not altered only if the sample recovered from a high-pressure
experiment has exactly the same shape as it had before load-
ing into the pressure chamber.

The influence on ��T� and TN by doping charge carriers
into RNiO3 perovskites has been studied independently by
two groups; one group20,21 used chemical substitutions and
the other group22 changed the oxygen stoichiometry.
Whereas TIM shows almost no change, the resistivity below
TIM in the NdNiO3−� sample was reduced dramatically as �
increased,22 which is precisely what we have observed in the
cold-pressed samples. We have concluded that pressing at
room temperature under uniaxial pressure creates fine-size
grains in which part of the lattice oxygen are converted into
peroxide surface species at the grain boundaries to make the
sample slightly electron doped at room temperature. By mea-
suring these slightly reduced samples at ambient pressure,
we can reproduce the essential features in results reported by
Mazin et al.12

After clarifying that the true pressure effect on the physi-
cal properties of the nickelates can only be obtained if the

FIG. 4. �Color online� Temperature depen-
dence of resistivity for RNiO3 �R=Eu, Y, Lu� and
LaMnO3. Transition temperatures at TIM and TJT

inside the figure are defined as illustrated in
LuNiO3 at 2 GPa.
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nickelate samples are measured under hydrostatic or quasi
hydrostatic pressure, we are in a position to discuss implica-
tions of our high-pressure results. For all perovskites RNiO3
from R=La to Lu, the resistivity of the phase at T�TIM is
relatively small with a weak temperature dependence. The
conductive phase above TIM shows an evolution from a well-
defined metal �Fermi-liquid behavior has been found at low
temperatures in LaNiO3 �Ref. 4�� for larger IR to a semicon-
ductor phase for smaller IR. The transition at TIM in LuNiO3
is an insulator-semiconductor transition like the transition at
TJT in LaMnO3. Moreover, the transition at TIM progressively
loses its sharpness and thermal hysteresis as the IR decreases
with TIM�TN. Also, as TIM�TN increases, the paramagnetic
susceptibility of the high-temperature phase exhibits a con-
tinuous evolution from the enhanced Pauli paramagnetism of
LaNiO3 to a Curie-Weiss ��T� for LuNiO3.2,23,24 In Fig. 7,
we have summarized the pressure dependence of TIM and
compared it to that of TJT for LaMnO3. The data showing the
evolution of dTIM /dP as a function of IR also divides the

phase diagram into two distinct groups; compositions with
smaller IR and TIM�TN show a TIM less sensitive to pressure
such as the TJT of LaMnO3 whereas those with TIM=TN have
a TIM that decreases much more steeply with pressure.18,25,26

The transition from itinerant-electron states in a narrow
�� band of width W� to localized e electrons occurs where
the on-site correlation energy U is U�W�. The thermally
driven d-electron transition in an oxide is normally first order
if it occurs at low temperatures. An ordered phase segrega-
tion may be manifest in a single-valent system as a clustering
into cation clusters or, in the case of transition-metal M at-
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oms in a perovskite structure, into alternating larger and
smaller MO6/2 sites as a result of cation-anion clustering.
There are two possibilities to characterize cation-anion clus-
ters. As the crossover is approached from the itinerant elec-
tron side, the on-site Coulomb energy U is relatively small
and is overcompensated by a gain of the bonding energy for
a charge-disproportionation reaction such as 2Fe�IV�
=Fe�III�+Fe�V� in CaFeO3. In this case, the transition of
��T� at Tt appears to be second order.9 But the most conclu-
sive evidence is from the structural data;7 FeO6/2 at both Fe
sites show a negligible bond-length splitting that is highly
consistent with non-JT active ions of Fe�III� : t3e2 and
Fe�V� : t3e0. The same structure has been reported in another
charge disproportionation perovskite BaBiO3.27 In contrast,
the phase segregation into the formation of MO6/2 sites con-
taining molecular e orbitals separated by M atoms containing
localized e electrons occurs as the crossover is approached
from the localized electron side.28 In this case, Jahn-Teller
distortions associated with the localized e orbitals and the
energy U raise the empty e orbitals on the localized-electron
sites above the occupied e orbitals on the molecular-orbital
sites, which prevents the charge disproportionation. A signifi-
cantly larger bond-length splitting5 than that due to the in-
trinsic site distortion found on the larger of two Ni sites in
the highly distorted RNiO3 is a key factor to attribute TIM to
the JT transition. As a matter of fact, structural data reported
by Mazin et al.12 also show clearly the JT distortions at Ni;1

the distortions remain to the highest pressure 8 GPa in that
study. In addition, the feature of ��T� at TIM and the pressure
dependence dTIM /dP are similar to the transition at TJT in
LaMnO3. Although LaMnO3 approaches crossover,29 it is not
close enough to crossover at atmospheric pressure to induce
a segregation into formation of MnO6/2 strongly bonded clus-
ters separated by a localized-electron Mn�III� ion. In the
RNiO3 family, there may be a crossover from a CO charge
transfer below TIM in Pr and Nd where crossover is ap-
proached from the itinerant-electron side but in the RNiO3
perovskites with an IR smaller than that of R=Eu, as is the
case for LuNiO3, the crossover is approached from the
localized-electron side. Moreover, a dTN /dP�0 found for
these nickelates with TN increasing as IR increases is funda-
mentally against a band-electron model.1 A d ln TN /dP
=3.3	10−2 GPa obtained for LuNiO3 �Ref. 11� and a simi-
lar value for other RNiO3 �Ref. 30� with TIM�TN, however,
can be well-justified quantitatively by the Bloch rule31 for an
antiferromagnetic insulator with the superexchange interac-
tion given the compressibility of nickelate obtained for
SmNiO3 �Ref. 32� and YNiO3.33

IV. CONCLUSION

The orthorhombic RNiO3 perovskites containing low-spin
Ni�III� : t6e1 ions are metastable at ambient pressure and pro-
vide an opportunity to study the transition from itinerant to
localized e electrons with IR of the rare-earth R3+ ions. Com-
parison of the properties of the orthorhombic RNiO3 com-
pounds with those of LaMnO3 and CaFeO3 is instructive
since the e electrons of the Mn�III� are localized and undergo
a cooperative Jahn-Teller distortion of the MnO6/2 sites at an
insulator-conductor transition at a TJT and CaFeO3 undergoes
a CO disproportionation reaction of the Fe�IV� below an
insulator-metal transition at a TIM. LaMnO3 approaches the
crossover to itinerant e-electron behavior and CaFeO3 ap-
proaches the crossover to localized e-electron behavior. As
for the nickelates, none of the features predicted for a CO
phase have been observed in our high-pressure experiments.
Instead, we have observed a well-defined TIM from the resis-
tivity measurements for the entire family. The pressure de-
pendence of TIM, however, divides the family into two
groups. For those RNiO3 with smaller IR, the behaviors of
��T� at TIM and dTIM /dP are similar to those found in
LaMnO3, which indicates clearly that localized e electrons
undergo a cooperative Jahn-Teller distortion but stronger
Ni-O bonding in alternate NiO6/2 octahedra creates molecu-
lar e orbitals within the more strongly bonded clusters as a
result of the approach to crossover to itinerant-electron be-
havior from the localized-electron side.

Our data and conclusions differ from those recently re-
ported for LuNiO3. We have shown that the bulk oxygen
stoichiometry does not change in our high-pressure experi-
ments, which were done under quasihydrostatic pressure. In
contrast, in the absence of a pressure medium, oxygen are
displaced from the bulk to the grain surfaces so as to dope
charge carriers to the bulk under strong uniaxial pressure,
which may contribute to the pressure-induced change in re-
sistance recently reported for LuNiO3.
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