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In order to study the relationship between local lattice distortion and superconductivity, we performed 
temperature dependent x-ray absorption fine structure (XAFS) on Sr2CuO3+δ powder sample (single 
phase with Tc = 48 K). The temperature dependent Debye-Waller factor of Cu-O pair appears an 
anomalous upturn at 90 K and becomes drop around the superconducting transition temperature of 
∼50 K. It means that local lattice distortion appears at 90 K. Furthermore, the analysis of temperature 
dependent X ray Absorption Near Edge Structure (XANES) shows that the R factor, which denotes the 
inhomogeneous charge density distribution, shows a sharp drop at 90 K. According to previous reports 
on other doped 214 cuprates, the above experimental results reveal that the local lattice distortion at 
Cu site in CuO2 plane occurs with the inhomogeneous charge density distribution at 90 K. It indicates 
that the inhomogeneous charge density distribution may be caused by the local lattice distortion at Cu 
site before superconductive order formation, implying that electron-lattice interaction play a key role in 
superconductivity of Sr2CuO3+δ .

© 2019 Published by Elsevier B.V.
1. Introduction

In recent, perovskite-layered high temperature cuprate super-
conductors, whose CuO2 conducting layer are sandwiched by two 
rock-salt layers, are studied extensively [1–8]. The intact and sym-
metric CuO2 plane is approved for improving high temperature su-
perconductivity. In the past few years, many investigations showed 
that the inhomogeneous charge density distribution coming from 
the interplay of charge and spindegrees of freedom in the CuO2
plane may affect high temperature superconductivity [9–14]. Due 
to the appearance of d-wave superconductive order, the smaller 
isotope effect on Tc and antiferro magnetic properties of the un-
doped insulating parent cuprates, the lattice distortion was usually 
ignored or seen as the unimportant factor for charge transport. 
However, recent studies, i.e. local lattice distortion and s-wave su-
perconductive order, indicate that the lattice degree of freedom 
also plays an important role in the formation of high tempera-
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ture superconductivity of cuprates [15–18]. So, electron-phonon 
model or electron-polaron model were mentioned for interpret-
ing high temperature superconductivity of cuprates. Therefore, the 
local lattice distortion becomes one of the most important fea-
tures of doped cuprates superconductors. La1.48Sr0.12Nd0.4CuO4 is 
a typical superconducting material with charge density wave be-
low 60 K [15,16,19]. At the same time, a hint of information about 
the local lattice distortion in the CuO2 plane is received from the 
anomalous change of Debye-Waller factor of Cu-O pair at 60 K. 
The temperature-dependent evolution of XANES spectra weight, 
which indicates the charge density redistribution, also shows a 
clear anomalous characteristic below 60 K. The intimate relation-
ship between local lattice effect and electron feature implies that 
electron-lattice interaction may play a key role in interpreting 
the superconductivity mechanism of La1.48Sr0.12Nd0.4CuO4. Simi-
lar conclusion can be found in the temperature-dependent XAFS 
studies of La1.875Ba0.125CuO4 and La1.94Sr0.06CuO4 [17–19]. Above 
all experimental results demonstrate that studying the local lattice 
effect is significant for understanding high Tc superconductivity of 
cuprates. Therefore, it is necessary to further study the relationship 
between local lattice effect and superconductivity in cuprates.
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Fig. 1. Schematic crystal structure of Sr2CuO3+δ with tetragonal unit cell.

Sr2CuO3+δ is a typical 214-type cuprate superconductor. The 
crytal structure of Sr2CuO3+δ is shown in Fig. 1. It belongs to 
the I4/mmm space group. When delta equals 0.4, it reaches the 
optimal doping state. At this time, its crystal lattice is Chang-
shu a=b=0.3795 nm, c=1.2507 nm. Its cell belongs to perovskite 
structure. As the center of perovskite structure, the oxygen atom 
is closest to the copper atom (absorption atom), so it corresponds 
to the first peak in FT spectrum. As the apex of perovskite struc-
ture, strontium atom is next to copper atom (absorption atom), so 
it corresponds to the second peak in FT spectrum. On the CuO2
plane, the copper atom sharing one oxygen atom with the absorp-
tion copper atom naturally becomes the third nearest neighbor 
atom. Its Tc is much higher than others [20–22]. Previous stud-
ies show that the superstructure observed at room temperature is 
related with the much higher Tc value of Sr2CuO3+δ [22–25]. The 
superstructure of Sr2CuO3+δ was considered to be the result of 
the displacement of Sr atoms or the oxygen vacancies modulated 
structure. Hiroi et al. firstly synthesized this material and reported 
a superstructure with unit-cell parameters 4

√
2ap × 4

√
2ap × cp

[21]. Then, Adachi [23] and Wang et al. [24] found a Fmmm su-
perstructure with unit-cell parameters 5

√
2ap × 5

√
2ap × cp . After 

few years, the majority Fmmm and minority C2/m superstructures 
were observed simultaneously in as-prepared sample (Tc = 75 K) 
at room temperature by Liu et al. [25]. These superstructures were 
all considered related with superconductivity of Sr2CuO3+δ mate-
rial. However, the origin of these superstructures is unclear now. 
Shimakawa et al. reported that the superstructure was originated 
from Sr atoms displacement [26]. Liu et al. indicated that the 
oxygen vacancies ordering was the reason for forming these su-
perstructures [25]. Whether the behavior of Sr atoms or oxygen 
vacancies, they are nearby the Cu atoms in CuO2 plane. So, study-
ing the local lattice structure at Cu site of CuO2 plane is very 
important for understanding the superconductivity in this mate-
rial.

X-ray Absorption Fine Structure (XAFS) spectra is extensively 
used for studying the local structure of crystal materials. Extended 
X-ray Absorption Fine Structure (EXAFS), which can provide instan-
taneous local structure information, is a powerful tool for studying 
the local lattice distortion. At the same time, the Cu K -edge X-ray 
absorption near edge structure (XANES) is the result of multi-
ple scattering of photoelectrons emitted at the Cu site. Therefore, 
XANES can give the electron distribution information around CuO2
plane. In addition, with the development of synchrotron radiation, 
the temperature dependent XAFS technique becomes more effec-
tive for characterizing the weak signal coming from local structure 
evolution [27–32]. Here, we perform temperature-dependent Cu 
K -edge XAFS on Sr2CuO3+δ powder sample (Tc ∼48 K) to reveal 
the relationship between local lattice distortion and superconduc-
tivity of this material. Details are described as follows.

2. Experiments and calculations

Temperature-dependent Cu K -edge XAFS study of Sr2CuO3+δ

powder sample was performed at the beamline 1W1B of Beijing 
Synchrotron Radiation Facility. The synchrotron light was intro-
duced to 1W1B from a seven-period wiggler placed in the stor-
age ring. The Sr2CuO3+δ powder sample was synthesized under 
high temperature and high pressure. The detail synthesis condition 
was described in reference [33]. Tc is about 48 K. And the nomi-
nal value of δ is about 0.4. All measurements were performed in 
transmission mode. In order to make the edge jump around ab-
sorption edge is close to 1, the powder sample was mixed with 
graphite and pressed into tablets for achieving transmission exper-
iment. The tablet sample was mounted on a copper sample holder 
in the closed cycle He cryostat for lowing the temperature on sam-
ple. The measurement was conducted at six temperature points 
with an accuracy of ±2 K. At the same time, ionization cham-
bers were used for recording x-ray counts of incoming light and 
transmission light. Enough counting time at each data point is nec-
essary for better signal to noise ratio of XAFS. Standard procedure 
was used for extracting EXAFS signal, coordination information and 
Debye-Waller factor [34]. The phase corrected EXAFS was fitted 
by non-linear least squares fitting using the curved wave theory. 
The effective coordination number was kept constant while the ra-
dial distance and the correlate thermal fluctuations given by the 
Debye-Waller factor (σ 2) for the Cu-O (planar) were allowed to 
vary. Individual EXAFS data (k<15 Å-1) for neighbor correlations 
are filtered and curve fitted in k-space using a single scattering 
formula with theoretical phase shift functions calculated by FEFF6. 
The fitting procedure is based on a standard nonlinear least square 
technique which minimizes the statistical χ2 determined by the 
squares of the difference between experimental and theoretical 
fitting data. The errors in the parameters were estimated by the 
standard EXAFS (parabola) method in which the quality of fit pa-
rameter (proportional to the statistical χ2) is plotted as a function 
of the concerned parameter. Errors are usually estimated from a 
fractional increase d of χ2 above its minimum value.

Based on Multiple Scattering Theory, the theoretical calculation 
for XANES at different temperature was carried out by FDMNES 
program [35]. It was performed for reproducing the Cu K -edge 
XANES of Sr2CuO3+δ powder sample. The Sr2CuO3+δ crystal struc-
ture cluster model is established for this calculation. The cluster 
radius is 6.0 Å. All of possible scattering paths between absorbing 
atom and coordination atoms were discussed in this calculation. 
And electric dipole and electric quadrupole components contribut-
ing to electron transition at Cu K -edge were considered for repro-
ducing XANES. Fermi energy was about −3.5 eV.

3. Results and discussion

3.1. Temperature dependence of FT magnitude function of Sr2CuO3+δ

To study the temperature dependence of local lattice struc-
ture at Cu site in CuO2 plane, the normalized XAFS spectra and 
the Fourier transform (FT) magnitude function (multiplied by k3) 
of Sr2CuO3+δ powder sample at different temperatures are firstly 
measured and plotted in Fig. 2 and Fig. 3. The position of these 
peaks at XANES was similar, but the intensity had smaller differ-
ence. However, the position and the shape of these peaks at EXAFS 
part were different. In order to detect the difference, the Fourier 
transform (FT) magnitude function (multiplied by k3) was done. In 
Fig. 3, the positions of these peaks are not corrected for the photo-
electron back-scattering phase shifts, so the peak positions do not 
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Fig. 2. Different temperatures of Sr2CuO3+δ samples: (a) normalized XAFS full spectrum of Cu K absorption edge; (b) k-space EXAFS oscillation function.
Fig. 3. Temperature dependence of Fourier transform magnitude function (multi-
plied by k3) of Sr2CuO3+δ .

denote the real bond length. Three strong peaks in Fourier trans-
form spectra are respectively corresponding to Cu-O, Cu-Sr and 
Cu-Cu (sharing the same oxygen atom with absorbing atom Cu) 
pairs, which is illustrated by the crystal structure of Sr2CuO3+δ . 
The peak positions have no change with the lowing temperature, 
however the intensity of these peaks change clearly. In addition, 
in the powder sample, the bond length of Cu-O planar and Cu-O 
apical is very close. However, the coordination number of oxygen 
in-plane for Cu is larger than the apical oxygen. At the same time, 
the oxygen vacancies were considered occupying at apical sites. 
The contribution of Cu-O apical is small. So the Cu-O mainly refers 
to the Cu-O planar.

Fig. 4 represents the temperature dependence of FT amplitude 
for Cu-O, Cu-Sr and Cu-Cu pairs. When the temperature decreases 
from 300 K to 20 K, the FT amplitude of Cu-Sr next nearest neigh-
bor coordination and Cu-Cu third nearest neighbor coordination 
both increase obviously [15]. However, the variation of FT ampli-
tude of Cu-O nearest neighbor coordination is not obvious com-
paring with the Cu-Sr and Cu-Cu pairs in the whole temperature 
region. The difference may due to the different coupling level. The 
stronger coupling interaction between Cu and O atom in CuO2
plane make the Cu-O coordination is not easily disturbed with ex-
ternal factors. However, the other coordination atoms are far from 
the Cu atoms, the smaller coupling interaction make Cu-Sr next 
nearest neighbor coordination and Cu-Cu third nearest neighbor 
coordination easily change with temperature.

3.2. Temperature dependence of Debye-Waller factors

For further study, we pay attention to the temperature-depen-
dent Debye-Waller factor of Cu-O, Cu-Sr and Cu-Cu pairs. The 
Fig. 4. Temperature dependence of the amplitudes of the main peaks in the Fourier 
transforms shown in Fig. 2.

Debye-Waller factor is a good indicator of local lattice distortion. 
Both the static and dynamic local lattice distortions are all taken 
into account in the temperature dependent Debye-Waller factors. 
The Fourier transform magnitude function of Cu-Sr, Cu-Cu pairs 
are fitted simultaneously for getting the Debye-Waller factor corre-
sponding to each coordination shell. The fitting results are shown 
in Fig. 5. The fitting range was selected from 1 Å to 4 Å. The fitting 
results shows well in this range. In order to study the Debye-
Waller factor of Cu-O pair, due to the small change of the intensity 
of Cu-O peak, the Cu-O peak is separated by Hanning window, 
and its EXAFS oscillation function is obtained by inverse Fourier 
transform. The fitting result is shown in Fig. 6. According to the 
fitting, the coordination number for Cu-O, Cu-Sr, Cu-Cu were set 
as 6, 8, 4. In meantime, the coordination distance for Cu-O, Cu-Sr, 
Cu-Cu were 1.898 Å, 2.912 Å, 3.795 Å. According to the fitting, 
the temperature-dependent Debye-Waller factors of Cu-O, Cu-Sr 
and Cu-Cu pairs are extracted from the fitting parameters and 
presented in Fig. 7. In Fig. 7 (a), the temperature dependence of 
Debye-Waller factors of the Cu-Sr and Cu-Cu pairs behave like the 
correlated Debye model. The feature of σ 2

Cu−Sr − T and σ 2
Cu−Cu − T

is similar. The Debye-Waller factors of the Cu-Sr and Cu-Cu pairs 
all increases with the lowing temperature. Particularly, it increases 
in a large magnitude when the temperature is above Tc, which is 
reasonable from the viewpoint of thermal expansion. The smaller 
variation of the Debye-Waller factor in lower temperature suggests 
the small strain between rock-salt layer and CuO2 plane favoring 
more conductive in superconducting state.

Specially, please note the temperature dependence of Debye-
Waller factor of the Cu-O pair around Cu site of CuO2 plane, which 
is always largely related with superconductivity of cuprates. So the 
Debye-Waller factor of the Cu-O pairs is mainly discussed. The 
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Fig. 5. Fittings and experimental results of Fourier transform magnitude function at different temperatures.

Fig. 6. EXAFS oscillation function and fitting of Sr2CuO3+δ superconducting sample (Tc = 48 K) with different temperature of Cu-O coordination.
temperature dependence of Debye-Waller factor of Cu-O pair is 
depicted in Fig. 7 (b). The temperature evolution behavior deviates 
from correlated Debye model. Anomalous characteristic is observed 
at low temperature. A kink comes up when the temperature de-
creases to around Tc. The temperature dependent Debye-Waller 
factor of Cu-O pairs becomes to rise at ∼90 K, and when the tem-
perature comes to 50 K, the value reaches maximum and becomes 
drops rapidly. These facts show that the temperature dependence 
of σ 2
Cu−O is completely different from the features of σ 2

Cu−Sr − T

and σ 2
Cu−Cu − T . Similar features are also found in the LNSCO, LSCO, 

LBCO cuprates [17–19]. The anomalous characteristics of σ 2
Cu−O − T

indicate the arising of local lattice distortion in the CuO2 plane. In 
Sr2CuO3+δ with Tc = 48 K, the local lattice distortion appears at 
∼90 K. This conclusion is similar with other doped cuprates su-
perconductors [17–19].
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Fig. 7. Temperature dependence of the correlated Debye-Waller factors of (a) the Cu-Sr (σ 2
Cu−Sr) pair and Cu-Cu (σ 2

Cu−Cu) pair and (b) Cu-O (σ 2
Cu−O) pair.

Fig. 8. (a) Temperature dependence of Cu K -edge XANES of the Sr2CuO3+δ . The inset is the fitting (circle) and experimental result (solid line) for Cu K -edge XANES at 20 K. 
(b) Difference spectrum between 300 K and 20 K.
3.3. Temperature dependence of XANES of Sr2CuO3+δ

In order to further study the possible charge density re-
distribution related with local lattice distortion at Cu site, the 
temperature-dependent XANES spectra of Sr2CuO3+δ were studied. 
At the same time, the multiple scattering calculations were made 
for interpreting the electron behavior correlated to XANES. In this 
calculation, the Q2-distorted CuO6 octahedron is used for this cal-
culation [15]. The result is shown in Fig. 8 (a). The inset of Fig. 8
(a) show the temperature-dependent XANES spectra of Sr2CuO3+δ . 
The fitting results shows well in the range of near edge due to 
the fitting range from 8960 eV to 9020 eV. The deviation during 
9020 eV to 9040 eV may due to the contribution of EXAFS. There 
are four main peaks A1, A2, B1, B2 in XANES. The peaks denoted 
by A1 and A2 are due to the photoelectrons ejection from api-
cal oxygen and Sr atoms in rock-salt layer while the peak B1 is 
related with multiple scattering of photoelectron between oxygen 
and copper in CuO2 plane. The peak B2 is the contribution of many 
body effect. In order to distinguish the difference of charge density 
distribution around Tc, the difference of XANES spectra between 
300 K and 20 K are plotted in Fig. 8 (b) to present the amplitude 
differences of these absorption peaks. The spectra weight trans-
fer occurs with the maximal difference of 1.2% of the normalized 
intensity. It indicates that the charge density redistribution may 
happen at Cu site of the CuO2 plane when the temperature de-
creases from 300 K to 20 K.

For discussing charge density feature around absorbing atom, 
the temperature dependence of R factor of Sr2CuO3+δ is calculated 
and shown in Fig. 9, where R=(b1−a1)/(b1+a 1), a1 is the intensity 
of peak A1, b1 the intensity of peak B1, the A1 and A2 features are 
due to the 1s-4p*(π ) transition, while B1 and B2 are assigned to 
the 1s-4p*(σ ) transition. A1 and B1 stand for the core level excita-
tion of Cu 1s→4pz and Cu 1s→4px,y. According to the direction 
of charge transfer in high temperature cuprate superconductors, 



6 H. Wang et al. / Physics Letters A 383 (2019) 125778
Fig. 9. Temperature evolution of the peak intensity ratio R=(b1−a1)/(b1+a1) for the 
Sr2CuO3+δ powder. The ratio shows a clear change across the 90 K.

the temperature dependence of R factor should show an increas-
ing tendency with decreasing temperature. However, the value of 
R has a sudden decrease starting from 90 K, indicating the charge 
density redistribution at Cu site. At the same time, this transition 
point is consistent with the starting point of local lattice distortion. 
It demonstrates that local lattice distortion and charge density re-
distribution formed beginning from 90 K.

3.4. The relationship between local lattice distortion and 
superconductivity

The above experiments show that both local lattice distortion 
and inhomogeneous charge density distribution in CuO2 plane all 
happens from 90 K. Although there is only one point at 90 K, the 
similar deed can be found in other 214 cuprate superconductors 
[15–18]. According to previous XAFS studies and local structure 
ordering results of other 214 cuprate superconductors [15–18], the 
anomalous deed at 90 K may due to the local lattice distortion. The 
local lattice distortion may indicate the formation of some ordering 
structure and further make the charge density around Cu atoms 
redistribute. Therefore, we conclude that the low-temperature or-
dering structure is correlated with lattice effect. When the temper-
ature further decreases to about 50 K, there is a kink. When the 
temperature lower than 50 K, the Debye-Waller factor of Cu-O pair 
becomes to drop, the superconducting order may form. Supercon-
ductive coherence makes the material appear superconductivity. 
According to above all analysis, the lattice effect may provide the 
medium for electron pairs in superconductive state. In other words, 
the electron-lattice interaction may be vital in interpreting super-
conductivity in this kind of layered cuprates.

4. Conclusion

In summary, we reported local lattice distortion and charge 
density redistribution around Cu site in the CuO2 plane of
Sr2CuO3+δ powder through the temperature-dependent XAFS at 
Cu K -edge. The anomalous characteristic of σ 2

Cu−O − T implies 
the local lattice distortion occurring in CuO2 plane at 90 K. 
The temperature dependence of R factor, which indicates charge 
density redistribution, also shows the abnormal feature as simi-
lar as σ 2

Cu−O − T . The coexistence of the local lattice distortion 
and charge density redistribution at Cu site of CuO2 plane indi-
cates that electron-lattice interaction remains important for in-
terpreting superconductivity in this kind of layered superconduc-
tor.
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