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Superconducting phase transitions in the La-M-Cu-0 layered perovskite system,
M =La, Ba, Sr, and Pb
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(Received 5 February 1987)

We report results of our studies of the La-M-Cu-0 system, M La, Ba, Sr, and Pb. T, and the
magnetic moment are correlated with annealing schedules and x-ray structural analyses. The oc-
currence of superconductivity is associated with the formation of Cu + ions producing an expan-
sion of the c parameter of the unit cell. We have found magnetic and resistive anomalies near 65
K in some La-Ba-Cu-0 samples. These samples show a slight depression of the superconducting
transition temperature.

Observation of superconductivity in the La-Ba-Cu-0
system ' at temperatures over 30 K has sparked worldwide
enthusiasm and research on this new class of high-
temperature superconductors. High-temperature super-
conductivity (T, & 10 K) had been reported in only two
other oxide systems, the Li-Ti-0 system possessing a cubic
spinel structure, and the Ba-Pb-Bi-0 system possessing
the perovskite structure, with maximum transition tem-
peratures of 13.7 and 13 K, respectively. The new La-Ba-
Cu-0 oxide system, with T, 's reported above 40 K,
possesses a layered perovskite K2NiF4-type crystal struc-
ture and is metallic at room temperature. The earliest
data on the La-Cu-0 layered perovskite system date to the
early 1960's. In 1973, Goodenough, Demazeau,
Pouchard, and Hagenmuller reported on an oxygen defect
phase in the La-Sr-Cu-0 system where the Cu ion assumes
a +3 valency. ' In 1979 Shaplygin, Kakhan, and La-
zarev" reported metallic conductivities in the compounds
Laz „M„Cu04 with M Ca, Sr, Ba, and Pb. The initial
report of superconductivity in the M Ba compound has
been confirmed by several groups and superconductivity
has subsequently been observed in the M-Sr (Refs. 12
and 13) and M Ca (Ref. 13) compounds. Both zero
resistance and partial flux expulsion (Meissner effect)
have been observed in these samples giving evidence that
the compounds are bulk superconductors.

The La-M-Cu-0 compounds are prepared either by
coprecipitation from aqueous solutions of La, Cu, and M
nitrates or by reacting powdered mixtures of oxides and
carbonates of La, Cu, and M. Various reaction tempera-
tures and reaction times have been reported as well as vari-
ous post-reaction annealing schedules which improve the
superconducting properties.

Our materials were prepared from reagent-grade
powders of La203, BaCO3, SrCO3, CaCO3, Pb02, and
CuO. These powders were mixed in appropriate ratios to
form the desired compounds and calcined in air at temper-
atures between 1000'C and 1100'C for approximately 12
h. The materials were then reground into powder, pressed
into small disks (nominally 1-cm diameter by 2-mm
height) and sintered in air at temperatures between
1000 C to 1100'C for 12 h. The calcined powders and
the sintered pellets were x-rayed following each process to
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FIG. 1. Resistance and magnetic moment plotted vs tempera-
ture of Lal.9Bao.lCu04. The onset temperature for superconduc-
tivity in the resistive transition is 40 K. Magnetic moment was
measured cooling in 100 Oe and represents about 10% flux ex-
clusion.

ensure the K2NiF4 phase was present. In one case the La-
Ba-Cu-0 powder was calcined a second time before press-
ing and sintering. This recalcining did improve the
structural quality of the compound, as evidenced by the
sharpness of the x-ray lines, but slightly lowered the onset
of the superconducting transition and produced magnetic
and electrical anomalies near 65 K (discussed later). Cal-
cining and/or sintering in a pure oxygen atmosphere at
1100 C produced substantial phases other than the
K2NiF4 phase which were not superconducting.

The La-Ba-Cu-0 compounds were prepared in three
compositions, Laz „Ba„Cu04 where x -0.1, 0.2, and 0.3.
The resistive transitions were measured on the sintered
pellets by attaching four leads with indium solder. The
resistivity of the pellets was relatively high (-10000
p 0 cm), which we assume is due to the granular nature of
the loosely compacted and sintered pellet rather than the
intrinsic resistivity of the material itself. Similarly, the
transition is broadened and the critical current (-5.0
A/cm2) is low because of the granularity. Figure 1 shows
the resistive and magnetic transition for the x 0.1 sample
which had the sharpest transition and the highest onset
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temperature. The onset temperature To was 40 K and the
R 0 point was 24 K. The magnetic moment was mea-
sured cooling in a 100-6 ambient 6eld and was still chang-
ing at 10 K (the lowest temperature measured), but at this
point it represented about a 10% Ilux exclusion (subse-
quent Sr samples showed over 50/o exclusion). To, deter-
mined magnetically, of this sintered material is about 28
K.

An interesting anomaly in the resistive and magnetic
transition appears around 65 K in some of our samples.
Figure 2 shows the magnetic moment of two
Lai 9Bao iCu04 samples, one of which had been reacted
only once at 1100'C for 12 h (a), while the other had been
reacted a second time also at 1100'C for 12 h (b). X-ray
spectra of these samples are shown in Fig. 3. The twice-
reacted sample (similar thermal history as the sintered
samples), which shows the anomaly, has slightly sharper
x-ray lines indicating a more homogeneous composition,
and the c parameter is smaller. It also has a slightly
depressed To (28 vs 32 K).

The anomaly at high temperature in the twice-reacted
Lai 9Bao iCu04 may be associated with an electronically
driven distortion of the lattice similar to a charge-density-
wave (CDW) transition. Such transitions remove carriers
from the conduction process and are usually detrimental to
superconductivity. '" Similarly, the CDW structural dis-
tortion is removed by crystalline defects of various types'
and may explain the absence of an anomaly in the slightly
less homogeneous once-reacted samples. The tendency for
a structural instability is often correlated with low-
frequency phonon modes that are important for high T,.
The anomalies observed in our samples also suggest that
such low-frequency modes may be present and may be re-
sponsible for the very high T, in these materials. '

Magnetic transitions for Lai sSro 2Cu04 and
Lai 7Cao3Cu04 samples are shown in Fig. 4. To, deter-
mined magnetically, for these samples are 36 and 24 K, re-
spectively. Samples having the composition Ba, x 0.1

and 0.2; Sr, x 0.1 and 0.2; and Ca, x 0.3, showed x-ray
spectra characteristic of nearly single phase K2NiF4 struc-
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FIG. 3. The x-ray powder diA'raction pattern for the twice-
calcined sample of La~.9Bao.~Cu04. The pattern shows a single-
phase K2NiF4 structure. The inset compares a portion of this
pattern [(b) upper trace] with the same region of the x-ray pat-
tern for the (a) singly calcined sample. Note that the singly cal-
cined sample has broader lines at a slightly smaller 28 (indicat-
ing a larger lattice parameter).

ture and had higher and sharper transitions than other
compositions.

Three compositions of La2, Pb„Cu04 with x 0.1, 0.2,
and 0.3 were also made. These samples were processed in
a similar manner as were the Sr, Ba, and Ca samples. The
Pb, x 0.1 sample had an x-ray spectrum with nearly
single-phase K2NiF4 structure. In the lowest resistivity of
the three compositions, however, the sample showed no
sign of superconductivity and had activated conductivity.
Various subsequent annealing procedures were attempted
to improve the conductivity of this sample. An inert gas
anneal at 750 K for 12 h produced the lowest resistivity of
about 30000 Qcm, but again there was no sign of super-
conductivity.

Superconductivity in this new class of high T, com-
pounds appears to be intimately connected with the
valence of the Cu + ion. '2 In La2Cu04 the copper is in
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FIG. 2. This figure shows the (a) once-reacted and (b) twice-
reacted samples of La~.yBao ~Cu04 plotted vs temperature. The
anomaly in the twice-reacted sample near 60 K is clearly visible
as is the reduction in the onset temperature for superconductivi-
ty.
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FIG. 4. The magnetic moment of La |.8Sro 2CuO4 and
La~ pCa0. 3Cu04 plotted vs temperature. The magnetic moment
for the sample at 10 K represents almost 60% flux expulsion
(100-Oe ambient field).
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TABLE I. Sample parameters.

Material c/a
Tp

(K)

L».sCao.2Cu04
La (.7Cap. 3Cu04
La~ 9Bap.~Cu04
La].9Bap ~Cu04
La~ sBap.2Cu04
La) 9Srp ~Cu04
La ~.sSrp. 2Cu04
La ~.7Srp 3Cu04
La ~.9Pbp. ~ Cu04
La i.sPbo. 2Cu04
La~ 7Pbp. 3Cu04

3.790
3.782
3.786
3 ~ 787
3.801
3.771
3 ~ 777
3.798
3.801
3.772
3.791

13.159
13.162
13.238
13.256
13.301
13.233
13.261
13.111
13.191
13.120
13.158

3.47
3.48
3.49
3.50
3.50
3.51
3.51
3.45
3.47
3.48
3.47

22.5
25
30'
33'
31
36.5
37

(4

'Tp measured by dc susceptibility.

the +2 valence state. The addition of Ba, Sr, Ca, and Pb
either forces some of the Cu ions into the +3 valence state,
creating a mixed valence compound, or produced oxygen
vacancies. ' ' The preservation of Cu + by minimizing
the oxygen vacancy formation with suitable processing
procedures is essential to superconductivity. The extra
electrons from Cu provide carriers which make the materi-
al highly conductive and superconductive in some cases.
The relative amounts of Cu + ions can be inferred from
the x-ray structural analysis. Cu + produces an expansion
of the c parameter relative to the a parameter if the oxy-
gen content remains constant. ' Table I lists the a and c
parameters for the compounds shown as well as the Tp
values of the samples. The correlation of superconductivi-
ty with the size of the c/a ratio is clearly evident.

Reacting or annealing the compounds in oxygen can be
either detrimental or beneficial depending on the presence
of second-phase higher oxides. If second-phase higher ox-
ides are present, then annealing in oxygen at high temper-
atures will promote the growth of this phase at the expense
of the LaM„Cu04 oxide. An associated reduction of the c
parameter in the K2NiF4 structure is observed. In this sit-
uation, annealing in a reducing atmosphere rather than an
oxidizing one promotes the growth of LaM„Cu04 oxide

and enhances the superconducting properties. If, on the
other hand, one has a single phase K2NiF4 structure or a
second phase of lower oxides, then a low-temperature oxy-
gen anneal which does not nucleate a higher oxide second
phase will promote the formation of more Cu + by ensur-
ing that more oxygen vacancies are filled. Thus we see
that annealing schedules and procedures may vary
significantly depending on the exact chemistry of the com-
pound.

In summary, we have prepared La2 —„M„Cu04 super-
conducting compounds with M„=Ba, Sr, and Ca. With
M =Pb, the compound of the same structure is not super-
conducting. The reason for this change in behavior is un-
clear but is most likely associated with the ability of Pb to
promote Cu + ions versus oxygen vacancies. Correlation
of the presence of Cu + ions with the c/a ratio has been
demonstrated, and a reason for the variety of apparently
conflicting annealing procedures has been suggested.
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