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Approach to Curie-Weiss paramagnetism in the metallic perovskites La_,Nd,CuOg
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A procedure for the preparation of the starting oxides has allowed phase-pure synthesis of the rhombohedral,
metallic perovskite system La,Nd,CuO; (0=<x=0.6) under 25 kbar oxygen pressure at 900—1000 °C. It was
not possible to exceed the=0.6 limit with 65 kbar at 1600 °C. Measurement of the GigDblattice contri-
bution to the paramagnetic susceptibilipy,(T) was obtained for samples of differentby an appropriate
subtraction of the N¥ -ion contribution as obtained from measuremeniyg{T) for NdAIO;. The data are
qualitatively compatible with the Mott prediction for a mass-enhangg(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.

Experimental investigation of the transition from Pauli to metallic with an enhanced Pauli paramagnetism and no long-
Curie-Weiss paramagnetism on narrowing a half-filled bandange magnetic order or charge-density wave to lowest tem-
toward the Mott-Hubbard transition has been frustrated byeratures, but a number of questions concerning the synthe-
lattice instabilities that make difficult stabilization of phase- Sis temperature of their sample were raised by subsequent
pure samples of a suitable single-valent system. We havetudies. Weblket al® showed that rhombohedral LaCy@
overcome this problem with a high-pressure synthesis ofnhly stable above 1500 °C and 60 kbar pressure. Bringley
stoichiometric, phase-pure La,Nd,CuOs;, 0<x<0.6. This €t al’ d_iscovered that stoichiometric LaCy@hay be tetrag-
rhombohedral perovskite system is metallic; strong Cu-g°n@l with cooperative rotations of Cy@ octahedra about

covalent hybridization creates a narrow, half-file§ band the[001] axis. The stoichiometric tetragonal phase converts

of e-orbital parentage. Decreasing the size of the large lant® the rhombohedral structure, which has cooperative rota-

thanide ion decreases the widt#, of the o* band without 20”578?29 Cu@; octahedra ab?Lr‘]t. t[ﬁlﬂ aXiaS% _‘r_’g'y o
changing the oxidation state of the Cu@rray. er ar oxygen pressure at high temperaturaerma

Landau mean-field theory provides a basic theoreticai”maIySi§ has shown that the high-pressure rhombohedral

o . hase is always fully oxygenated. A previous attéhpt
framework for describing the enhancement of the Pauli sus%ake the perovskite system £.aNd,CuO; reported a solid-

ceptibility of a metal by st_rong elgctron correlations. Stonersolu'[ion range &x=<0.4, but no further characterization of
enhancemehtis one solution applicable where the correla-

i _ the samples was reported.
tions are ferromagnetic. However, the Mott-Hubbard model We have developed a synthetic procedure that has al-

is more appropriate for a half-filled band where antiferro-|g\ved stabilization of the La ,Nd,CuO; rhombohedral
magnetic correlations are dominant. Using the Gutzwillerphase over the solid-solution rangesR<0.6 in a belt ap-
variational approach, Brinkman and Ricebtained a mass- paratus at 25 kbar and 900—1000 °C. The starting oxides to
enhanced susceptibility =0 K for a half-filled band that pe reacted under high oxygen pressure were separated from
approaches the Mott-Hubbard transition from the metallicthe oxygen source, KCIQ by an yttria-stabilized ZrQdisk;
side. It was Mott who first proposed the temperature depen-this assembly was sealed in a gold capsule. Solid-state reac-
dence to be expected for a mass-enhanced susceptibility, ifion between La_,Nd,Cu0O, and CuO particles forms the
troducing a transition at a temperatur€; from a | g _ ,Nd,CuO, product at the interface, and the product
temperature-dependent susceptibifty(T) for T<Tyto an  plocks the diffusion required for further reaction. Although
enhanced, nearly temperature-independgp(T) for T  coprecipitation of the oxides from solution gives an intimate
>T4. However, Mott was unable to find an experimentalmixing that allows preparation of the tetragonal LaGuO
test-bed for his hypothesis. One of'urs pointed out that a phase at modest pressures, conversion to the rhombohedral
linear dependence of,' vs T that gives an anomalously phase of even the LaCyOend member of the system
large Weiss constart and too large a Curie constant for a La, _,Nd,CuQ; requires 70 kbar pressure. Therefore, we pre-
localized-electronu is characteristic of strongly correlated fired mixtures of La_,Nd,O;+2CuO powders at 1100 °C
itinerant-electron magnetism, but lattice instabilities pre-for 20 h and ground the product in a shaking ball mill for 30
vented a systematic study of the problem at that time. min. This procedure produced a very fine powder that con-
The LnCuQ family of perovskites in which Ln is a triva-  tained a small amount of rhombohedral LaGu® order to
lent lanthanide ions is an ideal candidate for the study of aeduce the volume loss of the mixture under high pressure in
narrow, half-filled o* band on the Cu@array. An early the belt apparatus, a Teflon cell was filled with the powder
measurement of,(T) and conductivity for a nominal rhom- and pressed to 20 kbar at room temperature in a piston-
bohedral LaCu@ prepared under 65 kbar oxygen pressurecylinder system. With this prepressed pellet as the starting
and 900 °C by Demazeaet al® indicated the compound is material for the application of high oxygen pressure in the

0163-1829/2000/65)/31964)/$15.00 PRB 61 3196 ©2000 The American Physical Society



PRB 61 BRIEF REPORTS 3197

13.224‘ I |
L1321 [1 200-
13.20-] {
5.504 = —_
. 549 - g
T 5.48- BN a
5.47- - 3
546 : = = 100
0.0 0.2 0.4 0.6
2
2
8 0 T T
k= 0 100 200 300
T(K)
FIG. 2. Resistivity vs temperature for LaNd,CuGC;.
that we are dealing with itinerant electrons in a half-filled
band where antiferromagnetic electron correlations should be
A dominant.
| Magnetic susceptibilitieg,(T) were measured with a su-
I T | T T | T perconducting quantum interference device magnetometer

10 20 30 40 50 60 70 80 (Quantum Design The shape and orientation of the samples
26 were made to minimize the demagnetization factor. For each
composition, measurements were made on several samples
FIG. 1. Powder x-ray diffraction for La ,Nd,CuQy: bottom,  gbtained from different high-pressure syntheses. In order to
x=0; middle, x=0.25; top,x=0.5. The inset shows the lattice g ptract out the N -ion contribution tox,(T), we also
parameter vs. measuredy,,(T) of rhombohedral NdAIQ The NdAIO;
sample was synthesized by standard solid-state reaction and
belt apparatus, we were able to synthesize pure rhombohshown to be single-phase by powder x-ray diffraction. Al-
dral La _,Nd,CuO; perovskites under 25 kbar pressure atthough the measured Curie constart 615 for NdAIG; is
900-1000 °C over the compositional range 0<0.6. close to the free-ion value €1.617, nevertheless a large
Figure 1 shows that ag increases to 0.6, the x-ray- negative Weiss constard=95 K was obtained from the
diffraction peak heights decrease relative to background, ancurve fitting. (Similar data were obtained with NdGaQ
the main KCI peak at 2=28.4° becomes visible. Beyond Taking proper account of the constafitis critical to the
=0.6, the rhombohedral phase disappears; pressures to pgocess of subtracting out the Rfdion contribution to the
kbar at 1600 °C were not able to change the phase boundarlya; _«Nd,CuO; samples. A correction for the diamagnetism
We restricted ourselves to a study of the rhombohedral sygrom the core electrons and the Landau contribution from the
tem La _,Nd,CuG; in the range 8x<0.6, where the full conduction electrons was not made as these corrections are
oxygen stoichiometry is assured. For each composition, &vo orders of magnitude lower than the measured paramag-
single phase synthesized under the same pressure and tenetism of the Cu@array. However, the susceptibility of our
perature was found to be repeatedly reproducible. The goldaCuQ; sample is about four times lower than that reported
color of LaCuQ darkened with increasing. The inset of by Demazealet al® We observed a higher susceptibility in
Fig. 1 shows the evolution witk of the lattice parameters  samples synthesized at somewhat lower temperatufes (
and c referred to an hexagonal cell; they decrease linearly<900 °C) that were either tetragonal or contained some te-
with x in accordance with \fgard’s law for a solid solution. tragonal phase; a phase-pure sample is critical for achieving
Resistivity data were obtained with a four-probe methodan intrinsic susceptibility of rhombohedral LaCyO
on rectangular samples cut from the central portion of the Figure 3 shows thg,,(T) curves for the Cu@array with
pellets from the high-pressure synthesis. The four corners dfifferent values oi; they all show a slope change near 200
the rectangular samples were coated with Pt-Pd alloy befor&. Recovery of the change in slope gf,(T) for the CuQ
four thin cooper wires were attached with silver epoxy. Thearray after subtracting the Nt-ion contribution indicates
temperature dependence of the resistivityT), for compo-  that the subtraction has been done properly. KhgT)
sitionsx=0.0, 0.25, and 0.50 are shown in Fig. 2. The somecurve for LaCuQ, Fig. 3a), is temperature-independent
what greater temperature dependence ofxth®.25 sample above 200 K, but it is enhanced by at least two orders of
is attributed to microcracks in the thin pellet samples. Sig-magnitude relative to a conventional Pauli paramagnetism.
nificantly, all samples show a metallic temperature depenThe temperature dependencex@f(T) below 200 K cannot
dence with a low value of the resistivitfmore than four be attributed to a Curie-Weiss paramagnetism from magnetic
orders of magnitude lower than that reported in Ref./  impurities. Given the high value of the temperature-
low thermoelectric power in these sampfess consistent independent susceptibility above 200 K, any magnetic-
with a o* band that is half-filled. These transport data verify impurity paramagnetic contribution would only appear at ex-
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perovskite are small, as is attested to by the invariance with
rare-earth ion of the superconductive critical temperatiiges

of the copper-oxide superconductors. Therefore, the remark-
able variation withx in y3qq clearly marks the approach to
some critical bandwidth for the transition from Pauli to
Curie-Weiss paramagnetism.

At finite temperatures, thermodynamics introduces a fac-
tor 1KT into the magnetic susceptibility. In the broad-band
L limit, the one-electron states having their momeniglpar-
allel to the applied fieldH, are stabilized relative to those of
opposite spin by 2gH,<W,, and thermal excitation of the
states withinkT of the Fermi energy introduces another fac-
tor KT to render the Pauli paramagnetism temperature-
independent. In order to introducela® temperature depen-
dence, it is necessary to have states with a dispersion less

FIG. 3. Susceptibilityx,,(T) and X;]l vs temperature for the thar,] KT. The Stoner enhancgmérﬁy _SD'n ﬂucwat'ons as-
CuO; array of La_,Nd,CuO,. The small difference below room somqtgq with f'erromagnet'lc interactions increases the Sus-
temperature between the,(T) data for field-cooled and zero-field- C€Ptibility, but it does not introduce a flattening of the dis-

cooled runs irH,=5 T appears to be due to a lateral displacemempe.rSion curve near the Fermi energy . However, the
of the sample in the bore of the SQUID on thermal cycling. Brinkman-Rice mass enhancentfeist more relevant to our

case of a half-filled band; it introduces a factpd
—(U/U.)?] 1 in both effective mass and susceptibility that
increases toward a singularity as the on-site correlation en-
ergy (HubbardU) approaches the critical valug, for the
Kott-Hubbard transition. In this model, renormalization of
the electronic states introduces a flattening of ¢&evs k
dispersion curve aér, and Motf has pointed out that this
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tremely low temperatures. As the Ridion concentratiorx
increases, the Curomponent ofy,,(T) increases and be-
comes temperature-dependent above 200 K. However, e
trapolation of)(,;l to the temperature axis gives too high a
Weiss constan# to be meaningful, and the Curie constant is

too large. . - |
- , flattening within an energy rangAE~kTy can introduce
The _sus_ceptlblll_ty of the Cufarray at 300 K.X300, IS temperature-independent magnetic moments that givka
shown in Fig. 4 to Increase more than tenfol_d on going oM ontribution to xm(T) at lower temperatureI<T4. At
x=0 to );:ho.a'c-irnl\fv ex':cra;?rdl?egy c(;jhafnghe |2d|cates a Nalhigher temperature¥>T,, the Pauli paramagnetic contri-
rowing of the widthW, of the o™ band of the Cu@array at 1, tion from the more dispersive electronic states dominates

Fhe apprciach to .éhe M?}tt.'HUbbard trapsition froorlnb thethe susceptibility. This picture appears to describe well the
itinerant-electron side. With increasimgW,, is narrowed by xm(T) curve for LaCuQ with a Ty~200 K. However, it is

ng? fact(;r\s:(l) perturbation of the periodic pr(:tennal b{) tw((j) not obvious from qualitative considerations to explain with
ifferentA-site cations ang2) an increase in the mean bend- ;i o del the evolution of,(T) with x, which shows little

ing angle ¢ of the (1800._ ¢ CU'O'C.U bond angles to ac- change inT4 with an increase of over an order of magnitude
commodate a decreasing geometric tolerance fattot. in Y200

(The tolerance factdrE(A—O)i\/E(Cu-O) is a ratio of the An alternative model is suggested by the measurertfents
eqwhbnum_bond lengths, andl= La1—<><NdX')_ However, the ot e resistivity p(T) and thermoelectric powes(T) of
changeAt=0.07 over the range9x<0.06 is small, and a | 5~ Ngd CuO, under pressure. Photoemission spectroscopy
W, ~cos¢ w_ould vary little with x. Moreover, perturt_)at|qn (PES for the single-valent, metallic system ,SrCaVOs

of the periodic potential by the two different lanthanide ionsp 55 shown the coexistence of strongly correlated electrons in
IS relat|vel¥1 small since any magneEc-exchange INteractiongiates of a lower Hubbard band and a partially filled band of
between 4" configurations and the™-band electrons of & permijiquid states; with increasing a monotonic transfer

of spectral weight from the Fermi-liquid to the Mott-

Hubbard band occurs.This experiment provides direct evi-
8.0 - 0 dence for a heterogeneous electronic model in which a sin-
o) o gularity in the effective mass is avoided by the introduction
£ 60- of strong-correlation fluctuations &sapproaches), . We'?
e - have measured the resistivip(T) and the thermoelectric
ﬁ 40 4 P power «(T) of CaVQO; under pressure to confirm the impli-
= .0 cations of the PES data. Our data also showed that the trans-
= port properties provide indirect signatures for the heteroge-
= 207 . neous model(1) bad metallic behavior(2) an anomalous
o’ d|asod/dP>0, and(3) a suppression of the low-temperate
0 ;)‘0 s o ol phonon-drag component of( T) that is partially restored by

the application of pressure. Moreover, we have repdtied

that the system La ,Nd,CuQ; exhibits these characteristic
FIG. 4. Room-temperature susceptibiljpy, vs x for the Cuq ~ features of a heterogeneous model. In this model, the elec-

array of Lg_,Nd,CuO;, trons of the lower Hubbard band impart a Curie-Weiss com-

X
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ponent to xy,(T) and the Fermi-liquid states a mass- of the CuQ array obtained by an appropriate subtraction of
enhanced Pauli paramagnetic component. Moreovethe contribution from the Ntfions. A remarkable more than
heterogeneity is introduced by cooperative oxygen displacetenfold increase in the room-temperature susceptibility over
ments that define the volume of a strong-correlation fluctuathe range 6<x<0.6 correlates with a small changkt
tion as a region of longer mean Cu-O bond lenttit. fol- =0.07 in the geometric tolerance factor and hence in the
lows that the appearance of these fluctuations represents th@ndwidthW, ~cosé. It would appear that the period of the
onset of a strong electron coupling to the period of the cocooperative oxygen vibrations is at a critical crossover for
operative oxygen vibrations, a period that may be more serif@pping out of strong-correlation fluctuations. Although the
sitive to the bond angle than isW,, . temperature dependence of the magnetlc_susceptlblllty does
In summary, a new synthetic procedure has allowed us t§°t distinguish a homogeneous model with a strong mass
synthesize under high oxygen pressure the rhombohedr§fihancement from a heterogeneous model with strong-
perovskite La ,Nd,CuO, with 0=x=<0.6; it is a high- correlation functions, the transport properties and the sensi-

pressure, metallic phase that is oxygen-stoichiometric anévIty of xm(T) with x favor a heterogeneous model. How-

ver, the data do differ sharply from the predictions of
metastable over the temperature ran_geT4s_ 30_0 K of OuUr Egwards and Wonhlfartf for a system with Stoner enhance-
measurements. A continuous narrowing with increasirng

ment and with those for a system with spin fluctuations put
a half-filled o* band ofe-orbital parentage—or lengthening ¢5rward by Beal-Monockt a|¥1 P P

of the period of cooperative oxygen vibrations that define '
strong-correlation functions—has allowed an investigation of The authors thank the NSF and TCSUH Houston for fi-
the evolution from Pauli toward Curie-Weiss paramagnetisrmancial support.
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