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Approach to Curie-Weiss paramagnetism in the metallic perovskites La1ÀxNdxCuO3

J.-S. Zhou, W. Archibald, and J. B. Goodenough
Texas Materials Institute, ETC 9.102, University of Texas at Austin, Austin, Texas 78712

~Received 19 August 1999!

A procedure for the preparation of the starting oxides has allowed phase-pure synthesis of the rhombohedral,
metallic perovskite system La12xNdxCuO3 (0<x<0.6) under 25 kbar oxygen pressure at 900–1000 °C. It was
not possible to exceed thex50.6 limit with 65 kbar at 1600 °C. Measurement of the CuO3-sublattice contri-
bution to the paramagnetic susceptibilityxm(T) was obtained for samples of differentx by an appropriate
subtraction of the Nd31-ion contribution as obtained from measurement ofxm(T) for NdAlO3. The data are
qualitatively compatible with the Mott prediction for a mass-enhancedxm(T) of a half-filled band that ap-
proaches the Mott-Hubbard transition from the itinerant-electron side. However, a model of strong-correlation
fluctuations in a mass-enhanced Fermi liquid provides an alternative description of the data that is supported by
transport measurements and a remarkable sensitivity of the susceptibility to small structural changes.
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Experimental investigation of the transition from Pauli
Curie-Weiss paramagnetism on narrowing a half-filled ba
toward the Mott-Hubbard transition has been frustrated
lattice instabilities that make difficult stabilization of phas
pure samples of a suitable single-valent system. We h
overcome this problem with a high-pressure synthesis
stoichiometric, phase-pure La12xNdxCuO3, 0<x<0.6. This
rhombohedral perovskite system is metallic; strong Cu
covalent hybridization creates a narrow, half-filleds* band
of e-orbital parentage. Decreasing the size of the large
thanide ion decreases the widthWs of the s* band without
changing the oxidation state of the CuO3 array.

Landau mean-field theory provides a basic theoret
framework for describing the enhancement of the Pauli s
ceptibility of a metal by strong electron correlations. Ston
enhancement1 is one solution applicable where the corre
tions are ferromagnetic. However, the Mott-Hubbard mo
is more appropriate for a half-filled band where antifer
magnetic correlations are dominant. Using the Gutzwi
variational approach, Brinkman and Rice2 obtained a mass
enhanced susceptibility atT50 K for a half-filled band that
approaches the Mott-Hubbard transition from the meta
side. It was Mott3 who first proposed the temperature depe
dence to be expected for a mass-enhanced susceptibility
troducing a transition at a temperatureTd from a
temperature-dependent susceptibilityxm(T) for T,Td to an
enhanced, nearly temperature-independentxm(T) for T
.Td . However, Mott was unable to find an experimen
test-bed for his hypothesis. One of us4 has pointed out that a
linear dependence ofxm

21 vs T that gives an anomalousl
large Weiss constantu and too large a Curie constant for
localized-electronmeff is characteristic of strongly correlate
itinerant-electron magnetism, but lattice instabilities p
vented a systematic study of the problem at that time.

The LnCuO3 family of perovskites in which Ln is a triva
lent lanthanide ions is an ideal candidate for the study o
narrow, half-filled s* band on the CuO3 array. An early
measurement ofxm(T) and conductivity for a nominal rhom
bohedral LaCuO3 prepared under 65 kbar oxygen pressu
and 900 °C by Demazeauet al.5 indicated the compound i
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metallic with an enhanced Pauli paramagnetism and no lo
range magnetic order or charge-density wave to lowest t
peratures, but a number of questions concerning the syn
sis temperature of their sample were raised by subseq
studies. Webbet al.6 showed that rhombohedral LaCuO3 is
only stable above 1500 °C and 60 kbar pressure. Bring
et al.7 discovered that stoichiometric LaCuO3 may be tetrag-
onal with cooperative rotations of CuO6/2 octahedra abou
the @001# axis. The stoichiometric tetragonal phase conve
to the rhombohedral structure, which has cooperative ro
tions of the CuO6/2 octahedra about the@111# axis, only un-
der 70 kbar oxygen pressure at high temperature.8 Thermal
analysis9 has shown that the high-pressure rhombohed
phase is always fully oxygenated. A previous attempt6 to
make the perovskite system La12xNdxCuO3 reported a solid-
solution range 0<x<0.4, but no further characterization o
the samples was reported.

We have developed a synthetic procedure that has
lowed stabilization of the La12xNdxCuO3 rhombohedral
phase over the solid-solution range 0<x<0.6 in a belt ap-
paratus at 25 kbar and 900–1000 °C. The starting oxide
be reacted under high oxygen pressure were separated
the oxygen source, KClO4, by an yttria-stabilized ZrO2 disk;
this assembly was sealed in a gold capsule. Solid-state r
tion between La22xNdxCuO4 and CuO particles forms the
La12xNdxCuO3 product at the interface, and the produ
blocks the diffusion required for further reaction. Althoug
coprecipitation of the oxides from solution gives an intima
mixing that allows preparation of the tetragonal LaCu3
phase at modest pressures, conversion to the rhomboh
phase of even the LaCuO3 end member of the system
La12xNdxCuO3 requires 70 kbar pressure. Therefore, we p
fired mixtures of La12xNdxO312CuO powders at 1100 °C
for 20 h and ground the product in a shaking ball mill for 3
min. This procedure produced a very fine powder that c
tained a small amount of rhombohedral LaCuO3. In order to
reduce the volume loss of the mixture under high pressur
the belt apparatus, a Teflon cell was filled with the powd
and pressed to 20 kbar at room temperature in a pis
cylinder system. With this prepressed pellet as the star
material for the application of high oxygen pressure in t
3196 ©2000 The American Physical Society
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belt apparatus, we were able to synthesize pure rhomb
dral La12xNdxCuO3 perovskites under 25 kbar pressure
900–1000 °C over the compositional range 0<x<0.6.

Figure 1 shows that asx increases to 0.6, the x-ray
diffraction peak heights decrease relative to background,
the main KCl peak at 2u528.4° becomes visible. Beyondx
50.6, the rhombohedral phase disappears; pressures t
kbar at 1600 °C were not able to change the phase bound
We restricted ourselves to a study of the rhombohedral
tem La12xNdxCuO3 in the range 0<x<0.6, where the full
oxygen stoichiometry is assured. For each composition
single phase synthesized under the same pressure and
perature was found to be repeatedly reproducible. The g
color of LaCuO3 darkened with increasingx. The inset of
Fig. 1 shows the evolution withx of the lattice parametersa
and c referred to an hexagonal cell; they decrease linea
with x in accordance with Ve´gard’s law for a solid solution.

Resistivity data were obtained with a four-probe meth
on rectangular samples cut from the central portion of
pellets from the high-pressure synthesis. The four corner
the rectangular samples were coated with Pt-Pd alloy be
four thin cooper wires were attached with silver epoxy. T
temperature dependence of the resistivity,r(T), for compo-
sitionsx50.0, 0.25, and 0.50 are shown in Fig. 2. The som
what greater temperature dependence of thex50.25 sample
is attributed to microcracks in the thin pellet samples. S
nificantly, all samples show a metallic temperature dep
dence with a low value of the resistivity~more than four
orders of magnitude lower than that reported in Ref. 5!. A
low thermoelectric power in these samples10 is consistent
with a s* band that is half-filled. These transport data ver

FIG. 1. Powder x-ray diffraction for La12xNdxCuO3: bottom,
x50; middle, x50.25; top, x50.5. The inset shows the lattic
parameter vsx.
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that we are dealing with itinerant electrons in a half-fille
band where antiferromagnetic electron correlations should
dominant.

Magnetic susceptibilitiesxm(T) were measured with a su
perconducting quantum interference device magnetom
~Quantum Design!. The shape and orientation of the samp
were made to minimize the demagnetization factor. For e
composition, measurements were made on several sam
obtained from different high-pressure syntheses. In orde
subtract out the Nd31-ion contribution toxm(T), we also
measuredxm(T) of rhombohedral NdAlO3. The NdAlO3
sample was synthesized by standard solid-state reaction
shown to be single-phase by powder x-ray diffraction. A
though the measured Curie constant C51.615 for NdAlO3 is
close to the free-ion value C51.617, nevertheless a larg
negative Weiss constantu595 K was obtained from the
curve fitting. ~Similar data were obtained with NdGaO3.)
Taking proper account of the constantu is critical to the
process of subtracting out the Nd31-ion contribution to the
La12xNdxCuO3 samples. A correction for the diamagnetis
from the core electrons and the Landau contribution from
conduction electrons was not made as these corrections
two orders of magnitude lower than the measured param
netism of the CuO3 array. However, the susceptibility of ou
LaCuO3 sample is about four times lower than that report
by Demazeauet al.5 We observed a higher susceptibility i
samples synthesized at somewhat lower temperaturesT
,900 °C) that were either tetragonal or contained some
tragonal phase; a phase-pure sample is critical for achie
an intrinsic susceptibility of rhombohedral LaCuO3.

Figure 3 shows thexm(T) curves for the CuO3 array with
different values ofx; they all show a slope change near 2
K. Recovery of the change in slope ofxm(T) for the CuO3
array after subtracting the Nd31-ion contribution indicates
that the subtraction has been done properly. Thexm(T)
curve for LaCuO3, Fig. 3~a!, is temperature-independen
above 200 K, but it is enhanced by at least two orders
magnitude relative to a conventional Pauli paramagneti
The temperature dependence ofxm(T) below 200 K cannot
be attributed to a Curie-Weiss paramagnetism from magn
impurities. Given the high value of the temperatur
independent susceptibility above 200 K, any magne
impurity paramagnetic contribution would only appear at e

FIG. 2. Resistivity vs temperature for La12xNdxCuO3.
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tremely low temperatures. As the Nd31-ion concentrationx
increases, the CuO3 component ofxm(T) increases and be
comes temperature-dependent above 200 K. However,
trapolation ofxm

21 to the temperature axis gives too high
Weiss constantu to be meaningful, and the Curie constant
too large.

The susceptibility of the CuO3 array at 300 K,x300, is
shown in Fig. 4 to increase more than tenfold on going fr
x50 to x50.6. This extraordinary change indicates a n
rowing of the widthWs of thes* band of the CuO3 array at
the approach to the Mott-Hubbard transition from t
itinerant-electron side. With increasingx, Ws is narrowed by
two factors:~1! perturbation of the periodic potential by tw
differentA-site cations and~2! an increase in the mean ben
ing anglef of the ~180°2f! Cu-O-Cu bond angles to ac
commodate a decreasing geometric tolerance factort,1.
~The tolerance factort[(A2O)/A2(Cu-O) is a ratio of the
equilibrium bond lengths, andA5La12xNdx .) However, the
changeDt50.07 over the range 0<x<0.06 is small, and a
Ws;cosf would vary little with x. Moreover, perturbation
of the periodic potential by the two different lanthanide io
is relatively small since any magnetic-exchange interacti
between 4f n configurations and thes* -band electrons of a

FIG. 3. Susceptibilityxm(T) and xm
21 vs temperature for the

CuO3 array of La12xNdxCuO3. The small difference below room
temperature between thexm(T) data for field-cooled and zero-field
cooled runs inHa55 T appears to be due to a lateral displacem
of the sample in the bore of the SQUID on thermal cycling.

FIG. 4. Room-temperature susceptibilityx300 vs x for the CuO3

array of La12xNdxCuO3.
x-

-

s

perovskite are small, as is attested to by the invariance w
rare-earth ion of the superconductive critical temperaturesTc
of the copper-oxide superconductors. Therefore, the rem
able variation withx in x300 clearly marks the approach t
some critical bandwidth for the transition from Pauli
Curie-Weiss paramagnetism.

At finite temperatures, thermodynamics introduces a f
tor 1/kT into the magnetic susceptibility. In the broad-ba
limit, the one-electron states having their moment 1mB par-
allel to the applied fieldHa are stabilized relative to those o
opposite spin by 2mBHa!Wb , and thermal excitation of the
states withinkT of the Fermi energy introduces another fa
tor kT to render the Pauli paramagnetism temperatu
independent. In order to introduce aT21 temperature depen
dence, it is necessary to have states with a dispersion
than kT. The Stoner enhancement1 by spin fluctuations as-
sociated with ferromagnetic interactions increases the
ceptibility, but it does not introduce a flattening of the di
persion curve near the Fermi energyeF . However, the
Brinkman-Rice mass enhancement2 is more relevant to our
case of a half-filled band; it introduces a factor@1
2(U/Uc)

2#21 in both effective mass and susceptibility th
increases toward a singularity as the on-site correlation
ergy ~HubbardU! approaches the critical valueUc for the
Mott-Hubbard transition. In this model, renormalization
the electronic states introduces a flattening of theek vs k
dispersion curve ateF , and Mott3 has pointed out that this
flattening within an energy rangeDE'kTd can introduce
temperature-independent magnetic moments that give a1/kT
contribution to xm(T) at lower temperaturesT,Td . At
higher temperaturesT.Td , the Pauli paramagnetic contr
bution from the more dispersive electronic states domina
the susceptibility. This picture appears to describe well
xm(T) curve for LaCuO3 with a Td'200 K. However, it is
not obvious from qualitative considerations to explain w
this model the evolution ofxm(T) with x, which shows little
change inTd with an increase of over an order of magnitu
in x300.

An alternative model is suggested by the measuremen10

of the resistivity r(T) and thermoelectric powera(T) of
La12xNdxCuO3 under pressure. Photoemission spectrosc
~PES! for the single-valent, metallic system Sr12xCaxVO3
has shown the coexistence of strongly correlated electron
states of a lower Hubbard band and a partially filled band
Fermi-liquid states; with increasingx, a monotonic transfer
of spectral weight from the Fermi-liquid to the Mot
Hubbard band occurs.11 This experiment provides direct ev
dence for a heterogeneous electronic model in which a
gularity in the effective mass is avoided by the introducti
of strong-correlation fluctuations asU approachesUc . We12

have measured the resistivityr(T) and the thermoelectric
powera(T) of CaVO3 under pressure to confirm the impl
cations of the PES data. Our data also showed that the tr
port properties provide indirect signatures for the hetero
neous model:~1! bad metallic behavior,~2! an anomalous
dua300u/dP.0, and~3! a suppression of the low-tempera
phonon-drag component ofa(T) that is partially restored by
the application of pressure. Moreover, we have reporte10

that the system La12xNdxCuO3 exhibits these characteristi
features of a heterogeneous model. In this model, the e
trons of the lower Hubbard band impart a Curie-Weiss co

t
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ponent to xm(T) and the Fermi-liquid states a mas
enhanced Pauli paramagnetic component. Moreo
heterogeneity is introduced by cooperative oxygen displa
ments that define the volume of a strong-correlation fluct
tion as a region of longer mean Cu-O bond length.10 It fol-
lows that the appearance of these fluctuations represent
onset of a strong electron coupling to the period of the
operative oxygen vibrations, a period that may be more s
sitive to the bond anglef than isWs .

In summary, a new synthetic procedure has allowed u
synthesize under high oxygen pressure the rhombohe
perovskite La12xNdxCuO3 with 0<x<0.6; it is a high-
pressure, metallic phase that is oxygen-stoichiometric
metastable over the temperature range 4<T<300 K of our
measurements. A continuous narrowing with increasingx of
a half-filled s* band ofe-orbital parentage—or lengthenin
of the period of cooperative oxygen vibrations that defi
strong-correlation functions—has allowed an investigation
the evolution from Pauli toward Curie-Weiss paramagnet
s
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of the CuO3 array obtained by an appropriate subtraction
the contribution from the Nd31ions. A remarkable more than
tenfold increase in the room-temperature susceptibility o
the range 0<x<0.6 correlates with a small changeDt
50.07 in the geometric tolerance factor and hence in
bandwidthWs;cosf. It would appear that the period of th
cooperative oxygen vibrations is at a critical crossover
trapping out of strong-correlation fluctuations. Although t
temperature dependence of the magnetic susceptibility d
not distinguish a homogeneous model with a strong m
enhancement from a heterogeneous model with stro
correlation functions, the transport properties and the se
tivity of xm(T) with x favor a heterogeneous model. How
ever, the data do differ sharply from the predictions
Edwards and Wohlfarth13 for a system with Stoner enhance
ment and with those for a system with spin fluctuations
forward by Beal-Monodet al.14
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