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Abstract

We have synthesized a single-phase Sr2CuO3+d superconductor of Tc 75 K with K2NiF4 structure under high-pressure showing so far
rarely formed partially occupied ‘‘apical oxygen’’ which also acts as the dopant. After post annealing the as-prepared sample from 150 �C
to 300 �C at ambient, the superconducting transition temperature (Tc) could be systematically enhanced up to 95 K. Transmission elec-
tron microscopy (TEM) measurements on the Sr2CuO3+d superconductors revealed a series of modulated structure phenomena resulting
from dopant ordering. The distribution geometry of dopant such as the partially occupied apical oxygen here can be an additional route
to reach further higher Tc.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The control of Tc through adjusting various parameters
is one of the key concerns of high-temperature cuprate
superconductors (HTSs) [1–3]. For example, the maximum
Tc can be achieved by tuning the doping carrier concentra-
tion (usually 0.15–0.20/Cu site) [1]. HTS consists of block
stacking of charge reservoir and the CuO2 conducting lay-
ers, respectively. Charge reservoir blocks supply the carri-
ers to the CuO2 plane and in most cases are disordered
since dopant atoms reside in the blocks and are randomly
distributed. Tuning the oxygen content at the charge reser-
voir layer is one of the most fundamental chemical doping
mechanism of HTSs [4–6]. For example by breathing in or
out oxygen at the Cu–O chain layer, YBa2Cu3O6+d can be
a 90 K superconductor or a non-superconductive state.
However it is noted that all those oxygen doping and the
ordering are taking place at the second nearest neighbor
charge reservoir block. From the chemical bonding view,
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it is expected that the disorders at first nearest neighbor
charge reservoir block have an appreciable effect on the
adjacent CuO2 plane since they have direct chemical bond-
ing in terms of electron exchange interaction [7]. The
Sr2CuO3+d superconductor synthesized under high-pres-
sure can crystallize into an oxygen-deficient La2CuO4 (i.e.
K2NiF4) structure with partially occupied apical oxygen
[8]. We have investigated systematically the effect of apical
oxygen ordering on superconductivity in a single-phase
Sr2CuO3+d superconductor being combined with structural
observations using TEM. We suggest that a remarkable
enhancement of Tc in this material at the low post anneal-
ing temperature is closely related to the ordering state of
the apical oxygen, not to the change of doped hole carrier
concentration.
2. Experimental

The Sr2CuO3+d sample was synthesized from SrO2, CuO
and the precursor of Sr2CuO3 under high-pressure. The
role of SrO2 is to create an oxygen atmosphere during
the high-pressure synthesis as previously used in the related
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Fig. 2. X-ray powder diffraction patterns for the sample Sr2CuO3+d with
nominal d = 0.4 for the high-pressure as-prepared sample and post-heat
treatment at different temperatures in N2 at ambient pressure.
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Sr–Ca–Cu–O–Cl system [9,10]. The details of sample prep-
arations are described in Ref. [11]. The crystal structure
was analyzed by means of powder X-ray diffraction
(XRD) using CuKa radiation. The DC magnetic suscepti-
bility was measured with a SQUID magnetometer in an
external magnetic field of 20 Oe. A Tecnai F20 electron
microscope was used for electron diffraction (ED) and
high-resolution TEM experiments.

3. Results and discussion

By changing the amount of SrO2, a single-phase
Sr2CuO3+d sample of Tc � 75 K with the nominal composi-
tion of d = 0.4 was synthesized under 6 GPa at 1100 �C. In
order to further ‘‘optimize’’ the superconducting phase
through tuning the apical oxygen occupancy, the high-pres-
sure as-prepared single-phase sample of Sr2CuO3+d

(d = 0.4) was then post heat treated in the tempera-
tures range of 150–350 �C in 1 atm N2 atmosphere. Fig. 1
presents the magnetic susceptibility measurement for
high-pressure as-prepared and those after different heat
Fig. 1. Temperature dependence of the DC magnetic susceptibility in a
field cooling mode for high-pressure as-prepared Sr2CuO3+d and those
after different heat treatments in N2 at ambient.

Fig. 3. (a) ED patterns taken along the [001]p zone-axes of the C2/m modul
pressure as-prepared); (b) ED pattern taken along the [001]p zone-axis of the C

150 �C); (c) ED pattern taken along the [001]p zone-axis of the Pmmm modula
treated at 250 �C).
treatments of Sr2CuO3+d superconductors. As increasing
the annealing temperature, Tc increases monotonically to
95 K which is the highest Tc observed in the single-layer cup-
rate superconductors. The sample became non-supercon-
ducting after heat treatment at 350 �C as shown in the
inset of Fig. 1. Fig. 2 shows XRD patterns for high-pressure
as-prepared and different heat treated Sr2CuO3+d supercon-
ductors. It is noted that the sample keeps the tetragonal sin-
gle phase unchanged up to 300 �C, and become mixture of
tetragonal phase and the ambient orthorhombic chain struc-
ture at 350 �C. Thermo-gravimetric analysis (TGA) demon-
strated that no measurable weight loss occurred below
300 �C [11]. Therefore the likely consequence of post anneal-
ing is to rearrange the ordering states of the partially occu-
pied apical oxygen. From TEM observations on the
Sr2CuO3+d superconductors we found a well-defined link
between modulated phases and Tc (from 75 to 95 K) as
shown in Fig. 3. The details of evolution route of supercon-
ductivity and the relation with modulation structure for
the Sr2CuO3+d superconductor are as follows: starting
from Tc = 75 K of the C2/m modulation structure in an
ated phase which is superconducting with Tc = 75 K in the sample (high-
mmm modulated phase observed in the sample of Tc 89 K (heat treated at
ted phase in the sample showing superconducting transition at 95 K (heat
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as-prepared sample, Tc goes up to 89 K in the Cmmm

modulation structure after the 150 �C annealing, and finally
Tc = 95 K is attained in the Pmmm modulation structure of
the 250 �C post-annealed sample, respectively. The modula-
tions related to apical oxygen ordering provide a new
measure to tune the local distribution of carrier density at
CuO2 plane in a microscale region, whose optimization will
give rise to a much higher Tc than previously obtained
through change carrier concentration.

In summary, we have systemically investigated the cor-
relation between the superconductivity and the ordering
states at the apical oxygen layer in the Sr2CuO3+d super-
conductor. The experimental results showed that the
observed superconductivities were caused by the modu-
lated phases related to the apical oxygen ordering state.
The results indicate that the ordering associated with apical
oxygen distribution can be an additional tuning factor to
substantially enhance Tc of a HTS.
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