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Abstract. Instantaneous in-plane Cu–O bond distribution in the Bi2Sr2CaCu2O8+δ (Bi2212) supercon-
ductor has been investigated by high k-resolution Cu K-edge extended X-ray absorption fine structure
(EXAFS) measured with polarized vector parallel to the two orthogonal Cu–O–Cu bonds of the CuO2

square plane. The results show an anisotropic Cu–O distribution in the two directions and provide further
information on the local atomic displacements in the lattice-charge stripes.

PACS. 74.72.Hs Bi-based cuprates – 61.10.Ht X-ray absorption spectroscopy: EXAFS, NEXAFS, XANES,
etc. – 74.80.-g Spatially inhomogeneous structures

1 Introduction

Recent advances in experimental techniques and materials
synthesis have given a new direction towards a same plat-
form to understand the physics of doped perovskites. In
fact superconductivity in cuprates and colossal magneto-
resistance (CMR) in manganites appear in a novel inho-
mogenous phase of condensed matter with the interplaying
lattice, charge and spin degrees of freedom [1,2]. There
have been a number of experimental and theoretical re-
ports on coexisting two component [3–8], where one of
them is made of charges associated with local atomic dis-
placements: polarons and/or charge density waves [9–16].
The segregation of the two component at mesoscopic scale
gives a complex phase with charge carriers ordered in
striped domains [17–20].

While it has been easier to solve the local atomic dis-
placements in doped manganites being larger, results on
doped cuprates, with smaller disorder, have shown ambi-
guity on the magnitude of the atomic displacements de-
pending on the time scale of the experimental techniques
used. However, clear evidences of electronic and lattice in-
stabilities in these materials are beyond discussion and it is
now getting recognized that the lattice excitations indeed
play important role in the physics of high Tc superconduc-
tors. Recent experiments on the isotope effect [21–23] have
further demanded the need to include the electron lattice
interaction as one of the parameters to describe the com-
plex metallic phase of the cuprate superconductors.

The contribution of X-ray absorption spectroscopy
(XAS) has been vital due to availability of high brilliance
and polarized X-ray synchrotron radiation sources allow-
ing to get directional information around a selective site.
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Recently the polarized Cu K-edge XAS has been success-
fully exploited to obtain local and instantaneous displace-
ments around the Cu site in high Tc cuprates, as the CuO2

plane is an important ingredient to drive electronic prop-
erties of these materials [24–28]. Using in-plane and out-
of-plane polarized EXAFS, providing Cu–O pair radial
distribution functions, in combination with the diffrac-
tion measurements, giving the superlattice wavevector, we
have found that there are Jahn-Teller distorted Cu sites
(Q2-mode) which get ordered in stripes and coexist with
undistorted sites [29–33].

Bi2Sr2CaCu2O8+δ (Bi2212) has been one of the suit-
able systems to observe the lattice-charge stripes and
to investigate their implication to the electronic struc-
ture [34]. In fact the Fermi surface of this system shows
broken segments at the M points due to asymmetri-
cally suppressed spectral weight because of lattice-charge
stripes [34]. In addition, the Fermi surface obtained by an-
gle resolved photoemission spectroscopy (ARPES) shows
large anisotropy in the two orthogonal M points, (i.e.,
two orthogonal Cu–O–Cu bond directions) with appear-
ance of an additional spectral weight only along one di-
rection with small kF = 0.2± 0.03π and energy dispersion
∆E ∼ 80 meV [35].

It is worth recalling that the structure of Bi2212 has
orthorhombic symmetry where the perovskite axis is along
the Cu–O–Cu bonds (usually called tetragonal axis) and
the diagonal axis (45◦ from the perovskite axis) is along
the Cu–Cu direction (also called orthorhombic axis). Re-
cently we have shown that the lattice distortions in the
stripes are quite complex and anisotropic [36] showing
different Cu–O pair distribution along the diagonal axis
and in the perovskite axis. Furthermore, we have shown
quadrupole contribution of 1s → 3d (∆l = 2) transi-
tion in the Cu K-edge XANES of the Bi2212, having
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maximum intensity when polarization vector of the syn-
chrotron light is parallel to the diagonal axis and mini-
mum intensity when polarization is along the perovskite
axis (i.e., Cu–O–Cu bond direction). The present work is
motivated by the observed anisotropy of the Fermi surface
in the two orthogonal M point directions [34,35] and the
anisotropic local lattice displacements in the diagonal and
perovskite axes. We have further exploited the capabili-
ties of polarization dependence of the Cu K-edge EXAFS,
providing directional pair distribution function (PDF), in
combination to the angular dependence of the quadrupole
transitions, allowing to identify the Cu–O–Cu directions.
This approach is applied jointly with high k-resolution
EXAFS spectra obtained with a high signal to noise ra-
tio to investigate the directional PDF of the CuO2 plane
in the Bi2212 system. The results clearly show a strong
anisotropy of the Cu–O bond distribution in the two or-
thogonal Cu–O–Cu bonds directions and provide a direct
evidence for preferential tilting of the CuO2 plane in the
diagonal lattice-charge stripes. The results are consistent
with the ARPES data showing asymmetric spectral weight
distribution at Fermi surface in the M directions [34,35].

2 Experimental

A well characterised monocrystal of Bi2Sr2CaCu2O8+δ

(Bi2212), grown by the traveling solvent floating zone
(TFSZ) method was used for the measurements. The
polarized Cu K-edge absorption measurements at room
temperature were performed on the beamline BL13B of
Photon Factory at High Energy Accelerator Research Or-
ganization in Tsukuba [37]. The synchrotron radiation
emitted by a 27-pole wiggler source (maximum field B0 of
1.5 T) inserted in the 2.5 GeV storage ring with a maxi-
mum stored current of 360–250 mA was monochromatized
by a newly installed variable exit beam height double crys-
tal Si(111) monochromator and sagittally focused on the
sample. Improved lattice of the storage ring and better
monochromator cooling system allowed to have very sta-
ble beam on the samples. The spectra were recorded by
detecting the fluorescence yield (FY) using a 19-element
Ge X-ray detector array. In addition, the large number of
detectors have allowed us to cover a large solid angle of
the X-ray fluorescence emission. The emphasis was given
to measure the spectra with a high signal to noise ratio and
up to a high momentum transfer (Q = 2k = 38 Å−1), and
for the purpose we have measured several scans, with each
scan averaged over 19 channels. The well oriented crystal
was mounted on a Huber 420 goniometer with colinear-
ity of the sample normal and the azimuthal rotation axis
within ±0.5◦, established by laser alignment prior to the
measurements and further controlled by the laser and tele-
scope mounted on the goniometer. The grazing incidence
geometry was used for the measurements by keeping the
electric vector of the synchrotron light parallel to two or-
thogonal Cu–O–Cu bond directions selected by pre-edge
peak intensity representing 1s→ 3d quadrupole transition
having minima when the polarization is falling flat on the
Cu–O bond (i.e., 3dx2−y2 lobes).

Fig. 1. Polarized Cu K-edge EXAFS extracted from
the absorption spectra measured on an optimally doped
Bi2Sr2CaCu2O8 single crystal at 300 K with polarization vec-
tor of the synchrotron light parallel to the two orthogonal
Cu–O–Cu directions (E ‖ at and E ‖ bt). The noise level
is shown as dotted lines. The EXAFS spectra are shown
multiplied by k2.

One of the common problems with EXAFS measure-
ments on single crystals is Bragg glitches due to sample
diffraction peaks. Generally these Bragg peaks are eas-
ier to remove by taking away the affected channels of the
multielement detector. However, in the present case, since
the sample alignment is well known and the experimental
set-up allows different geometrical freedom (the incidence
angle, the detection angle and distance) the geometry has
been selected in such a way that any Bragg peak due to
diffraction are out of the detector window, within the scan
energy range. The incidence angle of ∼ 2◦ with respect to
the surface was found to be suitable, keeping the centre
of the detector window siting orthogonal to the beam di-
rection, at around 30 cm away from the sample, with an
angle of about 20◦ from surface of the sample. This com-
mon geometry was used for recording all the absorption
spectra. A standard procedure [38] was used to extract the
EXAFS signal from the absorption spectrum. The EXAFS
spectra have been corrected for the X-ray fluorescence self-
absorption [39].

3 Result and discussion

Figure 1 shows EXAFS signals extracted from Cu K-edge
absorption spectra of Bi2212 crystal measured at room
temperature (300 K) with E vector of the plane polarized
X-rays falling parallel to the two orthogonal Cu–O–Cu
bond directions of the CuO2 square plane, i.e., two per-
ovskite axes of the crystallographic unit cell (hereafter
called E ‖ at and E ‖ bt spectra). The signals are
multiplied by k2 to emphasize the higher k-region. In-
spite of damping of the EXAFS signal due to Debye-Waller
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Fig. 2. Magnitude of the Fourier transform |FT(k2χ)| of the
EXAFS spectra measured in the E ‖ at (solid line) and E ‖
bt (dotted line) geometries. The FT are performed between
kmin = 3 Å−1 to kmax = 19 Å−1 using a Gaussian window
and not corrected for the phase shifts due to photoelectron
backscattering.

factors at 300 K the EXAFS oscillations are visible upto
k = 19 Å−1 out of the experimental noise level (the dotted
lines). This suggests that EXAFS with a high k-resolution
could be well exploited to study complex systems even
at higher temperatures if measurements are made with a
high signal to noise ratio, reducing both random error and
a systematic noise. The difference in the EXAFS oscilla-
tions could be clearly seen in the figure. It should be men-
tioned that the two spectra were recorded in a sequence
and therefore with similar experimental conditions and a
similar treatment was given to extract the EXAFS signals
suggesting that the differences are intrinsic to the sample.

The differences in the R-space could be seen in the
Fourier transform (FT) of the two EXAFS signals (Fig. 2).
Peaks in the FT appears due to backscattering of the emit-
ted photoelectrons from neighbouring atoms and hence
the FT provides global atomic distribution around the ab-
sorbing site (around Cu in the present case). The peaks in
the FT do not represent the real atomic distances and
the position should be corrected for the photoelectron
backscattering phase shifts to find the quantitative value
to the atomic positions with respect to the Cu atom. There
are evident differences in the FT of the EXAFS spectra
measured along the two polarizations with major differ-
ences around the Cu-Sr/Ca peak. The Cu–O peak in the
E ‖ bt appears to be shifted towards higher R while the
Cu–O–Cu peak shows a shift towards lower R-value. On
the other hand, the Cu-Sr/Ca peak shows a large increase
and gets sharpen in the E ‖ bt geometry. The anisotropy
in the distribution of Sr/Ca atoms suggests a large re-
distribution of Cu-Sr/Ca bonds and complex distortions
of the lattice. Although absolute differeneces may be dif-
ficult to extract due to complex interference effects of
different backscatterings of the photoelectrons, the evi-
dent differences are large enough to state that the PDF
is anisotropic with respect to the two Cu–O–Cu direc-
tions. In fact the FT of the EXAFS signals in the two di-
rections have demonstrated clearly the anisotropy of the
Cu–O bonds along the two orthogonal directions.

Anisotropy along the two orthogonal Cu–O bond di-
rections was quantified by modelling the EXAFS spectra.

For this purpose, we have used similar approach as dis-
cussed in our earlier papers on high Tc superconductors
and related perovskites [29,40,41]. Let us recall that there
are several factors which should be taken into account to
obtain precise information on the atomic displacements
in the CuO2 lattice by analysing the Cu–O EXAFS sig-
nal. The main problem comes from drastic damping of
the Cu–O backscattering at the high k-values. The prob-
lem is further enhanced at room temperature because of
damping due to bigger Debye-Waller factors and the small
Cu–O signal could be easily masked by the experimental
noise. Nevertheless, the solution of the lattice displace-
ments is limited by the k-resolution and there could be
further damping of signal because of distribution of dis-
tances i.e. ∆Rmin = π/2kmax. The problem is more com-
plicated when the EXAFS is measured on a powder sample
due to reduction of the effective coordination number and
spatial averaging, however, this could be taken care by
measuring single crystal samples with well defined direc-
tions selected by the polarization of the synchrotron light
(as the present case). Considering the limitations we have
measured the EXAFS spectra with a high k-resolution and
with a high signal to noise ratio by accumulating a large
number of scans limiting to the noise level to the order
of 10−4 (Fig. 1). Therefore improved experimental condi-
tions could allow to extract the Cu–O EXAFS oscillations
with high k-resolution and to study precise local lattice
displacements in the CuO2 plane.

The in-plane Cu–O PDF was obtained by the analysis
of the EXAFS signal due to the Cu–O backscatterings.
Figure 3 shows the PDF of CuO2 plane along the two or-
thogonal Cu–O bond directions. Since EXAFS measures
correlated distribution in a locally ordered structure, we
have used correlated distance broadening of the Cu–O
bonds to determine the PDF [40]. The resulting distri-
bution lies in the range of 1.8–2.05 Å independent of the
polarization direction. The PDF obtained in the at direc-
tion at 300 K is compared (middle panel) with the PDF
obtained by analysis of the EXAFS spectra measured in
the same direction at low temperature (30 K). The bond
distribution well reproduces our earlier results at low tem-
perature [36], however, due to larger distance broadening
at higher temperature the PDF at 300 K show an asym-
metric distribution of Cu–O bonds instead of clear two
peak function at 30 K. The large distribution of the Cu–O
distances along the two orthogonal directions within the
CuO2 plane evidently shows distorted nature of the square
plane.

We have also shown the distribution of Cu–O bonds
measured by anomalous diffraction in the Bi2212 system
(lower panel) [29]. The overall bond distribution lies in the
range of 1.8–2.05, consistent with the EXAFS measure-
ments. However, the diffraction distribution is averaged
over all the sites while the EXAFS distribution represent
directional distribution.

The PDF along the two Cu–O–Cu bond directions are
different. While the Cu–O distribution along the E ‖ bt

is a single (however broad) peak function centered around
the average bond length (∼ 1.9 Å), the distribution along
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Fig. 3. Pair distribution functions (PDF) of the CuO2 plane in
the two orthogonal direction of the Cu–O–Cu bonds (upper).
The PDF are determined from the EXAFS spectra due to Cu–
O pairs while the E vector of the polarized light is E ‖ at

(solid line) and E ‖ bt (dotted line). The PDF in the E ‖ at

(solid line) direction at 300 K is compared with that of at
30 K in the same direction (middle). The distribution of Cu–O
bonds measured by Cu K-edge anomalous diffraction [29] in
the Bi2212 system is also shown for comparison (lower).

the E ‖ at appears with more like a double peak function
appearing respectively at ∼ 1.88 Å and ∼ 1.98 Å. The
PDF evolves in a clear two peak function at low temper-
ature as shown in the midde panel of Figure 3 comparing
the PDF along at direction at 30 K and 300 K. The out-
come of the present experiment, shown as PDF at 300 K,
not only indicates anisotropy of the Cu–O distribution in
the CuO2 square plane but also provides an evidence for
preferential tilting of the CuO2 plane giving higher prob-
ability of longer and shorter bonds arranged in one of the
Cu–O–Cu directions. This observation is consistent with
the electronic anisotropy of the Γ−M and Γ−M1 direc-
tions at the Fermi surface of the Bi2212 system [35] and
further supports the important role of local lattice in elec-
tronic excitation spectrum of the complex systems such as
high Tc superconductors.

A large number of experiments have shown that highly
distorted CuO2 square planes coexist with the undistorted
ones and get ordered in lattice-charge stripes along the
diagonal direction (Cu–Cu direction, i.e., 45◦ from the
Cu–O–Cu bond direction) with segregation of itinerant
and relatively localized charges [29–33]. A cartoon pic-
ture of the stripes is shown in Figure 4 where the cir-

Fig. 4. A pictorial view of Cu-sites ordered in stripes. The cir-
cles with arrows are highly distorted CuO2 planes while empty
circles are undistorted CuO2 planes (or Cu sites with small
distortions).

cles represent CuO2 sites. The circles with arrows are
highly distorted CuO2 sites while empty circles are undis-
torted CuO2 sites (or Cu sites with small distortions).
The lattice-charge stripes have a periodicity of about 9
Cu-sites along the diagonal direction as shown by several
diffraction experiments on the same system. The present
experiment adds further information and suggests pref-
erential tilting of the CuO2 planes, indicated by arrows
pointing towards tilt direction, with higher probability of
shorter and longer Cu–O bonds in the at direction. In ad-
dition, the preferential tilt gives reduced periodicity by a
factor of two due to instantaneous lattice fluctuations. Re-
cently anomalous phonon dispersion has been interpreted
as dynamic unit cell doubling in the CuO2 plane along the
direction of Cu–O–Cu bonds giving a short range charge
ordering [42]. The present experiment can account the dy-
namic unit cell doubling in the CuO2 plane along the
direction of the Cu–O–Cu bonds as argued on the ba-
sis of the anomalous phonon dispersion. Therefore, the
dynamic unit cell doubling of the CuO2 plane or “half
breezing mode” appears to be due to intra-lattice-charge
stripe fluctuations in the wide stripes [29–33].

In conclusion, the high k-resolution polarized EXAFS
data, measured along the two orthogonal Cu–O–Cu bonds
of the CuO2 square plane, with a high signal to noise ra-
tio are found to be encouraging to investigate microscopic
anisotropy of atomic distribution in the two directions.
The pair distribution of the Cu–O bonds along the two
orthogonal directions shows significant differences, with
preferential elongation and shortening of a part of the
Cu–O bonds. We believe that the preferential tilting of
the CuO2 plane, giving anisotropy to the Cu–O bond dis-
tribution, is responsible for the evident asymmetry to the
Fermi surface of the same system where (π, 0) and (0, π)
points are different.
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(Woodbury, New York, 1997), p. 565.

33. N.L. Saini, A. Lanzara, H. Oyanagi, H. Yamaguchi, K.
Oka, T. Ito, A. Bianconi, Phys. Rev. B 55, 12759 (1997).

34. N.L. Saini, J. Avila, A. Bianconi, A. Lanzara, M.C.
Asensio, S. Tajima, G.D. Gu, N. Koshizuka, Phys. Rev.
Lett. 79, 3467 (1997); N.L. Saini, A. Bianconi, A. Lanzara,
J. Avila, M.C. Asensio, S. Tajima, G.D. Gu, N. Koshizuka,
Phys. Rev. Lett. 82, 2619 (1999).

35. N.L. Saini, J. Avila, M.C. Asensio, S. Tajima, G.D. Gu,
N. Koshizuka, A. Lanzara, A. Bianconi, Phys. Rev. B 57,
R11101 (1998).

36. N.L. Saini, A. Lanzara, A. Bianconi, H. Oyanagi, Phys.
Rev. B 58, 11768 (1998).

37. H. Oyanagi, R. Shioda, Y. Kuwahara, K. Haga, J. Syn-
chrotron Rad. 2, 99 (1995); H. Oyanagi, ibid. 5, 48 (1998).

38. X Ray Absorption: Principle, Applications Techniques of
EXAFS, SEXAFS and XANES, edited by R. Prinz, D.
Koningsberger (J. Wiley and Sons, New York 1988).
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