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Abstract

Superconductive La2CuO4+d with Tc � 40 K has been obtained by chemical oxidation using NaClO solution. The
oxygen-decrease processes have been studied during the thermal treatment processes at different temperatures. The
material separates into discrete phases with different transition temperatures for samples treated at 100 �C, consistent
with the oxygenation process reported previously. However, Tc decreases continuously in samples treated at 300 �C,
similar to the superconducting properties of La2�xSrxCuO4. In addition, the coexistence of superconducting and anti-
ferromagnetic phases cannot be observed in our samples. The interrelation between the transition temperature and the
treatment conditions such as temperature and time is discussed.
� 2005 Elsevier B.V. All rights reserved.

PACS: 74.72.Dn; 74.62.�c

Keywords: Superconductivity; La-based cuprates; Transition temperature variations
1. Introduction

The stoichiometic antiferromagnetic La2CuO4
can be transformed into superconductor by intro-
duction of excess oxygen into interstitial sites in
the LaO layers. The most popular methods to
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intercalate extra oxygen are high-pressure, electro-
chemical and chemical oxidation. For all those
oxidation methods, the phase diagram was the
object of intense study. In all kinds of phase dia-
grams, it is well accepted that several superconduc-
ting transitions as well as macroscopic phase
separation appear due to the mobility of the inter-
stitial oxygen [1–11]. For 0.01 6 d 6 0.055 a misci-
bility gap exists in which the samples decompose
into an oxygen-rich phase with Tc � 30 K and a
ed.
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stoichiometric antiferromagnetic La2CuO4 phase.
At higher doping level d > 0.055, the system shows
rich superconducting phases with Tc of 15, 30–
32 K, 40–45 K and any combination between any
two or three of them. That is, one always obtains
step-like Tc�s in the La2CuO4+d system.
The reason for the stabilization of these phases

may be the formation of some kind of ordered
arrangement of the interstitial oxygen. Such a
one-dimensional ordering of the extra oxygen
along the c-axis is similar to the staging behavior
of oxygened La2NiO4+d. The staging behavior in
the La2CuO4+d system has been observed and ex-
plained previously by Wells et al. [12,13] and Lee
et al. [14,15]. The stage number n indicates that
two consecutive interstitial layers are separated
by nCuO2 planes. At low oxygen content (d =
0.01–0.055), for which phase separate into oxy-
gen-rich and oxygen-poor domains occurs, the
oxygen-rich phase is stage-6 with a super-
conducting Tc of 30–32 K. In addition, it is
reported that the phase stage-4 with d = 0.11 has
the superconducting transition temperature Tc =
40–45 K.
In addition to the staging structure, another

oxygen ordering is the ab-plane oxygen ordering
[16–18]. By electron diffraction, some super-
structural modulation situated on the ab-plane
was observed. For the 15 K phase, its depressed
superconductivity possibly originates electron-
ically from the ab-plane charge ordering which
is compatible with the concept of the ‘‘stripe
phase’’.
Previous studies mainly concentrated on the

specimens obtained in the oxygen-increase pro-
cess. We know that the excess oxygen will be lost
during the thermal treatment process. Therefore,
we can easily obtain samples with different oxygen
content by thermal treatment to controllably re-
duce oxygen stoichiometries. In this work, the
annealing behavior of the fully oxidized La2-
CuO4+d in both structure and superconducting
properties were monitored as annealed at 100 �C,
200 �C and 300 �C. The interrelation among the
superconducting transition temperature Tc, struc-
ture, and thermal treatment temperature has been
investigated and some interesting results have been
found.
2. Experimental

Ceramic La2CuO4 was synthesized using the
normal solid-state reaction from stoichiometric
mixtures of La2O3 and CuO (Reagent Factory of
Shanghai, China) with purity higher than 99.9%.
La2O3 powder was calcined at 900 �C before
weighting. The mixture of the starting materials
was calcined at 900 �C and then 920 �C for 96 h
totally with an intermediate grinding. The product
was reground, palletized as discs, annealed at
960 �C for 72 h and oven cooled to room temper-
ature in air. The specimens thus obtained were
single-phase La2CuO4 as indicated by the power
X-ray pattern.
The chemical oxidation of the stoichiometric

La2CuO4 powder was performed using the follow-
ing methods: about 10 g of the powder sample was
put into the aqueous solution of NaClO (Xingfu
Institute of fine Chemistry, Beijing, China), then
was allowed to react at room temperature for
35 days. The aqueous solution of NaClO is volatile
and was replaced frequently. The vessel full of La2-
CuO4 powder and NaClO solution was shaken
periodically in order to assure identical intercala-
tion of excess oxygen. After the oxidation treat-
ment, the sample was filtered, washed with
distilled water and ethanol, and dried on silica
gel at room temperature. The cationic composi-
tions of the dry samples estimated by ICP-AES
were very close to the stoichiometric La2CuO4,
and no foreign phases were detected by powder
XRD analysis. Their orthorhombic room-temper-
ature lattice parameters were a = 5.342(6), b =
5.370(1), c = 13.226(9) Å, and V = 379.479(6) Å3

with superconducting transition temperature
40 K. The measured excess oxygen content corre-
sponded to d = 0.12 ± 0.01 using TGA analy-
sis (Fig. 1). All the fully oxidized compounds
were pressed into pellets with diameter 5 mm.
These materials were subsequently thermal treated
at 100 �C, 200 �C and 300 �C respectively in air
for 1 min to 90 days followed by quenching to
room temperature to controllably reduce oxygen
stoichiometries.
X-ray powder diffraction was performed on

MXP-AHF 18 diffractometer using Cu Ka radia-
tion. The lattice parameters were calculated by
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Fig. 1. TGA weight-loss curves for our fully oxidized La2Cu4+d

powder samples, in 1 atm dynamic air. The scan rate is 20 �C/
min.
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the least-squares method using the POWDERX
program [19]. The magnetic measurements of the
samples were carried out on a Quantum Design
superconducting quantum interference device
(SQUID) magnetometer. The superconducting
transition temperature Tc has been measured in
the field-cooled mode (Meissner signal) and the
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Fig. 2. The structure parameters a, b, and c as a function of annea
annealed at 200 �C.
zero-field-cooled (shielding signal) mode were used
to study the high-temperature magnetization prop-
erty within the temperature range 5–300 K.
3. Results and discussion

Fig. 2 illustrates the sequence of successive
structural transitions O! T! O (orthorhombic
to tetragonal to orthorhombic) presented in our
samples annealed at 200 �C. The labels of axis x
correspond to the treatment time. The orthorhom-
bic strain decreases and then increases with the in-
creases of the oxygen content. The rough tendency
of the structure variation is very similar to the re-
sult reported by Radaelli et al. and Lagueyte et al.
[20,21].
Figs. 3–5 shows the temperature dependences of

magnetization in the superconductivity onset re-
gion (a), and the corresponding derivative of M
(b), for specimens annealed at 100 �C, 200 �C
and 300 �C, respectively. The labels in the figure
correspond to the treatment time. Each dM/dT
curve is arbitrarily shifted vertically for clarity.
Superconducting transition temperature Tc was
defined by the onset of the magnetization
b
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Fig. 3. Temperature dependences of magnetization in the
superconductivity onset region (a), and the corresponding
derivative of M (b), for specimens oxidized at 100 �C. The
labels in the figure correspond to the treatment time.
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Fig. 4. Temperature dependences of magnetization in the
superconductivity onset region (a), and the corresponding
derivative of M (b), for specimens oxidized at 200 �C. The
labels in the figure correspond to the treatment time.
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transition, i.e. the corresponding temperature
where the dM/dT curve begins to increase with
the decrease of temperature.
For samples annealed at 100 �C, Tc keeps at

40 K at the beginning of the anneal until annealing
time reach to 10 days, at which the sample sepa-
rates into two superconducting phases with Tc�s
equal to 38 K and 15 K. By further annealing,
the 15 K phase develops at the expense of 38 K
phase. It seems that the 15 K phase is the most sta-
ble phase in this process. The typical step-like
superconducting phases preserved in our samples
are similar to the phase separation observed in
the oxygen-increase process.
In the case of annealing at 200 �C, a single

phase or multiphase mixture was obtained depend-
ing on different annealing time, as shown in Fig. 4.
In addition to the 40 K superconducting transi-
tion, the 15 K and 34 K transitions develop after
20 min. Then the 40 K transition disappears when
the annealing time reaches to 1 h. In the time range
from 1.5 to 6 h, only the single transition 34 K can
be detected. With further annealing, Tc decreases
continuously and reaches to 10 K eventually.
It is well known that the coexistence of super-

conducting and antiferromagnetic phases is one
characteristic feature of oxygen-doped La2CuO4+d

within the doping regime 0.01 < d < 0.055. The
antiferromagnetic transition is characterized by a
well-defined peak at TN (Néel temperature) follow-
ing the Curie–Weiss-like behavior of magnetiza-
tion with the decreasing of temperature.
In order to determine the magnetic nature of

our samples, the higher-temperature (5–300 K)
magnetization data for sample fully oxidized and
sample with single superconductive phase Tc �
34 K were collected, as shown in Fig. 6. The data
for these two samples show no evidence of anti-
ferromagnetic transition, indicating that no
coexistence of superconductivity and the antiferro-
magnetism is present in our samples.
By increasing the anneal temperature to 300 �C,

as displayed in Fig. 5, Tc decreases from 40 K to
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Fig. 7. Time dependence of Meissner fraction of samples
annealed at 100 �C.
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superconductivity onset region (a), and the corresponding
derivative of M (b), for specimens oxidized at 300 �C. The
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10 K continuously as annealing time increases
from 0 min to 1 day. Future treatment such as
2 days will not decrease Tc any more. Only one
superconducting transition can be observed for
all curves, which suggested that no phase separa-
tion occur through the thermal treatment process.
Feng et al. [5] found that La2CuO4+d annealed

at 100 �C do not lose oxygen no matter how long
they annealed it. This is consistent with our data
in Fig. 1. Therefore, we presume that the oxygen
loss at 100 �C can be neglected. With the prolong-
ing of the anneal time, the mobile oxygen will par-
ticipate in the system�s thermodynamics, arranging
themselves so as to minimize the free energy to
the extent their mobility permits. Therefore, the
appearance of the discontinuous Tc phases upon
annealing are due to thermally activated rear-
rangements of interstitial oxygen atoms in the
lattice with the formation of different supercon-
ducting domains, like the stage structures.
The time dependence of Meissner fraction of

samples annealed at 100 �C is shown in Fig. 7.
The Meissner fraction decreases continuously until
annealing time reaches to 30 days, after that it
keeps constant. Since no loss of oxygen is expected
at 100 �C, the continuous reduction of the Meiss-
ner fraction upon annealing are due to thermally
activated rearrangements of interstitial oxygen
atoms with the formation of different supercon-
ducting domains. With the formation of the sta-
ble 15 K phase when annealing time reaches
to 30 days, the Meissner fraction reaches a
constant.
In the case of 300 �C treatment, the intersti-

tial oxygen atoms move quickly in the lattice in
that they cannot reorder into an equilibrium
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Fig. 9. Time dependence of Meissner fraction of samples
annealed at 200 �C.

42 L.H. Liu et al. / Physica C 425 (2005) 37–43
arrangement when we quench the samples from
the furnace quickly. This means that the oxygen
is homogeneously distributed and acts as a local
dopant in a manner similar to strontium in
La2�xSrxCuO4. On the other hand, the excess oxy-
gen content will decrease in the annealing process
at 300 �C (see Fig. 1), so the stoichiometries can
be adjusted to produce any Tc between 45 K and
10 K with the increasing of annealing time. This
is consistent with our observation of the continu-
ously decreased Tc.
The variation of Meissner fraction as a function

of annealing time of samples annealed at 300 �C is
shown in Fig. 8. The Meissner fraction decreases
monotonously with annealing. Only single super-
conductive phase can be obtained through the
whole annealing process. The drastic reduction of
the Meissner fraction upon annealing is, therefore,
due to the continuous loss of the oxygen.
Annealing at 200 �C, oxygen content will de-

crease also, but the kinetics is substantially slower
than that at 300 �C. The continuous decrease of Tc
is approached after annealing for 6 h. According
to our analysis, it is easy to understand that we
get the discontinuous Tc at the beginning of the
treatment and then Tc decreases continuously.
The time dependence of Meissner fraction of

samples annealed at 200 �C is shown in Fig. 9. It
should be noticed that with the appearance of sin-
gle transition 34 K phase, the Meissner fraction
keeps stable from 1.5 to 6 h. This indicates that
the conversion to the 34 K phase corresponds to
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Fig. 8. Time dependence of Meissner fraction of samples
annealed at 300 �C.
a low activation energy. Therefore, we suppose
that the 34 K phase is a stable phase and can be
obtained easily, as reported [1–11].
4. Conclusion

In this paper, superconductive La2CuO4+d with
Tc � 40 K has been obtained by chemical oxida-
tion using NaClO solution. We treated them in
furnace under different temperature and studied
the oxygen-decrease process. The magnetic mea-
surements performed on our samples give out
remarkable features that are different from those
already reported for La2CuO4+d in the oxygen-
increase process. The evolution of the supercon-
ducting transition temperature Tc with time is
different at different annealing temperature: (i)
step-like behavior is observed at 100 �C; (ii) both
step and continuous Tc appear with the prolonging
of the annealing time at 200 �C; (iii) Tc decreases
continuously at 300 �C. In addition, we cannot ob-
serve the coexistence of superconducting and anti-
ferromagnetic phases in our samples.
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