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Supercouducting properties of Laz — Ba Cu04
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We show that the superconducting transition temperature T, of La2- Ba Cu04 as a function
of barium content (0 ~ x ~ 0.25, determined by mutual inductance measurements) has two maxi-

ma, both T, =25 K, near compositions x 0.09 and x 0.15. Between these two maxima is a lo-
cal minimum (T, about 5 K) for x 0.12. dc magnetization data are also reported for six com-
positions. Anomalies in electrical resistance appear near T 50-60 K at compositions 0.10~x

0.125. Many samples clearly show a second resistive superconducting transition near 30 K in

addition to the bulk transition most clearly observed magnetically. The variation of T, with com-
position is discussed in relation to the occurrence of resistance anomalies. The tetragonal lattice
parameters at room temperature are consistent with previous work, and show no obvious
anomalies. The sample preparation procedures are discussed in detail.

I. INTRODUCTION

Two years ago Bednorz and Muller' discovered super-
conductivity near 30 K in the La-Ba-Cu-0 system. Taka-
gi et al. then identified the room-temperature K2NiF4-
type structure of the superconductor La2-„Ba„Cu04.
The substitution of Sr for Ba brought T, 's to near 40 K.3

The re lacement of La by Y led to the 90-K superconduc-
tors. 4 More recently, transition temperatures above 100
K have been observed in Bi- and Tl-containing com-
pounds.

One consequence of the fast pace of discoveries is that,
in the La2 —„Ba„Cu04 system originally discovered by
Bednorz and Muller, there have been few systematic stud-
ies of superconductivity as a function of composition.
Conflicting results from many laboratories initially
discouraged a complete study of this compound. Never-
theless, much remains to be learned from a careful study
of the La2Cu04-based superconductors. The recent
discovery of the Bi- and Tl-containing superconductors
underscores the fact that these copper oxides are related
members of a large family of perovskite-derived com-
pounds containing Cu02 planes. Thus, the detailed
description of superconductivity in La2 —„Ba„Cu04 that
we present in this paper is important for the development
of an understanding of systematic trends in these super-
conductors.

An important facet of this work is the sample prepara-
tion procedure. It appears that small variations in the
preparation method can result in remarkable changes in
sample characteristics. Although the sample preparation
for this La2 —„Ba„Cu04 system is similar to that of the
analogous Sr-doped system, there are notable differences.

II. SAMPLE PREPARATION AND EXPERIMENTAL
PROCEDURES

The method of preparation of our samples is based on
the recipe of van Dover et al. for the La2- Sr Cu04 sys-

tern. However, previous work' and our own inconsistent
early results prompted us to fine tune our preparation pro-
cess. In order to emphasize these important adjustments,
we will compare some of the processing parameters used
for the Ba-doped samples with those used in the prepara-
tion of La2 —„Sr„Cu04. The Sr-doped superconductor is
initially heated as powder, being pelletized only once be-
fore the last high-temperature firing. We found that Ba-
doped samples pelletized during all firings generally have
larger ac susceptibility superconducting transitions and
more reproducible T,'s than samples heated as powders in

preliminary firings. Kishio et al. o studied the detrimental
effect of water on superconductivity in the La-Sr-Cu-0
system. They found that heating the sample to 900'C in
vacuum to remove water before attaining the final firing
temperature resulted in samples with a larger ac suscepti-
bility superconductivity signal. We found this procedure
to be ineffective for the case of the Ba-containing super-
conductor. However, it was discovered that bringing sam-
ples from 700 to 750'C in air for 3 to 4 h before higher
temperature firings improved consistency. This procedure
may be effective because water, incorporated into the
samples during grinding in air, leaves the samples before
significant reaction takes place.

Samples of nominal composition La2 —,Ba,Cu04
(0~ x ~ 0.25) were prepared from dried La203, reagent
BaCO3, and fully oxidized CuO powders. Components in
stoichiometric proportions were mixed and ground in air
in an agate mortar (about 1 h for a 7-g sample) in order
to promote homogeneity before the first firing. The
powder mixture was pressed with 5000 pounds force into
pellets having a 1 cm diameter.

Details of the firing schedule are as follows (note that
all firings in air are immediately preceded by the 3 to 4 h
heat treatment at 700 to 750'C). The pellets were set
onto alumina and fired in air at 1000'C for a minimum of
12 h. A regrinding and repelletizing was followed by an
identical heat treatment. A final regrinding and pellitiz-
ing was followed by a heat treatment of 1100'C in air for
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at least 12 h. Finally, the samples were heated in oxygen
at 900'C for 12 h, then furnace cooled over a period of 4
h. Sample compositions in all cases are nominal composi-
tions. Proportions for the metal elements are the starting
values. Oxygen content was not determined.

Samples prepared in the above manner proved to be
hard and well sintered, with consistent superconducting
properties. However, some variations in sample charac-
teristics are evident in T, and resistivity measurements.
These will be discussed as results are presented. T, mea-
surements were performed using an ac susceptibility ap-
paratus operating at 200 Hz. The temperatures in this
apparatus are reproducible to better than 0.5 K. The
resistivity samples were cut from sintered pellets. The
electrical leads were indium soldered onto gold strips,
which had been sputtered onto the polished sample. Ther-
mometer accuracy for resistivity measurements is ~ 1 K.
In some cases resistivity measurements show small ir-
reversible jumps on the order of 1%. We speculate that
these are due to stress-induced cracks. Magnetization
data (shielding at 100 G) between 6 and 200 K for six
samples were obtained using a fully automated supercon-
ducting quantum interference device magnetometer. "

Room-temperature x-ray powder diffraction was per-
formed using Cu Ea radiation with a diffracted beam
monochromator. The Si powder was mixed with

powdered samples to provide an internal standard. In all
cases the major La2-, 8a,Cu04 phase was observed,
tetragonal for x ~ 0.065 and orthorhombic for x ~ 0.05.
Impurity phases did not appear in diffraction patterns
above the 2% level of detection, except in the case of one
sample with Ba composition x 0.10.

III. RESULTS
A. ac susceptibility and dc magnetization

Superconducting transitions at various Ba contents,
determined using ac susceptibility, have a characteristic
shape shown in Fig. 1. In most samples there is a slight
onset, usually near 25-30 K, involving a few percent of
the sample. A subjective estimate of the highest tempera-
ture that the signal deviates from the normal-state value
we call the "highest onset. " We identify the "bulk onset"
as the point at which the extrapolation of the normal-state
susceptibility signal intercepts the extrapolated steepest
slope of the transition. The superconducting transition
temperature T, is defined to be a specific normalized sus-
ceptibility signal, 200 pV/(g sample), which is 30% of the
full transition in the sample exhibiting the largest transi-
tion (Fig. 1). Finally, there is a gradual drop in suscepti-
bility to the lowest temperatures measured (about 4.2 K).

T, 's, bulk onsets, and highest onsets are plotted in Fig.
2. T, as a function of Ba composition x has two maxima,
near x 0.10 and near x 0.15. A local minimum T, 5
K appears near x 0.125. There is some scatter in T„
especially in the regions where T, is varying strongly with
composition. Note that we have included on this plot all
samples prepared according to the method described
above; we have not eliminated samples for any reason.

In addition, dc magnetization data between 6 and 200
K were obtained for samples at six compositions. Figure 3
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FIG. 1. Mutual inductance superconducting transition for

La~.855Ba0.~45Cu04 normalized to sample mass. The "highest
onset" is an estimate of the temperature at which the suscepti-

bility signal deviates from the nonsuperconducting value. The
"bulk onset" and T„illustrated, are defined in the text.

displays magnetization data below 40 K for these six sam-
ples. (The sample with x 0.10 is that having T, 12.5
K in Fig. 2.) The magnetization data above T, in all cases
show no anomalies. There is always a slight diamagnetic
signal below 30 K. The bulk superconducting transitions
are in reasonable agreement with the ac susceptibility re-
sults. An interesting trend is apparent in the magnetiza-
tion data that is not clearly observable in the ac suscepti-
bility results. The shielding appears to be reduced in sam-
ples with reduced T,'s. This behavior is reminiscent of
that observed in Laz-„Sr„Cu04 by van Dover and co-
workers.

The overall behavior of T, as a function of composition
is clear. The minimum in T, near x 0.12 is especially
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FIG. 2. Mutual inductance T, vs composition for
La2 —Ba„Cu04. Solid circles represent T,. Triangles represent
samples whose T,'s are not above 4.2 K. Solid lines are drawn
between T, and the "bulk onset;" dotted lines are drawn be-
tween bulk onset and highest onset. T„bulk onset, and highest
onset are illustrated in Fig. 1 and defined in the text.
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FIG. 3. dc magnetization at 100 6 at low temperature for six

compositions of La2-, Ba„Cu04, illustrating the diamagnetic

sh&elding. Values of x are associated with the appropriate sym-

bol in the lower-right-hand corner.

well defined. These abrupt variations in T, have not been

reported by other workers. '2 Nevertheless, the result is

reproducible in our laboratory. There are three factors
which we believe may have allowed this eH'ect to go unno-

ticed. First, the density of data points in previous research
is low, with very little data for x near 0.12. Second, sam-

ple preparation procedures may have resulted in samples
which had inhomogeneities that smeared out the sharp
composition dependence we observe. Finally, earlier mea-
surements were often made using electrical resistance, a
method which may measure filamentary superconductivi-

ty. A small quantity of superconductivity does occur in

many of our samples up to 30 K.

B.Resistivity

Electrical resistivity measurements were performed on

many samples (0.08 ~ x ~ 0.20). The character of resis-
tivity is metallic (resistance falls as temperature is re-

duced), without apparent anomalies, between room tem-
perature and 100 K. The values of resistivity at room
temperature vary nonsystematically by an order of magni-
tude. Perhaps these variations are due to cracks in the
samples. This explanation is consistent with our sugges-
tions that the irreversible jumps in resistivity on the order
of 1%, which are often detected in our measurements, may
be due to strain-induced cracks. Resistivities for six com-
positions for temperatures below 100 K are displayed in

Figs. 4 and 5. (The sample with x 0.10 in Fig. 4 is the
sample with T, 12.5 K in Fig. 2 whose magnetization
data are shown in Fig. 3.) For x 0.10 and x=0.12
(shown in Fig. 4) and x 0.125 (not shown) there is a lo-
cal minimum in resistance. The minimum appears near
T 48 K at x 0.10 and T 58 K at x 0.12 and
x 0.125. The resistance appears nonmetallic (resistance
rises as temperature is reduced) below the minimum to
the superconducting transition. The resistivities for com-
positions x 0.08 and 0.145&x&0.20 show no such
well-defined minimum. The superconducting transitions
observed resistively are notable also. The samples with
low transition temperatures (x 0.12 and x 0.20) show

clearly two superconducting transitions, one with an onset
near 30 K, which we associate with the highest onset in ac
susceptibility, and another which corresponds well with
the bulk onset. The higher temperature transition
(10%-20% of resistivity) appears to be associated with a
susceptibility transition on the order of 2%-3% of the to-
tal susceptibility transition (see Fig. 3). It is often the
case (as observed here) that a small volume of "filamenta-
ry" superconductivity is observed as a large resistive tran-
sition, while the magnitude of the magnetically measured
transition more closely corresponds to the volume which is
actually superconducting. These double transitions sug-
gest that, at least at low temperatures, these samples may
contain two superconducting phases. The majority has
T„which corresponds to the superconducting bulk transi-
tions. A trace of a second phase occurs which has T, near
30 K.
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FIG. 4. Electrical resistivity at low temperatures for
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FIG. 5. Electrical resistivity at low temperatures for
La2 — Ba„Cu04, x 0.145, 0.175, and 0.20.
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FIG. 6. Lattice parameters at room temperature of K2NiF4-

type tetragonal Lap-„Ba Cu04. Also shown, for x 0 and

x 0.05, are c lattice parameters for the orthorhombic struc-
ture Unce. rtainty in a is about ~ 0.003 A; in c, +'0.01 A.

IV. DISCUSSION

The superconducting transition temperature in
La2-, Ba„Cu04 is a sensitive function of composition and
of preparation method. A local minimum in T, of 5 K
near x 0.125 occurs in a composition range where resis-
tivity anomalies occur near 60 K. These anomalies indi-
cate the existence of an electronic transition (distinct from
the tetragonal-to-orthorhombic transition occurring at
higher temperatures) whose crystallographic manifesta-
tion is presently being studied with low-temperature x-ray
diffraction and neutron diffraction measurements.

Published studies of low-temperature phase transitions
using x-ray and neutron diffraction are not entirely con-
sistent. '4 '6 Sample-to-sample variation is a likely cause
of some difficulties. Paul et al. 15 found, in an x 0.15
sample, the tetragonal-to-orthorhombic phase transition
temperature TTo to be 180 K. No obvious change in

C. X-ray diffraction

Tetragonal lattice parameters at room temperature are
shown in Fig. 6. Also shown is c for two orthorhombic
samples with x~0.05. These are consistent with other
published data'2'3 and show no obvious anomalies which
might be correlated with the variation of T, with composi-
tion.

character of electrical resistance is observed near TTO, ei-
ther in their work or in ours. Near 60 K, they observed an
abrupt change in the orthorhombic distortion that was ac-
companied by an upturn in resistance. We observe similar
behavior in resistance, but only for Ba contents of 0.10,
0.12, and 0.125, and not for x 0.145 or x 0.15. Low-
temperature powder x-ray and neutron diffraction experi-
ments designed to map out the complex phase diagram are
underway.

Two superconducting transitions commonly occur in
these samples. A small volume which becomes supercon-
ducting near 30 K may be related to superconductivity ob-
served in pure La2Cu04. '7's However, we see no ac sus-
ceptibtlity transition at all in our x 0.0 and x 0.05
samples. The volume of material involved is small enough
to be inconspicuous in x-ray diffraction data, even if it
were a distinct crystallographic phase. Perhaps the low-
temperature crystallographic transitions are incomplete.
Thus only at low temperature may two phases be present.
It is known that at room temperature, high-resolution x-
ray diffraction reveals the presence, in at least some speci-
mens, of two similar but distinct La2 —,Ba„Cu04
phases. '4

The superconducting behavior of Lap —„Ba,Cu04 is
surprisingly complex. The analogous La2 —„Sr„Cu04 sys-
tem appears to have a simpler dependence of T, on com-
position, with a single peak in T, near x 0.15. The
Ca-substituted system has been incompletely studied. '

In the La2 —,Na, Cu04 system, studied by Markert et
al. ,

2o T, rises slowly with increasing Na content. Super-
conductivity in La2-„8a,Cu04 varies from 25 K to below
5 K and back to near 25 K with a change in x of 0.05
(from 0.10 to 0.15). Apparently, subtle changes in crystal
structure and electronic state drastically affect supercon-
ductivity. Such changes are extremely unlikely to be ac-
counted for well in theoretical treatments of these com-
plex compounds. Thus we must rely heavily on careful ex-
perimental observations in our exploration of high-
temperature superconductivity.
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