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The high-pressure synthesis and electric and magnetic properties of the LaCuO, z system have been
studied. The copper valence can be varied in this oxygen-defect perovskite almost continuously from
+3 to +2, and three distinct ordered phases are observed over its 0.0 ~ 5 ~ 0.5 stability field. A tetrago-
nal phase exists over the composition range 0.0 (6~ 0.2, and the structure of a sample with 5=0.05 was
refined by high-resolution synchrotron powder x-ray diffraction in space group P4/m, with
a=3.81897(4), c=3.97258(6), and R=0.0812. The tetragonal phase and also a monoclinic form stable
between 0.2~6~0.4 are metallic with room-temperature resistivities of (1.0—3.0)X10 ' Acm. The
phase is orthorhombic for larger 5, becoming an insulator as 6~0.5. Superconductivity was not ob-
served in any of the metallic samples. Ferromagnetic behavior is observed in the tetragonal materials,
but the moment disappears at the 5=0.2 phase boundary. The small moment is attributed to the ex-
istence of a canted antiferromagnetic array in the tetragonal phase. The results are discussed within the
contexts of schematic band models and rationalized in terms of one in which the Fermi level moves
through partially overlapping copper 3d» and oxygen i (2p, )* bands as 6 increases.
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I. INTRODUCTION

In an earlier report, ' we described the synthesis and
general structural features of an oxygen-defect perovskite
series, LaCu03 &. This phase is structurally related to
the superconducting cuprates and exhibits a remarkably
wide oxygen stoichiometry range, 0.0 0.5, displaying at
least three well-ordered structures. The carrier concen-
tration can therefore be varied almost continuously from
0 to 1 hole/(Cu site) within the same basic perovskite
framework. The LaCu03 & perovskite is metallic but not
superconductive over most of its stoichiometry range.
An understanding of the normal metallic state is neces-
sary to understand the mechanism of high-temperature
superconductivity, and here the normal state can be ex-
amined to very low temperatures over a wide carrier-
concentration range. LaCu03 & may also provide clues
to changes in cuprate electronic structure as a function of
doping, and provide a set of "standards" for the spectros-
copy of Cu +, Cu + and intermediate valence states. '

The rhombohedral, high-pressure form of LaCu03 was
previously prepared by Demazeau et al. and has since
been investigated by several other groups. A synthesis
pressure of 65 kbar requires a high-pressure belt-type ap-
paratus and limits the sample size to 100 mg or less. The
rhombohedral phase was reported to be fully
stoichiometric and to display a Pauli-like magnetic sus-
ceptibility and metallic properties down to 77 K. Webb
et al. measured the temperature-dependent susceptibili-
ty and found no evidence for a superconducting transi-
tion in rhombohedral LaCu03 above 5 K. In this paper

we describe the synthesis, structural refinement, and
physical properties of the tetragonal form of LaCu03
which exists for 0~6~0.2, as well as our preliminary
findings for the monoclinic phase at intermediate 5 and
the orthorhombic compound at 5=0.5. These phases are
produced by a "milder" technique in which a highly reac-
tive amorphous precursor is reacted at oxygen pressures
of 0.4—1 kbar, two orders of magnitude lower than that
required to prepare the rhombohedral form. '

II. EXPERIMENT

All starting materials were high-purity compounds
(99.999%). Lanthanum oxide was dried and COz re-
moved by firing the powder at 950 C prior to use. A
coprecipitation technique was used to prepare the precur-
sors to the high-pressure LaCu03 & phases. Appropriate
amounts of the binary oxides were dissolved in a slight
excess of 99.9997%-purity HNO3 by gentle heating and
then diluted fivefold with deionized H20. The solution
was then cooled to 0 C and 99.9997%-purity NaOH was
added with stirring until the solution became basic (pH
=10) and a gelatinous blue precipitate appeared. The
precipitate was filtered and washed with copious amounts
of deionized H20 to ensure that sodium had been com-
pletely removed. Elemental analyses did not reveal any
sodium contamination and gave a [La]/[Cu] ratio of
0.99:1.00. The precipitate was then decomposed by slow
heating to 650'C under O2 to yield a black, finely divided,
amorphous powder. The powder was pressed into 0.5 g
pellets and heated to 900'C at oxygen pressures up to 1
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kbar for 2 days.
High-pressure oxygen reactions were performed in an

externally heated Rene alloy vessel pressurized at or
below room temperature with high-purity gas (99.999%)
from a standard laboratory cylinder. Reaction tempera-
tures were measured with a thermocouple inserted in a
shallow recess in the reactor wall at the sample position,
and pressures were measured with an uncalibrated gauge.
Samples for which 5=0 were obtained Po 0.5 kbar,

2

but in general, oxygen stoichiometries were dependent
upon several factors, including the homogeneity and pur-
ity of the starting materials. Exclusion of CO2 from the
starting materials and oxidizing atmosphere was neces-
sary to obtain the most completely reacted, homogene-
ously oxidized products.

Oxygen stoichiometries (5) were established to an ac-
curacy of +0.02 by reducing the samples in a thermal
gravimetric analysis apparatus (TGA) under argon to
La2Cu04+ CuO (or Cu20), and also by electron paramag-
netic resonance (EPR) spectroscopy. " The two tech-
niques gave results in excellent agreement with each oth-
er. Figure 1(a) shows a TGA of a sample with 5=0. The
transition marking the conversion of the tetragonal (T)
to the monoclinic (M) phase at 5=0.2 is complete by
about 400 C. On further heating M, transforms to the
orthorhombic (0) phase at 5=0.4 and 850'C. The sta-
bility ranges and transition zones depend, as expected, on
heating rate. the orthorhombic form at 5=0.5 could be
routinely made by annealing the tetragonal form in argon
at 725 C for 16 h. On the other hand, the monoclinic
phase is stable to temperatures above 800'C at Po =1
atm [Fig. 1(b)]. By varying the temperature, time, and at-
mosphere, a series of T, M, and 0 phases with different
values of 5 were produced. For the tetragonal phases
with 0&5 0.2, annealing was carried out at tempera-
tures below 300'C and Po 1 atm. This phase is unsta-

2

ble toward oxygen 1oss even near room temperature
without an oxygen overpressure, so it is not surprising
that samples of fully stoichiometric LaCu03 could not be
obtained, although values quite close to 6 =0 were

100~ ~

achieved. ' Oxygen loss in the TGA run under argon
can already be observed at the onset of heating in Fig.
1(a), while weak absorption occurs initially for the sample
heated under oxygen in Fig. 1(b).

High-resolution synchrotron x-ray powder-diffraction
data were collected at beamline X7A of the Brookhaven
National Synchrotron Light Source. A sample of compo-
sition LaCu02 95 was mounted in the flat plate geometry.
A monochromatic beam of wavelength 1.2015 A was ob-
tained using a channel-cut Si(111) monochromator
scattering in the vertical plane and a Ge (220) analyzer.
Data were collected at 0.005 (29) intervals over the an-
gular range 10 —90'. The sample was rocked at each
point to obtain a proper powder average over the crystal-
lites. Temperature-dependent data were collected using a
closed cycle helium refrigerator equipped with Be win-
dows. Step scans were carried out over selected angular
regions containing the (101), (110), (111), (002) and
(200/020) reflections at temperatures of 300, 270, 180,
and 18 K. Thermal-expansion coefficients were deter-
mined from lattice parameters refined from these
reAections. Structural refinements were performed using
a modified version of the Rietveld program. Forty-seven
independent Bragg intensities were used in the
refinement; very weak intensities attributed to LazCu04,
LaCuO2 6 (M), and CuO were excluded from the
refinement. Nineteen parameters were refined including
cell parameters, atomic positional, and anisotropic
thermal parameters, overall scale factor, peak shape func-
tions, and zero-point error.

Temperature-dependent electrical resistivity measure-
ments were performed on rectangular bar-shaped tetrago-
nal phase specimens cut from pellets sintered at 925 C at
various oxygen pressures. A sintering time of several
days was necessary to obtain suitable samples. Monoclin-
ic and orthorhombic samples were prepared from these
bars using procedures discussed above. The specimens
were about 0.5 mm by 1.0 mm in cross section and the
current density ranged from about 50—100 mA/cm . A
standard four-probe ac lock-in technique was used and
contacts were made with spring loaded pins. Magnetic
susceptibility measurements were performed on a Quan-
tum Design superconducting quantum interference de-
vice magnetometer over the temperature range of 5 —300
K in fields up to 55 kOe.

III. RESULTS AND DISCUSSION
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FICx. 1. Thermal gravimetric analysis of LaCu03 z for 6=0.
(a) Argon atmosphere. (b) Oxygen atmosphere.

A. Structural refinement

The structure of the tetragonal phase was refined from
the high-intensity powder data in space group P4/m. In-
itial refinements allowing only isotropic thermal motion
with fixed positional parameters resulted in anomalously
large thermal parameters for oxygen. Subsequent
refinements were then performed, firstly, allowing for an-
isotropic thermal vibration, and secondly, isotropic
thermal motion allowing a static disorder of oxygen off
their ideal positions. The observed and difference
powder-diffraction profiles of the later model of La-
Cu02 95 are shown in Fig. 2. The structure of the tetrag-
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FIG. 2. The observed, calculated, and difference profiles of
LaCu02 95 at room temperature. The region between
26I=40—90 is shown on an expanded scale for clarity.

onal phase at composition LaCuOQ 95 is shown in Fig. 3.
The refined atomic positions, occupancies and anisotrop-
ic thermal parameters are given in Table I. The structure
consists of a simple tetragonal distortion of a cubic
perovskite and a =3.81897(4) A and c =3.97258(6) A.
There are four La-O(l) distances of 2.700 A and eight
La-O(2) at 2.755 A. The distortion is brought about by a
slight Jahn-Teller-like elongation of the Cu06 octahedra,

0
in which there are four in-plane Cu-0 bonds at 1.909 A,
and two apical Cu-0 bonds at 1.986 A. This is in con-
trast to the rhombohedral form in which all Cu-0 dis-
tances are equal at 1.94 A. The anisotropic thermal pa-
rameters indicate a vibration of the oxygen atoms perpen-
dicular to the metal-oxygen bond, and is reminiscent of
that observed in the closely related compound
Bap 87Kp &

3Bi03. This vibrational motion is tantamount
to a tilting distortion of the Cu06 octahedra. Alterna-
tively, allowing a static disorder of oxygen ofF the ideal
positions, (0,0, —,'), and (0, —,', 0) results in improved isotro-
pic thermal parameters, 8;„=1.8(3) and 2.3(5) for O(1)
and O(2), respectively, and improved occupational factors
(Table lb). The magnitude of the disorder corresponds

FIG. 3. The structure of LaCuO295 illustrating the aniso-
tropic thermal parameters of oxygen. The unit cell is outlined
and the octahedral coordination of copper is emphasized.
Atoms shown are 50% probability ellipsoids.

0
to a displacement of oxygen by about 0.41 A and
refinement yielded a convergence to the final agreement
factors R =8. 12%, R~ = 13.83%, and R = 19.05%.
The statistically expected R factor, R,„„was 12.71%%uo

leading to a goodness of fit, S~ =(R„ /R, „)=2.25. R
values and goodness of fit are defined elsewhere. ' The
thermal-expansion coeScients measured between 11 and
300 K for the tetragonal form are a, =3.5X10 A/K
and a, =1.4X 10 A/K.

The unit-cell volume of the tetragonal phase (57.993
A ) is only slightly larger than that of the rhombohedral
form (57.721 A ), consistent with the latter being the
high-pressure dimorph of LaCu03. Tetragonal LaCu03
has also been prepared by the method of Darracq, et al.

TABLE I. Crystallographic data of LaCuO3 tetragonal cell, space group C4&
—P4/ (No. 83), Z =1 a =3.81897(4) A,

c =3.972 58(6) A, Vol =57.993(2) A, and d„„=7.178 g/cm . The anisotropic thermal parameters are of the form
exp [p„h'+p„k—'+p331 +2P,2hk+2P, 3hl+2P2, kl]. P„=P$3 0.
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in a belt-type apparatus at 20 kbar, in a series of experi-
ments which confirmed it to be the low-pressure form.
Webb et al. report a tetragonal phase of LaCu03 with

0 0
lattice parameters a =5.43 1 A and c =7. 84 A, obtained
by heating the rhombohedral form to 408 'C. However,
not all rejections in the powder pattern of this material
could be indexed, and there was generally a poor fit be-
tween the observed and calculated powder patterns. Fur-
thermore, no attempt was made to measure the oxygen
content and it seems likely that this material may be non-
stoichiometric, possibly related to the phases with 6 )0.2
which we have previously reported. ' Comparison of the
diffraction pattern with that of the tetragonal phase re-
ported herein did not reveal any obvious similarities. The
detailed structures of the monoclinic (5=0.2—0.4) and
orthorhombic (5=0.4—0.5 ) forms have been discussed
elsewhere. ""

B. Transport and magnetic measurements

The electrical resistivities for tetragonal phase materi-
als having oxygen contents of 6 =0, 0.09, and 0.16, and a
monoclinic sample with 6=0.33, are shown in Fig. 4 as a
function of temperature. Data for the 6 =0.5 phase are
not presented, as this material was found to be insulating,
with p ) 10 Q cm at room temperature. Results for su-
perconducting YBa2Cu307 are also shown in Fig. 4 for
comparison.

The temperature dependences of all the samples clearly
indicate metallic behavior. The room-temperature resis-
tivities range from 1 .0—3.0 mQ cm, only slightly higher
than sintered ceramic specimens of the metallic, super-
conducting cuprates. These values, however, are still
very large for metals, suggesting a considerable disorder
scattering contribution. The residual resistivities (pz ) in-
crease with 6, ranging from O.4 mQ cm for 6 =0 to 0.8
mA cm for 6 =0.33. The increase in pz with 6 is con-
sistent with an increase in the scattering associated with
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FIG. 5. M vs H at 20 and 250 K for tetragonal LaCu02 «.

the lattice defect concentration. If we assume a linear
temperature dependence for the LaCu03 & samples at
higher temperatures, the slopes ( dp ldT) range from
2.0—4.0 pQ, cm K '. As is apparent from Fig. 4, no su-
perconducting transition was found in any of these sam-
ples above 5 K. In addition, no evidence for supercon-
ductivity was found in resistivity measurements of the
6 =0 and 6 =0. 1 1 samples down to 0.5 K.

Magnetization data are illustrated in Figs. 5, 6, and 7.
The M vs H plots in Fig. 5 for LaCu02 84 at 20 and 250 K
show that there is a weak ferromagnetic behavior at
lower temperatures. We obtain the ferromagnetic com-
ponent Mo by projecting the high-field slope to H =0 as
indicated by the dashed line in Fig. 5. Figure 6 shows Mo
as a function of temperature for several compositions.
The paramagnetic susceptibilities shown in Fig. 7 were
obtained from the high-field slopes of the M vs H plots at
each temperature.

Consider initially the ferromagnetic contribution Mo in
Fig. 6 which has values from 2 to 10 emu/mol at 4.2 K.
We believe this is an intrinsic moment and not due to an
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FIG. 6. The temperature dependence of the ferromagnetic
moment (Mo } for several compositions of LaCu03
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ceptibilities for several tetragonal, monoclinic, and orthorhom-
bic LaCu03 z samples. The results for rhombohedral LaCu03
were taken from Ref. 5.

IV. DISCUSSION

Copper in LaCu03 is formally Cu +, a d cation, and
its low spin state (S =0) is the one most commonly ob-
served in octahedral crystal-field environments. As 6 in-

impurity phase for the following reasons. First, the most
likely impurities are small amounts of La2CuO4, CuO, or
even trace quantities of the monoclinic form
(5=0.2—0.4). However, the two former materials are
antiferromagnetic, while the latter is nonmagnetic. Fur-
ther, it is seen that Mo changes with the oxygen-defect
concentration 5, declining from 10 emu/mol for 5=0, to
Mp 0 at the tetragonal-to-monoclinic phase boundary at
5=0.2. Finally, there is very strong EPR and magnetic
evidence that the highly diluted Cu + cations in the
phases with 6=0 interact ferromagnetically at long range
and undergo a phase transition at temperatures below
240 K. ' The fact that the temperature dependence of
the EPR parameters are 5 dependent is particularly com-
pelling. For these reasons, we believe that the small mo-
ments observed are intrinsic and the data are analyzed
under this assumption.

Figure 7 shows the temperature dependence of the mo-
lar susceptibility (yM ) for the sequence of samples given
in Fig. 6, but also including monoclinic (5 =0.33) and or-
thorhombic (5=0.5) phases. The data of Fig. 7 can be
approximately fit to a Curie-%'eiss law plus a
temperature-independent susceptibility (yo) of the form
yM=yo+CM/(T —0). Weiss constants are very small,
8 &+20 K, and yo=10X10 cm /mole over the com-
position fields of the T, M, and 0 phases. The Curie con-
stant is C~=14X10 for 6=0 and 0.03, declining to
CM=6X10 cm K/mole for 5=0. 12 to 0.5. Theory
for Cu + with one unpaired spin gives C~ =0.375 and we
assume Cu is in a low spin state with CM=O. Thus,
the measured values of C~ are only a few percent of the
number of Cu as given by 6.

creases a corresponding fraction of the Cu formally be-
come Cu +, a d cation with S =

—,'. For example, at the
composition 5=0.16 there would be 0.32 Cu + ions per
mole of LaCu02 84. Taking C~=0.006, as given above,
no more than 4% of the expected number of Cu cat-
ions are actually contributing to C~. In addition to the
anticipated increase in Curie component with 5 (which is
not observed), changes in yo should also occur due to an
increase in the Pauli susceptibility with carrier concentra-
tion. The actual results, showing no clear trend in yo, of
course are contrary to these expectations. Given the ob-
servation of a small ferromagnetic moment in the tetrago-
nal phase, the susceptibility results of Fig. 7 can not be
used as a guide to a magnetic model for the tetragonal
phase. In fact, in large part the data more likely refIect,
especially at the lowest temperatures studied, actual
paramagnetic impurities present in all the compositions
of the LaCu03 & system.

Although we believe that the weak ferromagnetism of
the tetragonal phase is intrinsic, the value Mo ——10
emu/mole obtained at low temperature for 6=0 is quite
small, corresponding to 0.2%%uo Cu +. This concentration
is obtained from the fact that a full ferromagnetic mo-
ment of 1@~ for Cu + corresponds to Mo =5586
emu/mole, and this is consistent with EPR intensity mea-
surements. Moreover, the moment should disappear en-
tirely at 5=0. Consistent with this expectation, Darracq,
Matar, and Demazeau' have prepared a tetragonal La-
Cu03 at 40 kbar, and it shows no evidence for magnetic
ordering at low temperatures. Unlike our material, pro-
duced at oxygen pressures below 1 kbar, the composition
of the phase of Darracq, Matar, and Demazeau is prob-
ably very close to 5=0. The magnetic measurements for
the "5=0"sample shown in Fig. 6 suggest, in fact, that
its actual composition is closer to 6=0.001.

If the observed moments are not due to contamination
by impurities, as we believe, then their small values at
lower temperatures in the tetragonal (T) phases with
5 & 0 could arise from antiferromagnetic ordering with a
canting of the spins off the spin axis. The canting would
produce a small ferromagnetic component that saturates
at low field. As the oxygen defect concentration 6 in-
creases, more Cu + are created, but antiferromagnetic
correlations become very strong and decrease both Mo
and possibly also y~ as illustrated in Figs. 6 and 7. In
addition, there is likely to be considerable covalent mix-
ing of Cu and O wave functions, leading to a large reduc-
tion in p,z. Thus, there would be little evidence for local-
ized Cu + cations in these highly correlated yet still delo-
calized metallic systems.

In a cubic perovskite the crystal fields split the fivefold
orbital degeneracy of the d states into a lower triplet (t2 )

and upper doublet (e ). The latter in turn is split into d ~

and d, & singlets by tetragonal or lower (orthorhombic,
x —y

monoclinic, but not trigonal) distortions, with the d 2x —y
state highest for an elongation of the bonds along the
symmetry axis, as in T-LaCu03. The lower t2~ states
break up into a doublet and a singlet by either a trigonal
or a tetragonal distortion, but in the cuprates they are oc-
cupied and do not inhuence the physical properties. As
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discussed by Goodenough et a/. ,
' R-LaCuO3 should be

metallic since the two e electrons per Cu + (d ) are in
an orbitally degenerate state that would broaden into a
half-filled band. On the other hand, if the correlations
are large compared to the bandwidths, the rhombohedral
phase would be insulating because of the presence of a
Hubbard gap (U). For the tetragonal phase, if band-
widths are small compared to the crystal-field splitting,
T-LaCu03 & with 5=0 should be an insulator, since the
d 2 2 band is empty and the d & band is full. What is

observed, of course, is that both R- and T-LaCu03 are
poor metals. This suggests that the bandwidths are large
enough for some overlap to occur between empty and full
Hubbard bands in the rhombohedral case, and between
the empty d 2 2 and full d 2 bands in the tetragonalx —y Z

form. For the latter, this oversimplified situation is de-
picted in the schematic 3d-band model of Fig. 8, which
also shows how the Fermi level moves through the T, M,
and 0 phases with increasing 5, leading to a Hubbard gap
at 5=0.5.

The nature of the magnetic correlations in the two
high-pressure forms of LaCu03 are likely to be very
different. In the rhombohedral case, since the states orig-
inate from half-filled bands, the correlations would be an-
tiferromagnetic. ' In the tetragonal and lower symmetry
cases, since the conduction electrons are in originally
empty states, the correlations could be ferromagnetic. '

As 5 increases through the stability fields of the La-
Cu03 $ phases, oxygen vacancies are created which act
as double donors, increasing the Fermi level so that at
5=0.5 the d 2 2 band would become half filled. In ax —y
system with strong correlations, the resulting Hubbard
gap would make LaCu02 5 an insulator, as observed. As
the oxygen content decreases through the T, M, and 0
phases, magnetic correlations shift from ferromagnetic to
antiferromagnetic, with an intervening antisymmetric
(canted) state. Both magnetic susceptibility and EPR
(Refs. 3 and 4) are consistent with the presence of a small
ferromagnetic moment for a small but nonzero 5. As the
ferromagnetic interaction diminishes with increasing 5,
EPR linewidths increase because of antisymmetric and
antiferromagnetic correlations which ultimately produce

cr(dxa ya)

E lQ-n a}

o (dza)"

FIG. 9. Schematic band model for LaCu03 z showing metal-
lic conductivity arising from the overlap of o.* and m* sub-
bands.

the Hubbard insulator at 5=0.5. Finally, we point out
that Anderson magnetic localization' provides a similar
context to explain the evolution of magnetic properties.
In this picture, as 5 increases, spinless Cu + cations be-
come Cu + with spin —,', which localize in the background
of band states. For small 5, these localized Cu + centers
interact ferromagnetically at long range. At the other ex-
treme, 5=0.5, the system would evolve into a concentrat-
ed Anderson lattice of Cu + centers, giving rise to an an-
tiferromagnetic insulator, with canted magnetism ob-
served at intermediate 5. More detailed magnetic mea-
surements including neutron diffraction are required to
obtain a complete and credible model. The full picture
requires an understanding of the inhuence of the various
oxygen defect structures on the magnetic properties of
the entire LaCu03 & system.

A more realistic band scheme than that depicted in
Fig. 8 is implied by our EPR results. ' The EPR spectra
show g~ ~ 2 for tetragonal phases with 5=0. Analysis of
the data suggests that the anomalously low g~ could be
explained by the presence of oxygen rr(2p~)* states at
EF. ' This would lead to a band model such as that
shown in Fig. 9, where metallic character for 5=0 occurs
as a consequence of the overlap of the empty o (d 2x —y
band with the filled ~*. Such a picture is consistent with
band-structure calculations by Darracq, Matar, and
Demazeau, ' and the view of LaCu03 as a "low-6" met-
al. ' A perplexing experimental issue, however, is the
finding of semiconducting behavior for the presumably
fully stoichiometric T-LaCu03 phase. ' In Fig. 9, the
transformation of LaCu03 & to an insulator as 5~0.5
arises from the same mechanism as that shown for the
simple d-band case of Fig. 8; namely, the development of
a Hubbard gap as the o (d, , )* band becomes half filledx y
at LaCuOz ~

0&8&0.5 8 =O.S
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