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The Cu-O pair-distribution function in a Bi2Sr2CaCu2O81y superconductor has been measured by polarized
Cu K-edge extended x-ray-absorption fine structure atT,Tc . The results show an anomalous long Cu-O
~planar! distance, 1.96 Å, assigned to distorted CuO2 stripes of widthW intercalated with undistorted stripes of
width L. From the measurement ofL51560.5 Å we have calculated the energiesEn of the bottom of the
one-dimensional subbands of the superlattice and found that the Fermi levelEF is tuned to a ‘‘shape reso-
nance’’ EF2En,\vD , where vD is the Debye frequency, giving theTc amplification.
@S0163-1829~96!04441-4#

Bi2Sr2CaCu2O81y ~Bi-2212! has been selected in these
last years as a test material to investigate the general prop-
erties of high-Tc superconductors such as the transport and
magnetic properties,1 the band structure, the superconducting
gap, and its anisotropy.2 It is formed by a staked series of
superconducting CuO2 planes intercalated by nonsupercon-
ducting BiO block layers. The three-dimensional~3D! phase
coherence is provided by Josephson currents between
layers.3 The solution of the incommensurate 1D superstruc-
ture of Bi-2212 with a large unit cell having five atomic
species and a long wavelength~25 Å! is at the limit of the
capabilities of diffraction methods, since a large number of
parameters are needed in the structural refinement;4 and
therefore its structure at the mesoscopic level is not well
established.

The large displacive and substitutional one-dimensional
superstructure of the nonsuperconducting BiO block layer is
well established in the literature.4 It is common opinion that
the superconducting CuO2 plane is rigid, with constant CuO
~planar! bond length 1.88 Å, and the weak modulation of the
plane has little effect on its physical properties.

On the contrary a paradigm for understanding high-Tc
superconductivity has been proposed based on a particular
heterostructure of the CuO2 plane at the mesoscopic scale.

5–7

The CuO2 plane has been found to be made of a superlattice
of U stripes of widthL of undistorted lattice, as that of the
‘‘average crystallographic’’ structure, forming the majority
phase which are intercalated with a minority phase ofD
stripes of widthW, with a distorted lattice having a different
electronic structure. This heterostructure has been described
as a superlattice SMSMSM of superconducting~S! and metal
~M! stripes at a mesoscopic scale withW,j0, wherej0 is the
coherence length.6,7 The amplification of the critical tem-
perature from the low~T,23 K! to the high~30 K,Tc,150
K! temperature range is realized by tuning the Fermi level
close to the bottomEn of the quasi-one-dimensional~1D!
subbandn of this superlattice of quantum wires.7 This reso-
nance is known as the ‘‘shape resonance’’ condition for elec-

trons at the Fermi level with wave vectorkF;np/L. In fact
in the frame of the standard BCS theory for superconductiv-
ity the effective electron-electron coupling is strongly en-
hanced when the Fermi level is close to a divergence in the
quasi-1D density of states~DOS!. Tuning the charge density
~i.e., EF! and/or the stripe widthL ~i.e., En! at the shape
resonance in the narrow rangeEF2En,\vD , wherevD is
the Debye frequency, gives a resonant amplification of the
critical temperature in comparison with that of the homoge-
neous 2D plane.

In this experimental work we report results showing that
the actual lattice distortions in theD stripes involve a large
elongation of the in-plane Cu-O~planar! bonds that directly
modifies the hopping integral in plane giving an electronic
structure in theD stripes different from that in theU stripes.
Moreover we report a more accurate measure of the widthL
of the U stripe that allows us to show that the shape reso-
nance conditionEF2En,\vD is verified at optimum dop-
ing.

The CuO2 plane with the 1D aperiodic modulation shows
an infinite number of different Cu site conformations of the
CuO5 pyramids that can be described by the statistical distri-
bution of the Cu-O~planar! and the Cu-O~apical! distances.
Here the distribution has been measured directly by
Cu K-edge extended x-ray-absorption fine structure8–12

~EXAFS! to overcome the limitations of the x-ray diffraction
to solve the oxygen lattice structure. The polarizedEia and
EicCuK-edge EXAFS experiments have been performed on
Bi-2212 crystal to determine the statistical distribution of the
Cu-O distances in the CuO2 plane by this local~;5 Å!
probe. The measurements were performed on the beam line
BL-4C at the Photon Factory, Tsukuba.13 The spectra were
recorded by detecting the fluorescence yield using 9 NaI~Tl!
x-ray detectors. The crystal temperature was monitored with
an accuracy of60.5 K. The sample was a single crystal
grown by the traveling floating-zone method14 with Tc584
K. The EXAFS signalx5~a2a0!/a0, wherea is the absorp-
tion coefficient anda0 is the so called atomic absorption, was
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extracted from the absorption spectrum using standard pro-
cedure and corrected for fluorescence self-absorption.15

The signal due to the Cu-O~planar! @and Cu-O~apical!# is
well isolated in theEia @andEic# spectra. Figure 1 shows the
Cu-O ~planar! @and Cu-O~apical!# EXAFS signal obtained
by standard Fourier filtering~between kmin53 Å21 to
kmax517 Å21! from theEia @andEic# Cu K-edge EXAFS.
Multiple-scattering signals are not present because any
multiple-scattering contribution will have a longer effective
photoelectron pathway. The first-shell EXAFS data were fit-
ted by nonlinear least-squares fitting using the curved wave
EXAFS theory in the range 3–13 Å21 where the EXAFS
amplitude due to scattering by oxygen atoms is large. The
results of the fitting show a distribution of different distances
both in the plane and out of the plane. The number of inde-
pendent parameters that can be extracted is
Nind;(2DkDR)/p;5, whereDk510 Å21 andDR50.8 Å,
are the ranges ink andR space over which the first-shell data
have been fitted. The best fits shown in Fig. 1 have been
obtained by two shells fit with two distancesRlong, Rshortand
effective coordination numbersNlong andNshort5Ntot2Nlong
~whereNtot is fixed!, the Debye-Waller factors were taken to
be the same and it was found that they can be fixed to the
expected values for the correlated Debye model. Thus the
two distances fitting is essentially a three-parameters~Rlong,
Rshort, andNlong! fit. All the other parameters were fixed to
the values determined by using standard model compounds.
A typical fit to the experimentalEia and Eic EXAFS is
shown by a solid line in Fig. 1. The pair-distribution function
~PDF! for the Cu-O pairs extracted from the data at 30 K is
shown in Fig. 2. There is not a single Cu-O~planar! distance
for the CuO4 square planes but a wide distribution in the
range 1.88–1.96 Å. This range of variation is like that of the

average Cu-O~planar! distances in the crystallographic
structures of all synthesized cuprate superconductors.16 The
short Cu-O~planar! bonds atR151.88 Å are the expected
distances for the average crystallographic structure. The long
anomalous Cu-O~planar! bonds,R251.96 Å in Fig. 2 are
associated with tilting of the CuO4 square plane in the~110!
direction, of the CuO5 pyramids, where two oxygen atoms
per CuO4 square plane get displaced along thec axis giving
a rhombic distortion with two long distancesR2 and two
short distancesR1. We obtain the tilting angleu516° ~or
u514°! of the CuO4 square plane using cosu5R1/R2 ~or
cosu5^R&/R2 , where^R&5a/&!.

We can see directly the presence of two Cu-O~apical!
distancesR352.36 Å andR452.54 Å separated byDR;0.18
60.02 Å from the beat in theEic EXAFS oscillations at
k;8.560.5 Å21. The anomalous short Cu-O~apical! bonds
R3 are associated to the distorted CuO5 pyramids.

From the PDF in Fig. 2 we obtain the probability
Pd50.415 for the minority distorted CuO5 pyramids charac-
terized by one Cu-O~apical!5R3, two Cu-O ~planar!5R1
and two Cu-O~planar!5R2 and the probabilityPu50.585
for the majority undistorted CuO5 pyramids characterized by
one Cu-O ~apical!5R4 and four Cu-O~planar!5R1. The
probability Pd is given by N(R3)/Ntot ~from Eic
data!52N(R2)/Ntot ~from Eia data!; the probability
Pu512Pd5N(R4)/Ntot ~from Eic data!. The measured
probabilityPu as a function of the temperature is reported in
Fig. 3.

The spatial distribution of the distorted Cu sites and the
measurement of the stripe widthL has been obtained by joint
EXAFS and diffraction experiments. The one-dimensional
modulation of the Cu lattice has been determined by x-ray-
diffraction anomalous diffraction at the CuK edge. The ex-
periment has been performed at the European Synchrotron
Radiation Facility~ESRF, Grenoble, France! on the wiggler
beam line ID 11-BL2.17 We report in Fig. 3 the measure of
the wavelengthl of the 1D anharmonic modulation in the
direction of theb axis in the orthorhombic direction, at 45°
from the Cu-O-Cu in the plane as a function of temperature.
The large anharmonic character is indicated by the presence

FIG. 1. Fourier-filtered first-shell experimentalEia Cu K-edge
EXAFS signal~multiplied by k2! due to the Cu-O~planar! pairs
~circles! and its fit with two distances~solid line! at 30 K ~a!.
Fourier-filtered first-shell experimentalEic CuK-edge EXAFS sig-
nal due to the Cu-O~apical! pairs ~squares! and its fit with two
distances~solid line! at 30 K ~b!.

FIG. 2. Atomic pair-distribution function~PDF! from the central
Cu for the square pyramids in Bi2212. The PDF of Cu-O~planar!
pairs, obtained byEia Cu K-edge EXAFS, show two Gaussians
centered atR1 andR2, normalized toN(R1)1N(R2)54 and the
Cu-O ~apical! pairs obtained byEic Cu K-edge EXAFS centered
R3 and R4 normalized toN(R3)1N(R4)51. The width of the
Gaussians correspond to the correlated Debye-Waller factors
@s250.660.231023 Å2 ~0.860.231023 Å2! for in-plane ~out-of-
plane! oxygens#.
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of intense second-order diffraction peaks. The anharmonic
modulation of the CuO2 plane gives stripes of distorted lat-
tice ~D stripes! of width W that form linear domain walls
intercalated with the stripes of undistorted lattice~U stripes!
of width L (LÞW) running along thea-axis direction, as
shown in the inset of Fig. 3~c!. The probability of undistorted
Cu sites in theU stripes is given byPu5L/(L1W) and the
superstructure wavelength isl5W1L. Therefore we have
measured the widthL5lPu of undistorted lattice by joint
EXAFS (Pu) and diffraction~l! data that is plotted in Fig. 3
as a function of temperature. Previous measurements ofL
were obtained byl measured by electron diffraction at room
temperature with the assumption thatl is temperature inde-
pendent, while in the present workl andPu are measured in
the same temperature range on the same crystal providing the
best accurate measurement ofL.

This work shows that the lattice in plane distortions in the
D stripes are large enough to give a local electronic structure
different from theU stripes. In fact the elongation of the
Cu-O ~planar! bonds, by about 0.09 Å, in theD stripes di-
rectly changes the hopping integral in the plane18 and modi-
fies the band structure mainly at theM point of the Brillouin
zone giving a potential barrier between the stripes. The large

tilting in the D stripes is expected to modify the electronic
structure and following Ref. 19 to suppress the critical tem-
perature. Therefore the electronic structure of the modulated
CuO2 plane can be described as a superlattice of quantum
wires with the formation of superlattice subbands.20 We ana-
lyze the electronic structure of this system with a simplified
model assuming an infinite potential barrier between the
stripes, and so an electron wave vector in they direction
~perpendicular to the stripes! quantizedky(n)5np/L. For
each integer valuen, a one-dimensional~1D! subband is de-
fined with energy minimaEn that depends on the actual elec-
tron effective mass, i.e., on the band dispersion. Recently a
phenomenological tight-binding fit of the experimental band
dispersion has provided the hopping coefficients for the
CuO2 band of Bi-2212,

2 that we have used for evaluation of
subbands and the relative density of states. Each 1D subband
(n) is obtained by cutting the 2D dispersion with fixed
ky(n)5np/L, whereL51560.5 Å is given by the present
experiment. The resulting density of states~DOS! for the
first three subbands is shown in Fig. 4. The Fermi level is
near to the divergence of the DOS in the second subband,
and it is separated from its bottom by (EF2E2);70 meV,
moreover it is close the bottom of the third subband
(EF2E3);40 meV, therefore the shape resonant condition
is verified withEF2En,\vD , where\vD;50 meV. From
this result follows that the critical temperature of the homo-
geneous 2D plane is amplified by a large factor20 from the
low to the high temperature range.

The spots on the Fermi surface for an ideal single quan-
tum wire are identified by the crossing of the lines of con-
stantky(n). We have plotted, in Fig. 5, the Fermi surface
deduced by angle-resolved photoemission data for a Bi-2212
crystal.2 We see that the second subband is characterized by
two pairs of spotsk1, k18 , k2, andk28 on the Fermi surface
such thatk12k18;G1q, whereG is the antiferromagnetic
lattice vectorG52p/a ~a5dA2, whered is the Cu-Cu dis-
tance! and whereq is a small transfer wave vector. The
Fermi spots of the third subband satisfy a similar relation. In
this landscape the electron pair with wave vectors~k1,k2! get
scattered in (k18 ,k28) with an exchanged momentum
Q5G1q involving mainly the small transfer wave vectorq
in the pairing mechanism for changes in theU stripes medi-

FIG. 3. Temperature dependence of the probability of the undis-
torted CuO5 pyramidsPu given byN(R4)/[N(R3)1N(R4)] mea-
sured byEic EXAFS ~a!; the superstructure periodl measured by
x-ray diffraction ~b!; the width L of the undistorted CuO2 stripes
given byL5lPu5lL/(L1W) ~c!, the pictorial view of the stripes
in the CuO2 plane is shown in the insert. The error bars on the mean
values in the temperature range are 3s.

FIG. 4. The calculated density of states of then51, 2, and 3
subbands for an ideal stripe of widthL515 Å and infinite potential
barrier, running in the~p,p! direction following the tetragonal no-
tation for a square lattice. The position of the Fermi levelEF in
Bi-2212 is indicated by an arrow.

12 020 54BRIEF REPORTS



ated by magnetic fluctuations in theD stripes. Moreover the
anomalous linear temperature dependent resistivity in the cu-
prate superconductors at optimum doping can be explained if
the Fermi surface is limited to these hot spots.21

The angular-resolved photoemission~ARPES! of Bi-2212
shows anomalous behavior if interpreted without taking into
account the modulation of the CuO2 plane. An enhancement
of the photoelectron intensity has been reported at the spots
predicted here22 that are even more clear at higher binding
energy suggesting the deviation from the dispersion expected
for a homogeneous 2D lattice. Quantitative comparison of
ARPES with the predicted electronic structure requires the
calculation of the actual subbands for the superlattice. The
density of states for the superlattice depends on the interface
width and distortions, the potential barrier, the hopping be-
tween neighboring stripes, the electron effective mass, etc.
All these effects are expected to give broadening to the ideal
density of states calculated for a single stripe and infinite
potential barrier as shown in Fig. 4. However the Fermi level
is expected to remain close to a divergence in the 1D-DOS.

In summary, we have measured the Cu-O distances of the
distorted CuO5 pyramids in the Bi-2212 system showing an
elongation of the Cu-O~planar! bondsR2 relevant for the
electronic structure of the CuO2 plane. The accurate mea-
surement of the widthL51560.5 Å of the undistorted
stripes by joint x-ray diffraction and EXAFS has allowed us
to calculate the quasi-one-dimensional density of states and
to show that the Fermi level is tuned to a 1D ‘‘shape reso-
nance’’ that gives the amplification of the critical tempera-
ture from the low-temperature rangeTc,23 K of an homo-
geneous plane to the high-temperature range 23,Tc,150
K.20

The presence of stripes of distorted lattice seems to be a
general characteristic of the cuprate superconductors in fact
they have been recently found in La1.85Sr0.15CuO4,

23 and in
the metallic superconducting oxygen doped La2CuO41y.
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FIG. 5. Hot spots on the Fermi surface are identified by the
crossing points between the Fermi surface for an homogeneous 2D
CuO2 plane with 0.16 holes per Cu site and lines with constant
wave vectorky(n)5np/L @n51 ~dotted lines!, n52 ~dashed lines!,
andn53 ~dot-dashed lines!#, whereL515 Å is the width of theU
stripes. The wave vectorskx andky are measured in units of 2p/d,
whered is the Cu-Cu distance.G is the antiferromagnetic vector
G52p/a with a5dA2.
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