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A B S T R A C T

The location of oxygen vacancies in Sr2CuO3+δ single crystal has been studied by polarized extended x-ray
absorption fine structure (PEXAFS) at Cu K-edge. We found that the oxygen vacancies locate both in the CuO2

plane and at the apical site. Among the total 18 ± 8% oxygen vacancies, about 10 ± 5% locates in the CuO2

plane and 8 ± 3% at the apical site.

1. Introduction

Srn+1CunO2n+1+δ series high temperature superconductors were
first synthesized by Hiroi, Adachi and Han under high temperature and
high pressure [1–3]. Among them, Sr2CuO3+δ (n= 1) shows a rela-
tively high Tc of about 75 K. This temperature could be further in-
creased to 95 K with an annealing in N2 atmosphere, which is about
twice of that of other doped 214-type cuprates [4–6]. Moreover, this
compound exhibits a simple crystal structure: one CuO2 plane sand-
wiched by two Sr2O2 rock salt layers. In such a structure, oxygen va-
cancy is the only carrier supplier of the CuO2 plane. Due to this reason,
the microstructure of Sr2CuO3+δ has been extensively studied. In these
studies, a lot of effort was paid to the location and arrangement of the
oxygen vacancies since the location and arrangement of the oxygen
vacancies were found to be highly relevant to the high Tc super-
conducting mechanism [4,7]. For example, x-ray diffraction [7,8],
neutron diffraction [9] and high resolution transmission electron mi-
croscopy [10–12] have demonstrated that the oxygen vacancies form
superlattice and the symmetry of the superlattice changes from C2/m to
Cmmm and Pmmm when the annealing temperature is increased to

150 °C and 250 °C [3,12,13]. However, there are a lot of studies
showing contradictory results on the location of the oxygen vacancies.
Hiroi and Liu believed that the oxygen vacancies locate at the apical site
as in other high Tc superconductors [1,13]. Shimakawa and Wang
claimed that the oxygen vacancies lay in the CuO2 plane from Rietveld
refinement of the neutron powder diffraction and transmission electron
diffraction [9,10]. In 2007, F. J. Berry et al. [14] reported an EXAFS
measurement on the Sr2CuO3+δ powder sample. By fitting the EXAFS
oscillations with a two sub-coordination shell model, they suggested
that the oxygen vacancies situate in the CuO2 plane. Although these
works help to understand the location of oxygen vacancies, they all are
based on powder samples. The angular information of Cu–O co-
ordination (in plane or apical direction) was also intrinsically lost in the
measurement of powder samples. The in-plane and apical coordination
information can not be distinguished around Cu atom. Therefore, the
estimation of oxygen atoms coordination number around Cu was not
exact. The capability of EXAFS to solve the different local bond lengths,
while the diffraction gives only the average interatomic distance, was
well demonstrated in solid solutions. In this paper, we report a polar-
ized EXAFS study on the coordination of Cu in a superconducting
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Sr2CuO3+δ single crystal. Using the angular resolution of linear polar-
ization of synchrotron radiation x-ray, oxygen coordination of Cu, along
and perpendicular to the CuO2 plane, were directly measured. Through
comparison with its parent compound Sr2CuO3 whose crystal structure
is known, we found that oxygen vacancies in Sr2CuO3+δ occupy both
apical and in-plane sites and the occupation probability was also esti-
mated.

2. Experiment and calculation

Sr2CuO3+δ single crystal was synthesized at high temperature and
high pressure. Details on the synthesis can be found in Ref. [15]. Shown
in Fig. 1 are the unit cells of Sr2CuO3+δ and its parent compound
Sr2CuO3. Fig. 2 presents the schematic diagram of polarized EXAFS
measurement geometry, which was carried out in a fluorescence de-
tection mode at beamline 14W, Shanghai Synchrotron Radiation Fa-
cility. Horizontally polarized x-ray from the wiggler was incidence on
the sample. E is the electric field of the incident x-ray, a, b and c are the
crystallographic directions of the Sr2CuO3+δ single crystal, θ is the
incident angle, respectively. Sr2CuO3+δ single crystal was cleaved
along the (001) plane and its b axis was placed vertically so that angle

between E and c complements the incident angle. Fluorescent detector
was placed horizontally and perpendicular to the incident x-ray. By
rotating the sample around the b axis, polarized EXAFS at different
incident angles were collected.

Based on density functional theory (DFT), the VASP software
package with plane wave as the basic vector is used in the calculation.
The electron exchange correlation potential is described by the gen-
eralized gradient function in the form of PBE. The electron-ion inter-
action is described by projection affix plus plane wave, and the cut-off
energy of plane wave is set to 400 eV.

3. Results and discussion

Shown in Fig. 3(a) and (b) are the normalized Cu K-edge EXAFS
oscillations of Sr2CuO3+δ single crystal at incident angle of 85° and 45°.
For comparison, normalized Cu K-edge EXAFS oscillations of Sr2CuO3

single crystal at incident angle of 20° and 45° are shown together in
Fig. 3(c) and (d). According to Stern and Lee [16–18], the polarized
EXAFS oscillations of a single crystal can be expressed as:
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where m, h, k, λ and S02 are the electron mass, Planck constant, wave
vector of the photoelectron, electron mean free path and amplitude loss
factor, respectively. θi, Ni, Ri, fi, σi

2 and δi are the angle of the co-
ordination atom with respect to the electric field of the polarized syn-
chrotron radiation x-ray, coordination number, coordination distance,
scattering amplitude, mean square average displacement (Debye-Waller
factor) and phase shift of the ith neighboring atoms, respectively.
Substituting in the coordination values of the in-plane and apical
oxygen, polarized EXAFS oscillations of Sr2CuO3+δ for E‖a (χa) and E‖c
(χc) can be extracted from the measured EXAFS oscillations at incident
angles of 85° (χ85) and 45° (χ45):

Fig. 1. Unit cells of (a) Sr2CuO3+δ and (b) Sr2CuO3 single crystals.

Fig. 2. Schematic diagram of the polarized EXAFS measurement geometry.

Fig. 3. (a) and (b) are the normalized EXAFS oscillations of Sr2CuO3+δ at in-
cident angle of θ=45° and θ=85°. (c) and (d) are the normalized EXAFS
oscillations of Sr2CuO3 at incident angle of θ=20° and θ=45°, respectively.
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which were shown in Fig. 4(a) and (b). E‖a detects the in-plane co-
ordination while E‖c detects the out-of-plane coordination. For com-
parison, shown in Fig. 4(c) and (d) are the oscillations of Sr2CuO3.
Shown in Fig. 5 are the Radial-Structure-Functions (Fourier transform
of the EXAFS oscillations) of Cu coordination along a and c directions in

Sr2CuO3+δ and Sr2CuO3. The first strong peak is the Cu–O coordination.
Obviously, there is significant anisotropy between the in-plane and out-
of-plane Cu–O coordination. In order to get detailed coordination in-
formation, the Cu–O coordination peak was filtered out with a Hanning
window and k-weighted inversely Fourier transformed to the k space.
Considering the difference between the oxygen vacancies in the CuO2

plane and at apical site, a two sub-coordination shell model was used to
fit the polarized EXAFS oscillations of Sr2CuO3+δ, as in Ref. [19]. As
there is no oxygen vacancy in Sr2CuO3, single shell model was used to
fit the polarized EXAFS oscillations of Sr2CuO3. The best fitting results
are plotted in Fig. 6 and the best fitting parameters are listed in Table 1,
for both Sr2CuO3+δ and Sr2CuO3. For Sr2CuO3, we found that Cu–O
bond lengths along a and c directions are 1.957 Å and 1.962 Å, and the
corresponding coordination numbers are 2.0 ± 0.2 and 2.0 ± 0.1,
respectively. These parameters are well consistent with the crystal-
lographic data of Sr2CuO3 [20], indicating the good reliability of this
method. For Sr2CuO3+δ, we found that there are two different Cu–O
bonds for both in-plane and out-of-plane Cu–O coordination. The in-
plane coordination consists of two Cu–O bonds with lengths of 1.848 Å
and 1.889 Å, and the corresponding coordination numbers are
0.6 ± 0.2 and 1.0 ± 0.1, respectively. The out-of-plane coordination
consists of two Cu–O bonds with lengths of 1.877 Å and 2.000 Å, and
the corresponding coordination numbers are 1.0 ± 0.1 and 0.7 ± 0.1,
respectively. These results indicate that the oxygen vacancies exist both
in the CuO2 plane and at the apical site. The total amount of oxygen
vacancies is estimated to be about [(0.3 ± 0.1)+(0.4 ± 0.2)]/
4 = 18 ± 8%. Here, the tetragonal symmetry of Sr2CuO3+δ single
crystal is considered. Among the oxygen vacancies, about (0.3 ± 0.1)/
4=8 ± 3 locates at the apical site and (0.4 ± 0.2)/4=10 ± 5% in
the CuO2 plane. In this way, δ in Sr2CuO3+δ is estimated to be about
0.3 ± 0.5, which is lower than the optimal doping of 0.4. This is
consistent with its low Tc (about 35 K) as compared with the optimum
critical temperature (75 K) [13].

According to the crystal field theory [21], oxygen vacancies in the
CuO2 plane will weaken the electrostatic repulsive interaction between
O 2p and Cu 3d outermost orbital electrons and shorten the in-plane
Cu–O coordination length. Similarly, oxygen vacancies at the apical site
will weaken the bonding between Sr and O in the rock salt layer and

Fig. 4. (a) and (b) are the normalized EXAFS oscillations of Sr2CuO3+δ with E‖a
and E‖c. (c) and (d) are the normalized EXAFS oscillations of Sr2CuO3 with E‖a
and E‖c.

Fig. 5. (a) and (b) are the Radial-Structure-Functions
(Fourier transform of the EXAFS oscillations) of
Sr2CuO3+δ with E‖a and E‖c. (c) and (d) are the
Radial-Structure-Functions of Sr2CuO3 with E‖a and
E‖c.
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stretch the out-of-plane Cu–O coordination. Therefore, the longer in-
plane Cu–O bond (bond length: 1.889 Å, coordination number:
1.0 ± 0.1) and shorter out-of-plane Cu–O bond (bond length: 1.877 Å,
coordination number: 1.0 ± 0.1) belong to the undisturbed CuO6 oc-
tahedral coordination, while the shorter in-plane Cu–O bond (bond
length: 1.848 Å, coordination number: 0.6 ± 0.2) and longer out-of-
plane Cu–O bond (bond length: 2.000 Å, coordination number:
0.7 ± 0.1) belong to the defect CuO6 octahedral coordination with an
oxygen vacancy situation on the CuO2 plane or at the apical site, re-
spectively.

In order to confirm the above experimental results, the VASP

software package with plane wave as the basic vector is used in the
calculation. Because of the large cell size ( × ×a a c2 2 2 2p p p), only
one K point, Gama point, is used in Brillouin region. Only one of the
four CuO6 octahedrons shown in Fig. 7 is included in such a large cell.
This model mainly considers the effect of a single oxygen vacancy on
the local structure. Firstly, the structure is optimized. All atoms in the
cell can relax freely until the force acting on each atom is less than
0.01 eV/Å. At this time, the model is considered as a stable structure
model. By analyzing the coordination situation, it is found that the
coordination bond lengths of these four models are as shown in Table 2.
The calculated Cu–O coordination bond lengths are in good agreement
with the experimental results. Therefore, it can be judged that the
crystal structure of Sr2CuO3+δ material is complex, resulting in a
variety of superlattice structures.

According to the above analysis, the unusual Cu–O coordination of
Sr2CuO3+δ may due to various reasons. The experimental results for
Cu–O (in-plane) and Cu–O (apical) were the average result for each
direction. Multi shell (more than two) for Sr2CuO3+δ may provide the
similar bond length with Sr2CuO3. The modulated structures for
Sr2CuO3+δ were complicated. The Jahn-Teller effect may not be the
main factor affecting the local structure around Cu atom of Sr2CuO3+δ.
Therefore, the variation of bond length of Cu–O coordination is

Fig. 6. (a) and (b) are the Fourier-filtered EXAFS
oscillations (k-weighted inverse Fourier transform of
the first strong peak) of the Cu–O coordination in
Sr2CuO3+δ with E‖a and E‖c. (c) and (d) are the
EXAFS oscillations of Cu–O coordination in Sr2CuO3

with E‖a and E‖c.

Table 1
Best fitting parameters for the Cu–O EXAFS oscillations in Sr2CuO3+δ and
Sr2CuO3 single crystals.

R(Å) N

Sr2CuO3+δ E‖a 1.848 0.6 ± 0.2
1.889 1.0 ± 0.1

E‖c 1.877 1.0 ± 0.1
2.000 0.7 ± 0.1

Sr2CuO3 E‖a 1.957 2.0 ± 0.2
E‖c 1.962 2.0 ± 0.1

Fig. 7. (a) Intact CuO6 octahedron; (b) CuO6 octahedron with apical Oh; (c) CuO6 octahedron with diagonal distribution of two Ohs in-plane; (d) CuO6 octahedron
with one Oh in-plane.
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unusual.
The presence of oxygen vacancies in the CuO2 plane may be com-

patible with, through phase separation, the generally believed view-
point that perfect CuO2 plane is essential for the superconductivity. As
reported in refs. 12 and 13, Sr2CuO3+δ consists of several modulated
phases. Among them, at least Fmmm, which was believed to be non-
superconducting, shows in-plane oxygen vacancy occupation. So,
Sr2CuO3+δ is a mixture of superconducting and non-superconducting
phases. Our PEXAFS results support this opinion. The less apical oxygen
vacancy ratio coincides with the small superconducting volume fraction
[15]. To address these in-depth questions, further comprehensive mi-
crostructure characterization is needed.

4. Conclusions

In conclusion, the location of oxygen vacancies in high temperature
superconductor Sr2CuO3+δ single crystal was studied by polarized
EXAFS. The results show that the oxygen vacancies locate both in the
CuO2 plane and at the apical site with the ratio of about 10 ± 5% and
8 ± 3%, respectively.
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