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Transition from Curie-Weiss to enhanced Pauli paramagnetism inRNiO3 „RÄLa,Pr,...Gd…
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High-oxygen-pressure annealing, cold pressing, and measurement of properties under pressure have been
used to reveal and to follow in the single-valent perovskitesRNiO3 (R5 lanthanide) a crossover from localized
to itinerant electronic behavior. Cold pressing proved critical for obtaining nearly intrinsic transport properties
such as electronic and thermal conductivity in polycrystalline samples not available as single crystals. Sup-
pression of the thermal conductivity in the crossover compositions NdNiO3 and PrNiO3 suggests cooperative
bond-length fluctuations in this region.
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The evolution of the physical properties at the crosso
from localized to itinerant electronic behavior in th
transition-metal perovskite-related oxides remains a fun
mental problem of solid-state physics. High-Tc superconduc-
tivity in the cuprates and a colossal magnetoresistance in
manganites are examples of the unusual properties tha
found in mixed-valent compounds at this crossover. T
RNiO3 (R5 lanthanide) perovskites provide an opportun
to study this crossover in a series of single-valent compou
where the transition occurs among electrons ins-bonding
orbitals and thep-bonding orbitals are filled.

LaNiO3 is metallic with an enhanced Pau
paramagnetism,1 and reducing the size of the lanthanide i
narrows the width of thes* conduction band so as to allow
entering the transition region from the itinerant-electron si
The compounds with Y andR5Sm to Lu are Curie-Weiss
paramagnetic insulators below a first-order insulator-m
transition temperatureTIM with a Néel temperatureTN

(,TIM) that increases progressively with the equilibriu
(R-O) bond length and hence with the tolerance factot
[(R-O)/&(Ni-O) ~Fig. 1!. This situation allows approach
ing the crossover from the localized-electron side also. In
crossover compositions withR5Sm12xNdx to Pr12xLax , TN
is defined by the first-order transition atTIM , which de-
creases with increasingt; this observation led to the sugge
tion that a Mott-Hubbard transition is occurring atTIM .2

However, the structure belowTIM is distorted from ortho-
rhombic Pbnm to monoclinic P21 /n in which the nearly
simple-cubic array of Ni atoms is split into two interpenetr
ing face-centered-cubic arrays with distinguishable NiI and
NiII atoms;3–5 the lower symmetry provides an addition
mechanism for splitting of the narrows* band belowTIM .
TEM, Raman scattering, and x-ray absorption spectrosc
have provided more precise structural information that sho
the structural change toP21 /n symmetry belowTIM extends
to NdNiO3 ,6,7 but the monoclinic distortion is small. From
the valence-bond sum model, a charge disproportionatio
the NiO3 array was deduced for theRNiO3 (R
5Ho,Y,...,Lu).3–5 Efforts have been given to understan
the unusual spin ordering found belowTN .8–10 On the other
hand, samples withTN,TIM exhibit aTN;cos2 u, whereu is
the NiuOuNi bond angle;11,12 this bond-angle dependenc
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is characteristic of superexchange interactions between lo
ized d-electron configurations, but it may not be compatib
with disproportionation in the NiO3 array. Localizedt6e1

configurations can be expected to introduce coopera
Jahn-Teller distortions that could have different characte
NiI and NiII atoms. Rodriguez-Carvajalet al.9 have rational-
ized the unusual spin ordering belowTN with different co-
operative Jahn-Teller distortions at the NiI and NiII atoms.

Only a small change in tolerance factor fromt'0.968 to
0.985 separates SmNiO3 and the composition whereTIM
falls to zero, yet there is a change from Curie-Weiss to
hanced Pauli paramagnetism across this interval. In this
per we probe how several physical properties change ac
this interval; and, by tuning thes* bandwidth with hydro-
static pressure, we demonstrate that SmNiO3 is located at the
threshold where the localized-electron superexchange m
fails. Measurements of the thermal conductivity have de
onstrated that phonons are strongly suppressed in the c
positions NdNiO3 and PrNiO3 of the crossover composi
tions.

The materials used in this work were synthesized unde
high oxygen pressure at the Northern Illinois Univers
~NIU! as in previous studies.13,14 As made, the samples ar

FIG. 1. Schematic phase diagram of theRNiO3 (R5La...Lu)
family. The shaded area is the two-phase region~see the text!. The
triangle symbol is for the oxygen isotope effect onTIM ~see the
text!, the diamond is for the lattice contribution of the thermal co
ductivity at 100 K. The circles are from Ref. 1, andTOR is from
Ref. 11.
©2003 The American Physical Society04-1
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highly porous and soft. In order to preserve the high che
cal quality while obtaining fully dense samples, a co
pressing procedure was developed at the University of Te
at Austin ~UTA!. In this procedure,RNiO3 powders were
reground and pressed into pellets. The pellets were t
placed in a 3-mm-diameter hole drilled in the center o
gasket made of a dense, strong cardboard and loaded
tween two tungsten-carbide~WC! anvils. The gasket was
subjected to an average pressure of 10 kbar, but on
sample at the gasket center pressures might have reach
high as 100 kbar as judged by viewing, after release of p
sure, a shallow dent made at the surface of the WC an
The surface of a thin cold-pressed sample has a met
shine and is harder than heat-treated carbon steel. These
were annealed at 1100 °C under 600-bar oxygen for 24
the NIU in order to let the grains grow. Samples that h
undergone this procedure had the identical transition t
peraturesTN and TIM obtained for the as-made sampl
shown in Fig. 1, but the transport properties were dram
cally improved. As shown in Fig. 2, the cold-pressed (C
3(LaNiO3) resistivity was three times lower than that of th
as-made LaNiO3 . In fact, r(T) for CP LaNiO3 is as low or
lower than most single-crystal metallic oxides; the C
NdNiO3 r(T) reaches the same level obtained with sing
crystal NdNiO3 films.7 The availability of high-density
samples allowed us to investigate the thermal conducti
and to compare it with that obtained on single-crystal Fe3O4,
a conductive spinel undergoing charge ordering at the V
wey temperatureTV'122 K. The Fe3O4 crystal was grown
at the UTA in an infrared-heating image furnace under
argon atmosphere. Laue back diffraction and the sharp fi
order transition atTV from the specific heat showed a
Fe3O4 crystal of superb quality with nearly perfect chemic
stoichiometry. Measurements ofr(T) under pressure wer
performed in a Be-Cu self-clamped cell; a steady-st

FIG. 2. Temperature dependence of the resistivity in the LaN3

and NdNiO3 samples. SFM denotes a single crystal film; AM:
made samples; and CP: a cold-pressed sample.
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method was used to obtain the thermal conductivityk(T).15

In order to monitor howTN varies with the bandwidth as
the crossover is approached from the localized-electron s
we chose to measure the resistanceR(T) of SmNiO3 as a
function of pressure; as in other antiferromagnetic insulat
such as LaTiO3 ~Ref. 16! and Ca12xSrxMnO3,17

d ln R/d(1/T) shows an anomaly atTN ; see inset~a! of Fig.
3, whereR(T) changes smoothly. The correspondence of t
anomaly withTN is shown in Fig. 3 at 1 bar; the figure als
shows the evolution of the anomaly with pressure and,
inset ~b!, the corresponding linear increase inTN with pres-
sure toP515 kbar; at higher pressures, the appearance
two pressure-independent anomalies, though not as clea
the transition atTN in low-pressure range, signals the pre
ence of two phases each with a somewhat differentTN . At
P520.5 kbar, the highest pressure of this work,TIM is low-
ered from 400 K at ambient pressure to near room temp
ture, but aTN,TIM is retained. The Bloch coefficientaB

[(TN
21dTN /dP)/(V21dV/dP) has been found

empirically18 and justified theoretically for a constant on-si
correlation energyU to have a valueaB'3.3. Linear fitting
of the data of Fig. 3 in the rangeP<15 kbar gives a
TN

21dTN /dP53.631023 (kbar)21, and high-pressure neu
tron diffraction data19 for PrNiO3 gives a compressibility
V21dV/dP50.65631023 (kbar)21. Given that the com-
pressibility of SmNiO3 is the same as that of PrNiO3, the
resultingaB55.5.3.3 implies that the assumption of a co
stant on-site energyU or charge-transfer gapD is not valid in
SmNiO3 and that SmNiO3 is therefore at the threshold wher
the localized-electron superexchange model breaks dow
similar observation20 has been made on LaMnO3

FIG. 3. Typical temperature dependence of the derivat
d ln R/dT21 and the reverse magnetization of the cold-pres
SmNiO3 under pressure. The pressures labeled in the lower r
corner correspond to the curves in the order from the top. For
same sample, inset~a! is the temperature dependence of the res
tance under pressure, and inset~b! is the pressure dependence
TN .
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where the existence of a small charge-transfer gapD has
been proven experimentally.21 The two-phase region foun
for P.15 kbar is like that found for LaMnO3 and supports
our contention that two-phase fluctuations are a character
feature of crossover compositions. We have shown in o
systems15 that the two-phase fluctuations suppress the p
non contribution to the thermal conductivity. Therefore, w
turn to measurement of the thermal conductivityk(T) of the
RNiO3 compounds.

Figure 4~a! shows thek(T)5ke(T)1k latt(T) obtained
for samples with differentR. The electronic contribution
ke(T) makesk(T) for the metallic temperature range ofR
5La, Pr, Nd, and Nd0.5Sm0.5 higher than thek(T)5k latt of
the insulatorsR5Sm, Eu, Gd at room temperature. In ord
to obtain the lattice contributionk latt in the metallic tempera-
ture range, we use the Wiedemann-Franz law to calcu
from our measuredr(T) the upper boundof the electronic
contributionke shown in Fig. 4~b!. k latt5k2ke for LaNiO3 ,
which is a lower boundfor the lattice contribution, remain
phononlike as for the insulatorsR5Sm, Eu, Gd. Samples
R5Pr, Nd, Nd0.5Sm0.5 show ake that vanishes abruptly a
TIM ; the calculatedDke at TIM matches well theDk of Fig.
4~a! occurring atTIM . SinceDke is an upper bound of the
electronic contribution, we conclude that the lattice contrib
tion also drops on cooling throughTIM ; it certainly does not
increase as shown in Fig. 5 for Fe3O4 on cooling through its
insulator-conductive transition atTV . Moreover, the identi-
cal temperature dependence ofk andke in the metallic range
for R5Pr, Nd, Nd0.5Sm0.5 shows thatk latt has little tempera-

FIG. 4. ~a! Temperature dependence of the thermal conducti
in the cold-pressed samplesRNiO3 ~theR is labeled on each curve!
~b! The upper-bound electronic contribution to the thermal cond
tivity in cold-pressedRNiO3 (R5La, Pr, and Nd! calculated from
the resistivity in the corresponding samples via the Wiedema
Franz law.
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ture dependence in the metallic range of these samples. M
striking is the dk latt /dT.0 below TIM5TN in PrNiO3 ,
which is opposite to the normaldk latt /dT,0 found for the
metallic phaseR5La, and the insulator phasesR5Sm, Eu,
and Gd. A phonon contribution ink latt appears to be partially
restored in theR5Nd0.5Sm0.5 sample belowTIM .

A sharp difference can be seen in Fig. 5 betweenk latt(T)
belowTIM in R5Pr, Nd and that belowTV5Fe3O4 where a
complex charge ordering of polarons occurs.22 This differ-
ence highlights the new physics that is encountered at
crossover from localized to itinerant electronic behavi
Suppression ofk latt below TN5TIM in PrNiO3 and NdNiO3
shows that the spin ordering does not restore the pho
structure of the lattice; this situation may occur where th
are two-phase fluctuations. Without speculation on how
bond lengths fluctuate belowTN5TIM , we can state unam
biguously thatphonons are suppressed in compounds at
crossover from Curie-Weiss to Pauli paramagnetism. Inde-
pendent photoemission data23 support the presence of two
phase fluctuations in PrNiO3 and NdNiO3 ; they show a con-
tinuous transfer of spectral weight from the Fermi ener
with decreasingT,TIM , which shows the metallic phas
does not disappear abruptly as the strong-correlation fluc
tions order into a percolating phase belowTN5TIM . More-
over, a large oxygen-isotope coefficientao[
2d ln TIM /d ln M,24 shown together withk latt(100 K) in Fig.
1, demonstrates that oxygen vibrations play an essential
not only inTIM , but also in the suppression ofk latt , and that
this role increases dramatically as the tolerance factort in-
creases to whereTIM falls to zero on the approach to th
orthorhombic-rhombohedral phase transitionTOR. The oxy-
gen vibrations modulate (NiuO) bond-length fluctuations
that may occur not only at fluctuating phase boundaries,
also at dynamic Jahn-Teller deformations associated w
localized-electrone1 configurations. Since the volume frac
tion of the antiferromagnetic phase can be presumed to re
percolation belowTIM, suppression ofk(T) below TIM sug-
gests that any local Jahn-Teller deformation in the ph
fluctuate. Another example of this behavior has been fou
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-
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FIG. 5. Temperature dependence of the thermal conductivit
single-crystal Fe3O4 , together with the CP PrNiO3 and inverse ther-
mal conductivity of cold-pressed SmNiO3 and EuNiO3 . The Ver-
wey transition temperatureTV is shown on the Fe3O4 curve.
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in the mixed-valent system La12xSrxMnO3 at the crossover
from localized to itinerant electronic behavior,14 but in this
case thee-electron spin is coupled strongly to a spinS5 3

2

from half-filled t3 orbitals whereas LaNiO3 has a filledt6

configuration.
Figure 5 also displays 1/k latt(T) for R5Sm, Eu; the

curves shows a clear deviation from the 1/T law at T.TN .
As discussed elsewhere for other antiferromagn
insulators,25 this suppression is due to a strong spin-latt
interaction found for insulators with a charge-transfer gapD.
The local (NiuO) bond-length fluctuations due to the sp
fluctuations are reduced at temperaturesT,TN . A more se-
vere deviation from a 1/T law in SmNiO3 compared to
EuNiO3 is consistent with a smallerU andD in SmNiO3 due
to its approach to the crossover condition.

In conclusion, the relationTN;cos2 u in RNiO3 (R
5Sm-Lu) and the coefficientdTN /dP.0 found in SmNiO3
confirms that thee electrons at the low-spin Ni~III !:t6e1 ions
of RNiO3 are localized in the monoclinicP21 /n insulator
phase where Curie-Weiss paramagnetism is found in an
terval TN,T,TIM . However, a Bloch coefficientaB55.5
v.
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.3.3 locates SmNiO3 at the threshold of a crossover to th
itinerant-electron behavior found in rhombohedral LaNiO3 .
NdNiO3 and PrNiO3 fall in the crossover region; they have
TN5TIM and a suppressedk latt in both the metallic and
magnetic-insulator phases. Suppression ofk latt is correlated
with a giant isotope effect onTIM , which demonstrates tha
fluctuating oxygen displacements that modulate (NiuO)
bond lengths are responsible for suppression ofk latt as well
as for the isotope effect. The fluctuating oxygen displa
ments are thought to be cooperative, defining fluctuating
calized and itinerant electronic phases as well as respon
to fluctuating Jahn-Teller and/or disproportionation deform
tions within the localized-electron phase. The localize
electron phase and the metallic phase fluctuate in the ra
TIM,T,TOR. The volume fraction of the localized-electro
phase increases discontinuously on cooling through the fi
order transition atTIM .
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