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%'e report measurements of static magnetic susceptibilities for a series of strontium-substituted
lanthanum copper oxides prepared under identical conditions. These materials have recently been
shown to exhibit bulk superconductivity with high critical temperatures. Measurements of the
end member La2Cu04 provide evidence for a phase transition of unknown origin at =260 K.
This phase transition is suppressed by the substitution of small amounts of strontium for lantha-
num. Understanding the normal-state properties of Sr„La2—„Cu04 —~ may provide important
clues to the superconducting behavior of these materials.

INTRODUCTION

Recent reports of high-temperature superconductivity
in alkaline-earth-substituted lanthanum copper oxides
having K2NiF4-type structures' have led to great interest
in these phases. Prior to the discovery of superconductivi-
ty, they had been studied for possible applications in elec-
trocatalysis and oxygen sensing and as model systems for
magnetism in two-dimensional systems. A possible su-
perconducting transition was first reported in the Ba-La-
Cu-0 system by Bednorz and Miiller, ' with the supercon-
ducting phase subsequently identified as having the
stoichiometry La2 Ba„Cu04 q and structure of the
K2NiF4 type by Takagi, Uchida, Kitazawa, and Tanaka.
Superconducting properties of the lanthanum copper ox-
ide system were significantly improved by the substitution
of strontium for lanthanum, forming the system
La2-„Sr„Cu04-b with transition temperatures' as high
as 40 K.

Few other superconducting oxide systems are known.
Those with reasonably high T, 's, A„W03, A -K or Rb, "
Lii+„Ti2 „04, ' and BaPbi „Bi„Oi,' have several fea-
tures in common. ' Superconductivity occurs over only a
limited composition range with the superconducting re-
gion bounded by semiconducting and metallic regions.
Also, T, is highest near the semiconducting phase bound-
ary. Finally, all contain octahedrally coordinated metal
atoms. However, BaPb~ „Bi 03 is unique among this set
of materials in having significant oxygen orbital participa-
tion at the Fermi level. ' Calculations by Mattheiss sug-
gest that in Sr„La2-„Cu04 —b, hke BaPbi-„Bi„03 coIl-
duction electrons also have significant 0 2p character. '

To understand superconductivity in Sr„La2 „Cu04 —b,

it is essential to understand the normal state properties of
this material. We report here the magnetic properties of a
series of strontium-substituted lanthanum copper oxides
Sr„La2-„Cu04-b prepared under identical conditions to
facilitate comparison of their behavior.

EXPERIMENTAL PROCEDURE

Samples of Sr„La2 — Cu04 b were prepared from
high-purity La(OH)i SrCOi, and CuO powders using
standard powder ceramic procedures. Processing steps in-

elude reaction at 1000 C for several days with intermedi-
ate grindings, pressing into pellets, sintering at 1}00 C,
and a final oxygen anneal, typically at 700 C. Samples
were single phase as determined by powder x-ray dif-
fraction. Properties of samples prepared under identical
conditions are reproducible.

Magnetic susceptibility was measured on polycrystal-
line samples from 4.2 to 400 K using the Faraday tech-
nique. While details of this apparatus have been de-
scribed else~here, ' in brief, low-temperature data are ob-
tained at intervals of about l K using a He-flow cryostat
cooled at an average rate of 1 K/min. The relative accu-
racy of Zg is approximately +' I X 10 ' emu/g or less de-
pending on the sample size, although the absolute accura-
cy of the susceptibility is + 2% as determined by a com-
parison to several standards. No attempt was made to
prove random orientation of the powder which was
pressed into pellets prior to the measurement. In all ex-
periments, the applied field was 14 kOe and the measured
susceptibility was checked for field dependence at several
temperatures.

RESULTS

The temperature dependence of the magnetic suscepti-
bility of LaqCu04 had been reported previously. ' ' In
Fig. 1, we show our data for La2Cu04. The susceptibility,
uncorrected for core diamagnetism, is paramagnetic. A
major feature of the data is the steep rise in the magnetic
susceptibility below = 380 K. Below 40 K, a diamagnetic
downturn, corresponding to the onset of superconductivity
in a minor component of the sample, is observed. This su-
perconducting component is estimated to constitute only
0.1-0.01% of the sample based on measurements of the
Meissner eA'ect. This concentration is well below the
limits of detection of powder x-ray diA'raction. Above 400
K, the magnetic susceptibility for this sample shows a
slow increase with increasing temperature. The rise in

magnetic susceptibility below 380 K is the result of a
phase transition occurring at 260 K. This is indicated by
the peak in the derivative of the susceptibility with respect
to temperature, dX/dT. A second peak in dZ/dT at 40 K
corresponds to the superconductivity onset. The ortho-
rhombic to tetragonal phase transition reported to occur
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FIG. 5. Molar susceptibility measured at 150 K vs x in

Sr„La2—„Cu04 —~.

DISCUSSION

In contrast to the other known lanthanide cuprates
which are semiconductors, La2Cu04 does not exhibit sim-
ple semiconducting behavior. Initial measurements '

found a low, nearly temperature-independent resistivity
and weak paramagnetism in the magnetic susceptibility of
La2Cu04. Resistivity measurements on La2Cu04 pre-
pared in our laboratory show a peak in p near 200 K and
activated behavior at temperatures below this. Ganguly,
Kollali, Rao, and Kern, ' reported that this material
shows a slight maximum in X around 230 K. Similarities
were noted between the behavior of this compound and
other low-dimensional materials including KCuF3 and
Ca2Mn04.

change of the susceptibility with temperature is not con-
stant, no clear signatures of phase transitions other than
the onset of superconductivity are observed in the data.
For x =0.20, the magnetic susceptibility is nearly temper-
ature independent to 120 K, then decreases slowly with
decreasing temperature. Again, there is no peak in
dX/dT, indicative of phase transitions, in the temperature
dependence of the magnetic susceptibility of any of these
samples.

As shown in Fig. 4, the temperature dependence of the
magnetic susceptibilities of samples with x =0.25 and
0.30 are nearly identical. The susceptibility increases
slowly with decreasing temperature. For x =0.50, the
susceptibility is strongly temperature dependent above the
onset of superconductivity. The high-temperature data
can be fit to a Curie-Weiss form yielding C~ 4590
emu K/mol and 8 =2 K. This would correspond to a mo-
ment per copper of 0.192pg.

Figure 5 shows the variation in molar susceptibility
with x for Sr„La2 — Cu04 —q at 150 K. The susceptibility
falls sharply from x =0 for samples which are semicon-
ducting (x 0.03, 0.05), then begins to rise in samples
which display superconductivity. Above x =0.25, the sus-
ceptibility again begins to decrease. The same variation is
seen for molar susceptibilities measured at 280 K.

Interesting parallels have been noted' between the su-
perconducting oxide systems La2 —„Sr„Cu04-z and
BaPb ~ „Bi„03. In BaPb ~ Bi 03, the magnetic suscep-
tibility is weakly diamagnetic throughout the alloys, con-
sistent with their low density of states N(0). The net sus-
ceptibility increases slightly with increasing bismuth con-
centration, then decreases again as the alloy system ap-
proaches the metal-semiconductor transition. The suscep-
tibility rises again in the semiconducting regime, pre-
sumably due to a paramagnetic component of unknown
origin. Two mechanisms have been proposed to account
for the metal-semiconductor instability in the barium lead
bismuthate system. The first assumes a strong electron-
phonon interaction leading to a charge-density wave
(CDW) instability, while the second proposes effects re-
sulting from inhomogeneity, either oxygen vacancies or
bismuth segregation.

In contrast to BaPb~ — Bi 03, the Sr La2 — Cu04 —q

system is paramagnetic throughout the alloy system. The
minimum in the susceptibility occurs at the junction be-
tween superconducting and nonsuperconducting samples.
The susceptibility reaches its maximum near the doping
level yielding the highest T, and largest Meissner effect. 2s

In an earlier study of the high-temperature behavior
of the magnetic susceptibility in the series
Sr, La2-„Cu04-6, this variation in susceptibility was
attributed to the change from localized behavior in
La2Cu04 to metallic behavior in the doped materials fol-
lowed by the effects of an increasing Cu ttt component as a
function of strontium incorporation. Superconducting
measurements have been interpreted within the context
of conventional theories to infer a density of states at the
Fermi level for Sr„La2 —„Cu04 q that is four times that
of BaPb~ —„Bi 03. These results are consistent with a
higher density of states for this material leading to a
larger Pauli paramagnetism and a net paramagnetic sus-
ceptibility.

As in the barium lead bismuthate system, charge-
density waves have been invoked to account for aspects of
the behavior of the Sr„La2 — Cu04 —z alloy system. '

Mattheiss' finds near-perfect nesting of the calculated
Fermi surface which would favor a CDW distortion open-
ing up a gap at the Fermi surface and preventing super-
conductivity. He suggests that the role of the alkaline-
earth substituent is to suppress the CDW distortion.

While CDW's may be important in Sr„La2-„Cu04-b
phases, the susceptibility peak observed in La2Cu04 is
most likely not related to CDW's. The onset of a CDW
opens gaps at the Fermi surface thus lowering the density
of states at the Fermi surface. Typically, then, the Pauli
contribution to the magnetic susceptibility is decreased
and the magnetic susceptibility decreases at the CDW on-
set. In this case, however, the magnetic susceptibility
shows a maximum which suggests antiferromagnetic in-
teractions. However, Curie-Weiss behavior is not ob-
served at temperatures above the peak as would be expect-
ed in the case of normal antiferromagnetism.

Anderson has proposed an alternative mechanism to
account for the peculiar magnetic properties of La2Cu04.
He suggests that as a consequence of the low dimensional-
ity of the structure formed by La2Cu04, with copper in
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the low spin state S= 2, a "resonanting valence band"
state is formed. This state consists of nearest-neighbor
singlet pairs stabilized through a Pauling-type resonance
among an array of these pairs. In undoped La2Cu04,
these pairs may lead to the antiferromagnetic-like peak in
the magnetic susceptibility at 260 K. Anderson proposes
that these preexisting magnetic singlet pairs then convert
to charged superconducting pairs upon sufficient doping.
Indeed, the peak observed in the magnetic susceptibility of
La2Cu04 is suppressed with small additions of alkaline-
earth dopant. However, superconductivity is not seen
until the strontium level reaches x =0.06 for
Sr La2 „Cu04 —q.

Surprisingly, we do not see a magnetic signature for the
othorhombic-tetragonal phase transition at 533 K in

La2Cu04. Also, we do not see clear evidence for this
structural phase transition at lower temperatures in the
strontium-substituted lanthanum copper oxides, suggest-

ing that this transition has little eff'ect on the electronic
properties of these materials, and casting some doubt on
its role in the occurrence of superconductivity.

In summary, then, magnetic susceptibility provides
insights into the normal-state behavior of
Sr La2 „Cu04 —b. Recent ideas of Anderson concerning
a "resonanting valence band" state are consistent with our
observation of a peak in the magnetic susceptibility of
La2Cu04 at 260 K. Incorporation of the alkaline-earth
substituent, strontium, causes this feature to vanish and
promotes the formation of a superconducting state.
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