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Superconductivity and antiferromagnetism in Laz „Cat+„Cuz06~5 and Laz „Sr„CaCuzo6~s
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La2CaCu206 can be made supe rconducting by doping Ca or Sr in the form of
La2 „(Sr,Ca}„CaCu206+z and by synthesis under high 02 pressures of more than 4 atm. Superconduct-
ing properties of La& Ca, + Cu, 06~& (0.08 & x & 0.25 } and La, „Sr„CaCu206+z (0.07 ~ x ~ 0.23) as
functions of composition (x) and oxygen partial pressure during synthesis (P& up to 400 atm) were in-

2

vestigated by measuring their electrical resistivity and magnetic susceptibility. In both compounds, the
superconducting transition temperature (T, ) increased with increasing x and Po, and showed almost2'

the same maximum T, (zero) of about 51 K at the solubility limit of Ca or Sr in La (x =0.25) with Po at
2

400 atm, although at a lower Po, T, (zero) was higher in a Sr-doped compound than that of a Ca-2'

doped .compound. Nonsuperconducting or weakly superconducting La2 „Ca&+ Cu206~q and

La& Sr„CaCu206+z synthesized under oxygen partial pressures between 0.2 and 10 atm showed cusps
in their magnetic susceptibility at around 25 K, which may result from three-dimensional (3D) antiferro-
magnetic ordering. The superconductivity of these compounds may appear as a result of the frustration
of such 3D antiferromagnetic correlation as with other copper oxide superconductors.

INTRODUCTION

The failure to achieve superconductivity in 2:1:2:6-type
compounds, typified by La2SrCu206, has been a mystery
since the beginning of research on high-T, superconduc-
tivity. These compounds have the planar Cu02 network
common in high-T, cuprates and some of these com-
pounds show a metallic nature in their electrical resistivi-
ty. ' Recently, Cava et al. and independently Kinoshita,
Shibata, and Yamada detected bulk superconductivity in
Ca-based compounds such as La& 6Sro4CaCu206 and
La, s5(Cao s6Sr0,4)»,Cuz06 Q3 synthesized under high
oxygen pressures. More recently, Kinoshita, Shibata,
and Yamada succeeded in preparing an isornorphous su-
perconductor Laz „Ca,+„Cuz06+s (0.08 ~ x ~ 0.25)
containing no Sr.

Since the successful synthesis of superconductors by
Cava et aI. , several investigators have analyzed the
crystal structure to explain the effect of high-02-pressure
synthesis and to determine the relationship between the
crystal structure and the superconductivity of these com-
pounds. ' A slight amount of interstitial oxygen be-
tween the two CuOz planes is commonly observed in
"2126"-type superconductors, and this is considered to
be an important factor in the occurrence of superconduc-
tivity. ' '

A deeper understanding of the superconducting prop-
erties of these compounds requires systematic research on
the relationship between T, and the composition and syn-
thesis conditions, as was done for La2 Sr„Cu04 by Tor-
rance et al. " Furthermore, "2126" compounds are the
simplest two-Cu02-layer compounds because they do
not have the additional carrier reservoir layers that
other compounds such as Bi2Sr2Ca„,Cu„O~ and
T1Ba2Ca„,Cu„O„have. Therefore, systematic studies

on T, would be useful in investigating the nature of the
Cu02 planar network and in obtaining clues concerning
the causes of superconductivity in high-T, cuprates.

One more common feature of high-T, cuprates is their
antiferromagnetism when the number of carriers is re-
duced. ' It is of much interest whether "2126" com-
pounds have the same antiferromagnetic characteristics
as the other high-T, cuprates. One way of investigating
antiferromagnetism is to measure the magnetic suscepti-
bility. However, very few researchers have measured the
normal-state magnetic susceptibility of the "2126" com-
pounds.

In this paper, we report electrical resistivity and mag-
netic susceptibility measurements on superconducting
and nonsuperconducting La& Ca&+„Cu206+z
(0.08 ~ x ~ 0.25) together with Laz „Sr„CaCuz06~s
(0.07&x ~0.23) synthesized under various oxygen par-
tial pressures.

EXPERIMENT

Two series of samples with nominal composi-
tions Laz „Ca&+„Cuz06+s (0.05 ~ x 0.50) and

Laz „Sr,CaCuz06+s (0.05~x ~0.35) were synthesized
from La203, CaCO&, SrCO3, and CuO powders with puri-
ties higher than 99.9%. The powder mixture was pressed
into pellets and sintered at 1050—1080'C for 20 to 50 h in
air or in flowing 02 under a pressure of 1 to 8 atm. To
obtain superconducting samples, the samples sintered un-

der 2 atm 02 were pulverized, pressured into pellets, and
sintered again at 1080'C for 100 h in 20% 02+80% Ar
at a total pressure ranging between 50 and 2000 atm (Po

2

ranging between 10 and 400 atm) using a furnace for hot
isostatic pressing (HIP). Some samples sintered under 2
atm 02 were heat-treated in Ar or in air, which made it
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possible to obtain single-phase high-x samples with fewer
carriers.

Electrical resistivity was measured using a standard
four-probe dc method. Normal-state magnetic suscepti-
bility and Meissner signals were measured with a SQUID
magnetometer with field cooling at magnetic fields of 5k
Oe and 10 Oe, respectively. The magnetic moment was
measured at temperatures of 5, 10, and 20 K for
La, 8&Ca»8Cu205 99 synthesized under 2 atm Oz at mag-
netic fields up to 5 T. The crystal structure and the pres-
ence of impurity phases were examined by x-ray powder
diffraction. The oxygen content was determined by
iodometric titration.
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RESULTS AND DISCUSSION

Figure 1 compares the temperature dependence of the
electrical resistivity for La& 82Ca»SCu206+z synthesized
under various Po . Although a sample synthesized under

2

2 atm 02 showed metallic behavior in its electrical resis-
tivity between 300 and 70 K, its electrical resistivity be-
gan to increase below 70 K and the sample did not show
superconductivity, as reported by several investiga-
tors. ' ' The increase in oxygen pressure during syn-
thesis suppressed electrical resistivity upturn at low tem-
peratures, and an 8-atm-Oz-synthesized sample showed a
drop in electrical resistivity at around 8 K, indicating the
onset of superconductivity. A sample synthesized at 10
atm 02 showed superconductivity with a T, (zero) of
about 8 K. The superconducting critical temperature in-
creased with an increase in oxygen partial pressure dur-
ing synthesis, and a 400-atm-Oz sample had a T, (onset)
of around 60 K and a T, (zero) of about 49 K.

Figures 2 and 3 compare the electrical resistivity of
samples with different compositions synthesized under 10
and 400 atm 02. In Fig. 2, superconductivity appeared in
samples with x=0.15 and 0.18, while a sample with
x =0.12 did not show superconductivity. An increase in
T, (zero) with an increase in Ca concentration is also
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FIG. 2. Electrical resistivity vs temperature for
La2 „Ca&+„Cu206gq synthesized under 10 atm 0&.

shown in Fig. 3. The highest T, (zero) is about 51 K for
x =0.25. Both figures show that superconductivity ap-
pears more easily at a higher Ca concentration.

Figure 4 summarizes T, (zero) as a function of compo-
sition x in La2 „Ca&+„Cu206+& with the oxygen partial
pressure during synthesis as a parameter. T, values are
shown only for single-phase samples. For smaller x
values, samples contained Laz „Ca„CuO~ (214 com-
pound) as a second phase, and for larger x values
they contained impurity phases of CaO and
La„Ca&4 „Cu2404&+&. As shown in Figs. 1-3, T, in-
creased with increasing x and the highest T, was ob-
tained at the highest allowable value of x at a given 02
pressure. At a given composition, T, increased with an
increase in Po during synthesis.

2

Figure 5 shows a similar summary of T, (zero) for Sr-
doped La2 „Sr„CaCu206+&. It resembles Fig. 4 in that
T, increases with increasing x and Po during synthesis.

2

The highest T, (zero) attained by the synthesis under
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FIG. 1. Electrical resistivity vs temperature for
La&»Ca»SCu206~& synthesized under various oxygen partial
pressures.
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FIG. 3. Electrical resistivity vs temperature for
La2 „Ca&+„Cu206+q synthesized under 400 atm 02.
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10- and 50-atm-02-synthesized samples than for the 400-
atm-02-synthesized sample. This implies that T, does
not have linear relation with hole concentration: the
derivative of T, with respect to hole concentration will

become small when T, approaches the maximum.
In La& Sr Cu04, the maximum T, is at about

x =0.15 and T, decreases when x increases beyond that
value. ' However, the maximum T, was not attained
in the present systems La2 „Ca&+„Cu206+& and

La2 „Sr„CaCu206+&. This isbecause thesolubilityof Ca
or Sr at La sites is limited by the present synthesis condi-
tions. Synthesis at a higher oxygen partial pressure or at
a lower temperature will be necessary to obtain Ca- or
Sr-richer samples. Single-phase La& 7Ca»Cu206, whose

T, (onset) was reported to be around 70 K, was syn-

thesized by applying a pressure of 6X10 atm, using
KC103 as a source of oxygen. The maximum T, was re-

ported at a composition of around La& 6Sr04CaCu206
with synthesis at a relatively low sintering temperature
using Ca(NO3)z and Sr(NO3)2 instead of CaCO& and

SrCO3 (Refs. 2 and 16). This corresponds to Sr doping of
0.2 and hence a hole concentration of 0.2 per CuOz layer.
The T, 's were maximum for the stoichiometric oxygen
content and were lower when the oxygen content exceed-
ed 6 for such highly doped compounds. ' This suggests
that overdoping can also be attained by introducing ex-
cess oxygen at a very high doping level.

The bulk nature of superconductivity was confirmed by
measuring Meissner effect for La, s2Ca, ,sCuz06+s (Fig.
7). Meissner signals were stronger for a higher Po, and2'

the sample synthesized under 400 atm 02 showed a
Meissner volume fraction of more than 20%.

Figure 8 shows the temperature dependence of the
agnetic susceptibility for Lai.s2Ca», Cu,06+& syn-

thesized under various Po and annealing conditions.
2

The susceptibility is not corrected for the paramagnetic

La] 82Cai ~8Cu206+5
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FIG. 8. Magnetic susceptibility vs temperature for
La& 82Ca»8Cu&06~q synthesized under various oxygen partial
pressures.

Curie-Weiss contribution. A major feature in the data is
the cusps in the magnetic susceptibility around 25 K for
samples synthesized under 2 and 10 atm 02 and for a
sample annealed in air. These cusps may correspond to
the three-dimensional (3D) antiferromagnetic long-range
ordering as observed in La2Cu04 s (Refs. 21 —23). The
falls in y below 10 K may result from a trace amount of a
superconducting phase. The sharp falls in y around 20 K
for the sample synthesized under 50 atm 02 and around
50 K for the sample synthesized under 400 atm 02 corre-
spond to the onset of superconductivity. The magnetic
susceptibility of the sample annealed in Ar is different
from the rest of the samples: its value is smaller than the
others and y is minimum around 150 K, and an upturn of
y is observed for temperatures approaching 0 K. The y
of the Ar-annealed sample shows a paramagnetic charac-
ter rather than an antiferromagnetic character.

If the susceptibilities are fitted to y=yo+Cl(T+8),
the sample synthesized under 2 atm 02 gives
C=7.27X10 emu K/mol and 8=35 K. Similarly, C
and 8 can be derived for the rest of the samples (Table I).

TABLE I. Magnetic properties of Lai. s2Ca, »Cu206yq syn-
thesized under different Po .

2

400 atm 02 ~
——~ ~

Synthesis or annealing
conditions

Curie constant'
(10 emu K/mol)

Moment 8'
(p&) (K)

La1.82Ca1.18Cu2O6+5

20 40 60

Temperature (K)

FIG. 7. Meissner signals for La& 8&Ca»8Cu206~& synthesized
under various oxygen partial pressures.

Ar annealed
Air annealed
2 atm Oz
10 atm Oq
50 atm 0&
400 atm 02

0.37
8.74
7.27
6.85
5.49
5.02

0.16
0.83
0.76
0.73
0.66
0.63

'Susceptibilities are 6t to the form y=yo+ C/( T+8).

0
56
35
55
84

141
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Assuming that the Curie term is due solely to Cu, the
effective Cu moment is calculated to be 0.76 pz for the 2-
atm-Oz sample. The effective Cu moments calculated in
this way are also listed in Table I. Except for the small
value of the Ar-annealed sample, the effective Cu mo-
ments are a little larger than those deduced from the
magnetic susceptibility of LazCu04 &, which are in
the range of 0.2 to 0.6 pz. ' They are also larger
than those obtained from neutron scattering for
LazCu04 &. Nevertheless, the moments are smaller
than the calculated value of about 1 pz for Cu + ions
with a Lande g factor of =2. The paramagnetic nature
of the Ar-annealed sample may be due to the presence of
isolated Cu + ions which are caused by oxygen defects
around Cu. If so, we can estimate the contribution of
such isolated impurities to the effective Cu moment. It
may be in the range between 0.1 and 0.2 p~ judging from
the 0.16 p~ effective Cu moment of the Ar-annealed sam-
ple (Table I). Then, the net effective Cu moments in

Laz Ca~+„Cuz06+& compounds can be regarded as
0.4-0.6 pz if we subtract the moments of isolated Cu +

ions. This is on the same order as those of LazCu04
obtained by magnetic measurements or by neutron-
scattering experiments. Therefore, the larger moments in
Laz, Ca&+ Cuz06+& than in LazCu04 & may result
from trace amounts of isolated Cu + ions.

Positive 8 values for all of the samples except the Ar-
annealed sample show that the magnetic interaction is
antiferromagnetic. The presence of magnetic ordering
in nonsuperconducting and weakly superconducting
La, szCa, , s(Cu099Fe00, )206+s synthesized under 2 and
50 atm Oz and the frustration of magnetic ordering
in superconducting La& szCa, ,s(Cu099Fe00&)206+s syn-
thesized under 400 atm Oz have been observed by
measuring the Mossbauer effect using Fe (Ref. 27).
Quasistatic magnetic order is also revealed by the muon
spin resonance (@+SR)of La, 9Ca»Cuz06 synthesized in

air, whose T~ is reported to be about 20 K. Therefore,
we conclude that the g peaks are caused by the antiferro-
magnetic transition.

Another striking feature in the y data is a weak depen-
dence of the Neel temperature T~ on the oxygen partial
pressure during synthesis. Assuming that the cusps in y
correspond to Tz, the Tz of about 25 K was almost in-

dependent of Pz between 0.2 and 10 atm. This is in con-
2

trast to LazCu04 &, whose T~ is greatly sensitive to an-

nealing conditions and hence to the oxygen deficiency 5
(Tz changes from =300 K for 5=0.03 to =0 K for

0) 21, 29

A similar temperature dependence of g for
La, SzCa»SCuz06 & annealed in Ar has been reported
for hydrogenated La& 9Ca&,Cuz06H with 0. 16~ x
~0.48, and long-range antiferromagnetic ordering has
been observed in these hydrogenated samples by p+SR at
room temperature. Therefore, the minimum g of
around 150 K and a positive temperature coeScient from
150 to 300 K f«Ar-»nealed La, 8zCa», CuzO, ~ imply
that a peak exists above 300 K where g was not mea-
sured, and that Tz is higher than 300 K.

Figure 9 shows the temperature dependence of the
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FIG. 9. Magnetic susceptibility vs temperature for
La2 „Ca&+ Cu206+z synthesized in air or annealed in air.

magnetic susceptibility for the series of Ca-doped com-
pounds with various compositions. Samples with x
smaller than 0.12 were synthesized in air, and samples
with x larger than 0.18 were synthesized under 2 atm Oz
and annealed in air at 1000'C for 50 h. All samples show
peaks at around 30 K, indicating that Tz is also not sen-

sitive to composition. This is also in strong contrast to
the Laz Sr„Cu04 system, whose Tz is very sensitive to
Sr concentration. From the magnetic susceptibility mea-
surements on the Laz „Sr,CaCuz06+& series samples, Tz
is determined to be about 20 K, and is also not sensitive
to Po or composition. This weak dependence of Tz on

2

oxygen pressure and on composition means that antifer-
romagnetism is more stable in Laz, Ca&+ Cuz06+& and
in Laz Sr CaCuz06+~ than in LazCu04 ~. These
might explain the difBculty in obtaining "2126" super-
conducting compounds.

As shown in Figs. 1 and 2, even the nonsuperconduct-
ing Laz, Ca&+, Cuz06 z shows metallic behavior in its
temperature dependence of electrical resistivity from
room temperature down to about 100 K, and the values
are almost the same for superconductors and nonsuper-
conductors in the same temperature range. Such a
feature in electrical resistivity might correlate to the low
Neel temperatures in the Laz Ca&+„Cuz06+& system
(about 25 K) and the insensitivity of T& to the synthesis
conditions and composition.

In the LazCu04 system, weak ferromagnetism is ob-
served in addition to antiferromagnetic spin correla-
tions. ' This is because the spins do not lie exactly in the
CuOz plane, but are canted out of the plane at a small an-

gle. Below the critical magnetic field (H, ), the net mo-

ment becomes zero due to canting in opposite directions,
but a net moment appears above H, because the canting
is only in one direction. To check whether or not the
"2126" compounds have hidden ferromagnetism we
measured the magnetic moment for Lai 8zCai &SCuz05 99
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La~ 82Ca~ ~8Cu205 99
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FIG. 10. Magnetic moment for La& 82Ca»SCu20599 syn-
thesized under 2 atm 0& at temperatures of 5,10, and 20 K.

synthesized under 2 atm Oz, which has a TN of around 25
K. As shown in Fig. 10, no ferromagnetic contribution
to the moment was observed at magnetic fields up to 5 T.
This is natural because the spin canting caused by the ro-
tation of the Cu06 octahedron will not occur in two-
layered "2126"compounds, in which a CuOz planar net-
work is formed by vertex sharing of Cu05 pyramids.

The appearance and disappearance of antiferromagne-
tism, and the appearance of superconductivity in "2126"
compounds, can be understood in the same way as in the
La2Cu04 system. The two-dimensional (2D) Cu +-Cu +

spin correlations within CuOz planes develop into 3D
long-range antiferromagnetic ordering as a result of in-
teraction between planes. %'hen carriers are doped on
the CuOz plane, the Cu +-Cu + spin-correlation length
decreases and antiferromagnetic order is frustrated. ' '

Another origin of frustration of 3D long-range antiferro-
magnetic order in "2126" compounds can also be ex-
plained by the fact that interstitial oxygen atoms inter-

calated between two CuOz planes destroy the 3D long-
range antiferromagnetic correlations by bridging the
CuOz planes. ' Since magnetic ordering breaks down only
in superconductors, we can conclude that superconduc-
tivity appears as a result of the frustration of 3D antifer-
romagnetic spin correlations in the two-CuOz-layered
"2126"compounds as with other copper oxide supercon-
ductors.

CONCLUSIONS

We have examined the resistive and magnetic prop-
erties of superconducting and nonsuperconduc-
ting La& „Ca&+„Cu206~s (0.08 ~x ~0.25), and

La2 „Sr„CaCu20&+s (0.07&x ~0.23), as functions of
composition (x) and the oxygen partial pressure during
synthesis (Po, up to 400 atm). The superconducting2'
transition temperatures (T, ) increased with an increase
in x and Po for both compounds. The maximum T, (on-

2

set) and T, (zero) (about 60 and 51 K) were almost the
same for La, 75Ca, isCu206 and La, 77Srp 23CaCuz06 syn-
thesized under 400 atm Oz. Although the maximum
solubility of Ca or Sr in La increased with increasing Po,2'

the maximum value of x, about 0.25, was the highest pos-
sible with Po up to 400 atm. Antiferromagnetic 3D or-

2

dering was observed in nonsuperconducting or weakly
superconducting compounds of Ca- or Sr-doped
La2 „(Ca,Sr)„CaCu206+s synthesized under an oxygen
pressure between 0.2 and 10 atm, and an antiferromag-
netic ordering was not observed in the superconductors.
It can be concluded that in two-CuOz-layered "2126"
compounds the superconducting phase adjoins the anti-
ferromagnetic phase, similar to most high-T, cuprates.
However, the dependence of Tz on Po or the composi-

tion (x) is greatly different from other high-T, cuprates.
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