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Local lattice instability and stripes in the CuO2 plane of the La1.85Sr0.15CuO4 system
by polarized XANES and EXAFS
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Temperature-dependent polarized CuK-edge x-ray absorption has been used to investigate local structural
distortions in the CuO2 plane of the La1.85Sr0.15CuO4 system. The Cu-O pair distribution shows the presence of
a minority phase containing CuO6 octahedra characterized by a shorter Cu-O~apical! bond~DR;20.1 Å! and
two longer Cu-O~planar! bonds~DR;10.08 Å! and a tilting angle of 16°62°. The temperature-dependent
distortions show a maximum aroundT* (;1.6Tc) and a minimum atTc ~;35 K!. The data show the
coexistence of two types of doped charges in different stripes in the superconducting phase.
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I. INTRODUCTION

Experimental methods which probe local structure ha
shown that the local structure of the CuO2 plane is different
from the average structure in most of the superconduc
cuprate perovskites.1–36 Steric effects due to dopants in th
rocksalt layers, lattice distortions associated with the do
holes in the CuO2 plane, or lattice mismatch34 could all be
the origin of the divergence of the local structure from t
average one.

Cu K-edge x-ray absorption spectroscopy@x-ray absorp-
tion near edge structure~XANES! and extended x-ray ab
sorption fine structure~EXAFS!# has been exploited to in
vestigate the local structure near a selected atomic si37

XANES and EXAFS are a type of electron diffraction
which the central atom plays the role of both source a
detector for photoelectrons backscattered by neighboring
oms. CuK-edge absorption spectra of high-Tc systems

38–40

probe the geometry of a local cluster of about 50 ato
within a radius of 5 Å from the central Cu. EXAFS data
analysis39–40 provides the pair correlation function an
XANES probes the higher order correlation function with
the cluster of atoms. Polarized spectra provide a unique
sibility to separate the contributions of the in-plane and o
of-plane backscattering and have been used to determin
Cu-O~planar! and Cu-O~apical! bond lengths by independen
measurements. This approach has given experimental
dence for the stripe structure of the CuO2 plane in
Bi2Sr2CaCu2O81y ~Bi2212! system.11–14

La1.85Sr0.15CuO4 ~LSCO! can be considered the simple
superconducting system at the optimum doping for determ
ing the characteristic properties of the metallic CuO2 plane in
high-Tc cuprates. The average structure of the system sh
a macroscopic phase transition from a high-temperature
tragonal ~HTT! to a low-temperature orthorhombic~LTO!
550163-1829/97/55~18!/12759~11!/$10.00
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structure at about 200 K.29,41,42Below the HTT→LTO tran-
sition the system undergoes a broad crossover in the e
tronic, magnetic, and structural properties. The coexiste
of local domains with a lattice similar to a low-temperatu
tetragonal~LTT! phase16 within the LTO phase has bee
found.15 The presence of different Cu sites in the isostru
tural, oxygen doped, La2CuO4 characterized by different tilt-
ing anglesu of the CuO6 octahedra with~0°,u,18°!, has
been shown by nuclear magnetic resonance~NMR!
spectroscopy.4 Temperature dependent anomalies atTc , seen
in inelastic neutron scattering31 and pair distribution function
~PDF! analysis of powder neutron diffraction data,2 have
been interpreted as evidence of divergence of the local st
ture of the system from the average one. The anoma
behavior of the elastic constant at about 60 K~Ref. 25! has
been interpreted as evidence for a frustrated phase trans
at this temperature with formation of LTT domains.

The divergence of the local structure from the avera
one has also been indicated by EXAFS experiment40made in
the early days of high-Tc superconductivity research. Th
average Cu-O~apical! bond length was found to be 2.32 Å
instead of 2.4 Å reported by diffraction. The polarized C
K-edge EXAFS reported in the present paper is aimed
characterizing the minority phase in the average crysta
graphic structure of the LSCO by determining directly t
Cu-O bond lengths. Part of this work has been published
recent letter.43 The ability of EXAFS to solve the differen
local bond lengths was well demonstrated in solid solution44

while the diffraction data provided only the average distan
In the present experiment, the Cu-O~planar! bond lengths
have been measured withEiab and the Cu-O~apical! bond
lengths withEic. Critical for the success of the experime
was the use of a high quality single crystal and EXAFS d
with high signal-to-noise ratio. The temperature depende
of the bond distances was measured systematically in o
12 759 © 1997 The American Physical Society
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12 760 55N. L. SAINI et al.
to identify the onset of the local lattice distortions and th
correlation with the structural anomalies. From joint analy
of EXAFS data and diffuse x-ray scattering the stripe str
ture of the CuO2 plane was determined.

The experiment and the data analysis procedure are
scribed in Sec. II. Experimental results are reported in S
III. The temperature dependence of the raw XANES data
of the EXAFS Fourier transforms provide clear evidence
anomalous changes in the local geometry at two charact
tic temperatures: the superconducting transition temp
ture Tc , and a temperatureT*;1.6Tc . Local distortions in
the CuO2 plane are determined from the analysis of the C
O~planar! and Cu-O~apical! EXAFS signals show the coex
istence of two different structural conformations of the Cu6
octahedra below 100 K, characterized by two different C
O~planar! bonds~DR510.08 Å!, and a tilting angleu516°
62°. We compare the present findings with diffraction r
sults in the final part of Sec. III. The results are discussed
Sec. IV and the stripe structure of the CuO2 plane is pre-
sented. Section V provides summary and conclusions.

II. EXPERIMENT AND DATA ANALYSIS

Measurements were made on a well-characterized si
crystal, 33230.5 mm3, grown by the traveling solvent float
ing zone method, showing a sharp superconducting trans
at Tc535 K. Temperature dependent polarized CuK-edge
absorption measurements were performed on beam
BL-4C ~Ref. 45! at the Photon Factory at Tsukuba. The sy
chrotron radiation emitted by the 2.5 GeV storage ring a
typical current of 350 mA was monochromatized by a fixe
exit double crystal Si~111! monochromator~giving a resolu-
tion of ;1.6 eV at the CuK edge! and sagittally focused on
the sample. The spectra were recorded by detecting the
rescence yield~FY! using 9 NaI~TI! x-ray detectors covering
a large solid angle of the x-ray fluorescence emission.
sample was mounted in a closed-cycle He refrigerator
the temperature was monitored with an accuracy of60.5 K.
The drift in the energy calibration, estimated by calibratio
before and after the experiment, was below 5% of the ene
resolution. In order to minimize drift, the monochromat
crystal was kept irradiated throughout the experiment and
Bragg angle was monitored by a directly coupled enco
with an accuracy of 1 arcsec.

The Eiab absorption spectra were recorded by keep
the sample at the normal incidence while theEic spectra
were collected by keeping the sample near the grazing i
dence~10°!. The trueEic spectra have been obtained b
extrapolation of the spectra recorded at the grazing incide
and using theEiab signal. The EXAFS signalx5~a2a0!/a0
~wherea is the absorption coefficient anda0 is the so called
atomic absorption! was extracted from the absorption spe
trum using standard procedure37 and corrected for fluores
cence self-absorption.46

The EXAFS signal depends on several parameters, as
be seen from the following equation for polarizedK-edge
EXAFS:
r
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whereNi is the equivalent number of neighboring atoms a
distanceRi located at angle~ui! with respect to the electric
field vector of the polarized synchrotron light.37 S0

2 is an
amplitude correction factor due to photoelectron correlatio
and is also called passive electrons reduction factor,f i(k,Ri)
is the backscattering amplitude,l is the photoelectron mea
free path, ands2 is the correlated Debye-Waller factor of th
photoabsorber-backscatterer pairs. Apart from the above
photoelectron energy originE0 and the phase shiftsdi should
be known. The above parameters can be either fixed or
lowed to vary when an experimental EXAFS spectrum
parameterized.

The phase shifts were calculated using theEXCURVE92

~Ref. 47! andFEFF6~Ref. 48! codes and were found to agre
with each other for the Cu-O pair in the present system. T
fitting procedure is based on a standard nonlinear le
squares technique which minimizes the statisticalx2 deter-
mined by the squares of the difference between the exp
mental and theoretical EXAFS. The number of independ
parameters which may be determined by EXAFS are limi
by the number of independent data poin
Nind;(2DkDR)/p, whereDk andDR are respectively the
ranges ink andR space over which the data are fitted.37Nind
is '7 ~Dk516–3513 Å21 andDR50.8 Å! for the analysis
of the Cu-O shell.

Reported errors in the parameters were estimated by
standard EXAFS~parabola! method49–51in which the quality
of fit parameter~proportional to the statisticalx2! is plotted
as a function of the concerned parameter. Errors are usu
estimated from a fractional increased of x2 above its mini-
mum value. This fractiond depends on several experiment
and data analysis factors. In order to establish the repo
uncertainties we have analyzed four independent EXA
scans at each temperature. Parameters and errors
checked by analyzing the data using different recent vers
of EXAFS data analysis codes includingEXCURVE,47 NPI,52

andEDA ~Exafs Data Analysis! ~Ref. 53! and the results ob-
tained fall within the quoted uncertainties.

III. RESULTS

A. Anomalous behavior of the local geometry:
The XANES results

Figure 1 shows normalized CuK-edge XANES spectra
measured at low temperature~21 K! with E parallel @Eiab,
panel~a!# and normal@Eic, panel~b!# to theab plane of the
LSCO crystal. The derivative spectrum and a typical abso
tion difference with respect to the 21 K are also included
the two panels. The spectra show the usual character
features observed in CuK-edge XANES of the cuprates with
square planar geometry. We have denoted the well-reso
features~absorption maxima! by A1 ,A2 ,A3 in theEic spec-
trum andB0 ,B1 ,B2 in theEiab spectrum. The energy pos
tions a1, a2, a3 andb0, b1, b2, respectively correspond to
the rising edges of the features as determined by the de
tive spectrum.
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55 12 761LOCAL LATTICE INSTABILITY AND STRIPES IN . . .
Absorption features in polarized XANES spectrum a
due to full multiple scattering of the photoelectron emitted
the Cu site in the direction of the electric field of the x-r
beam and their physical origin has been previou
discussed.38 The featuresA1 andA2 are determined by mul
tiple scattering of the ejected photoelectron off apical oxyg
and La and Sr atoms and their temperature dependence
erentially probes structural changes perpendicular to
CuO2 plane. The peakB1 corresponds to multiple scatterin
of the photoelectron off oxygen and Cu atoms in the Cu2
plane and its temperature dependence preferentially pr
in-plane structural changes.

Eiab XANES spectra of the crystal in the HTT phase
300 K are compared with spectra of the LTO phase at
and 150 K in Fig. 2. In addition to decrease in the intensit
of the main peaksB1 andB2, an increase in the intensity o
the peakB0 may be seen in theEiab @panel~a!# case at the
HTT→LTO phase transition. There appears to be lit
change for theEic. Multiple scattering calculations of the C
K-edge XANES spectrum38 using atomic positions given b
the average crystallographic structure do not predict suc
large peakB0 in the LTO phase. This peak was not observ
in the Eiab XANES spectrum of undoped La2CuO4 ~LCO!
in the LTO structure.39 The presence of this peak indicat
that the local structure of the LTO phase of doped LSCO

FIG. 1. Polarized CuK-edge XANES spectra of single crysta
La1.85Sr0.15CuO4 in ~a! Eiab geometry at 21 K, derivative spectrum
times21 ~dotted line! and difference spectrum between spectra
60 and 21 K;~b! Eic geometry at 21 K; derivative spectrum time
21 ~dotted line! and difference spectrum between spectra at 35
21 K; different features are marked byA1, A2, A3 in theEic spec-
trum andB0,B1, B2 in theEiab spectrum. The corresponding po
sitions of the maxima in the first derivative spectra are indicated
a1, a2, andb0, andb1.
t

y

n
ref-
e

es

t
0
s

a
d

s

different from that of the LTO of undoped LCO. Howeve
crystallographic techniques indicate that LCO at 300 K
structurally the same as LSCO in the LTO phase,42 and Cu
K-edge EXAFS,40 La K-edge EXAFS,54 and neutron scatter
ing experiments2 probing the pair correlation function do no
show any changes at the HTT→LTO transition.

We have made absorption differences with respect to
spectrum measured atT521 K to study the temperature de
pendence of different XANES features. The amplitudes
peaks in the difference spectra@see, e.g., spectra in panel~a!
and ~b! of Fig. 1# are well above the noise level. Statistic
noise in the absorption coefficient of the normalized to
atomic absorption jump is less than60.4%.

The temperature dependence of the XANES features
the LTO phase are shown in Fig. 3, where the absorp
differences at the rising edges and at the absorption max
are plotted. The intensities of the main peaksA2 andB1 are
independent of temperature down to;100 K and then in-
crease monotonically down to the lowest temperature~21 K!,
A2 by ;5% andB1 by only ;1.5%. BothB1 andA2 shift
toward higher energy, indicated by the negative value of
absorption differences at the corresponding XANES deri
tive maximab1 anda2, which decrease by;5%. The energy
shift reaches its maximum at;35 K ~the superconducting
critical temperatureTc of the system! for a2 and;55–60 K
~;1.6Tc , hereafter calledT* ! for b1. It is worth mentioning
that Noharaet al.25 have observed an anomalous change
the elastic constant of the LSCO system at aroundT* . The
far infrared ~FIR! spectroscopic data have also shown
anomaly at;60 K.55

t

d

y

FIG. 2. XANES spectra across the HTT→LTO transition: ~a!
Eiab spectrum in HTT phase at 300 K compared with spectra in
LTO phase at 100 and 150 K;~b! Eic spectrum in HTT phase a
300 K compared with spectra in the LTO phase at 100 and 150
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12 762 55N. L. SAINI et al.
B. Local instability of the CuO2 plane:
EXAFS Fourier transform analysis

Figure 4 shows representative examples of the polar
Cu K-edge EXAFS signal~weighted byk2! extracted from
the measured absorption on the LSCO single crystal at 6

FIG. 3. Temperature dependence of amplitude of absorption
ferences at the energy positions of featuresb0, B0 @panel~a!# and
b1, B1 @panel~b!# for Eiab XANES. Similarly, temperature depen
dence of featuresa1, A1 anda2, A2 for Eic XANES in panels~c!
and~d!. The estimated error~60.4%! in the intensity differences is
determined by experimental noise. Solid lines are a guide to
eye.
d

K

in the Eiab @panel ~a!# and Eic @panel ~b!# experimental
geometries. The corresponding Fourier transfor
uFT„k2x(k)…u show that the signal of the Cu-O~planar! shell
is completely suppressed in theEic spectrum while the Cu-
O~apical! signal is suppressed in theEiab spectrum~not
shown; see Ref. 43!.

Figure 5 shows the temperature dependence of the
O~planar! FT peak. The FT amplitude is plotted in panel~a!
and amplitude of the EXAFS difference@k2„x(k)2x~21 K!…#
is shown in~b!. @The FT of theEic EXAFS has a double
peaked structure at the Cu-O~apical! position43 and did not
show any systematic temperature dependence; this ma
due to interference effects, and hence is not shown here.# At
high temperature the FT signal is expected to be stron
dominated by thermal fluctuations of the atoms while
should increase due to decrease of the Debye-Waller fa
at low temperatures.40 The FT amplitude of the Cu-O~planar!
peak decreases slightly or remains constant between 150
100 K. Below 100 K, this peak decreases greatly leaving
anomaly at;60 K which corresponds to the characteris
temperatureT* .2,25,36,54This anomaly in the FT of theEiab
EXAFS agrees well with theEiab XANES anomaly dis-
cussed above.

It should be recalled that the variations of the EXAFS a
XANES signals are quite large with a different temperatu
dependence and cannot be accounted by the expected v
tions of the Debye-Waller factors. A small increase~;0.001
Å! in the Cu-O~planar! distances below 170 K has been r
ported in crystallographic studies.29 On the other hand, x-ray

if-

e

FIG. 4. Polarized CuK-edge EXAFS signal multiplied byk2

measured on single crystal La1.85Sr0.15CuO4 at a representative tem
perature~60 K! in the ~a! Eiab and~b! Eic geometries. Data points
are shown with experimental noise. The solid line is a guide to
eye.
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55 12 763LOCAL LATTICE INSTABILITY AND STRIPES IN . . .
absorption spectroscopy~both EXAFS and XANES!, which
probe the short range order on a short time scale, show l
variations and anomalies at two characteristic temperatu
T* andTc .

C. Determination of the local distortions and characterization
of the minority distorted phase

The EXAFS signals of the Cu-O bonds in the two spec
are well separated from the longer bond contributions43 and
have been extracted by the standard Fourier filtering meth
The filtered EXAFS signals represent single backscatte
of the photoelectron emitted at the Cu site by its nea
neighbor oxygens and therefore probe the correlation fu
tion between Cu and oxygen pairs. Multiple scattering s
nals, which make the data analysis more complex, are
present because such contributions have a longer effe
photoelectron pathlength. The first shell EXAFS due to C
O~planar! and Cu-O~apical! were fitted by nonlinear leas
squares fitting using curved wave EXAFS theory.47

The results of the fit show two different distances bel
100 K. These two distances converge to a single distanc
T.100 K, but the goodness of fit is 25% worse, indicati
the possible presence even at higher temperatures of
distances that are not resolved in the present experiment.
temperature dependence of the two Cu-O~planar! distances
~Rshort andRlong! are shown in Fig. 6~a! and compared with
the Cu-O~planar! distance measured by diffraction.29,42 The
initial fit was performed using five parameters,Rlong, Rshort,

FIG. 5. Temperature dependence of the amplitude of the
shell, Cu-O~planar!, peak in the Fourier transform. The temperatu
dependence of the amplitudes of the Fourier transform of
EXAFS difference,uFT„k2~xT2x21 K!…u at the positions of the FT
peaks is shown in panel~b!.
ge
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Nlong ~Nshort5Ntot2Nlong, whereNtot is the fixed coordina-
tion number!, and two Debye-Waller factors while the othe
parameters were fixed by fitting the EXAFS signal at roo
temperature of the present crystal and similar perovsk
showing agreement with other reports.49 The Debye-Waller
factors are found to be similar and close to the values
pected for the correlated Debye model and the values
dicted by extrapolation of the Einstein model at low tempe
ture. The final values ofRlong, Rshort, andNshort/Ntot were
obtained by the three parameters fit with Debye-Waller f
tors fixed to the correlated Debye model.

The average Cu-O~planar! distance obtained in the
present EXAFS analysis agrees with diffraction29,42and ear-
lier EXAFS results.40 It is worth mentioning that the Cu
O~planar! distances fall in the range of 1.87 to 1.97
roughly coinciding with the range of average Cu-O~planar!
distances measured in different families of cupra
superconductors56 ~reproduced in Fig. 7!. The separation be
tween the two distances, shown in Fig. 6~b!, varies between
0.06 and 0.12 Å, larger than the temperature fluctuations
the order of 0.02 Å for each distance.

The distortions in the CuO4 square plane implied by the
presence of two Cu-O~planar! distances appear to be corr
lated with the local tilting of the square plane in the~0,p!
direction as indicated by the anomalous behavior of the e
tic constants.25 We therefore ascribe the appearance of
anomalous long distance to tilting of the CuO4 square plane
as in the LTT structural domains, in which two oxygens p
CuO4 square plane are displaced along thec axis. The two
types of Cu sites, with LTT and LTO tilts, are shown in Fi

st

e

FIG. 6. ~a! Temperature dependence of the two Cu-O~planar!
distances~Rshort andRlong! measured by EXAFS and the averag
distance measured by diffraction~cross from Ref. 29 and plus from
Ref. 42!; ~b! temperature dependence of the difference betw
Rshort andRlong.
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12 764 55N. L. SAINI et al.
8. The tilting angleu of the CuO4 square plane using
cosu5Rshort/Rlong, is in the range of 14°–18° below 100 K
Similarly large tilt has been observed by NMR~Ref. 4! and
neutron diffraction57 in oxygen doped La2CuO41d and by
neutron diffraction58 and EXAFS ~Refs. 11–14! in the
Bi2212 system.

Below 100 K some;16% of the Cu-O~planar! bonds are
found to be anomalously long~Nlong/Ntot!. This implies that
3363% of the Cu sites have rhombic distortion~Fig. 8!.

The filtered Eic EXAFS spectra clearly show a be
~minima due to interference of two frequencies! at about 15
Å21 indicating the presence of different Cu-O~apical! dis-
tances. The temperature dependence of these two dista
~Rshort and Rlong! and their separation~0.08–0.14 Å! are
shown in Fig. 9. This confirms earlier EXAFS studies40

which reported an average Cu-O~apical! bond distance
smaller ~2.32 Å! than that found in diffraction studies~2.4
Å!. Rlong is close to the expected value for the avera
structure whileRshort is clearly anomalous. Some 30% of th
Cu-O~apical! bonds are short; this is similar to the proportio
of rhombically distorted CuO4 square planes. The short Cu
O~apical! distance is present even above 100 K and app
to be nearly temperature independent, in contrast to
anomalous long Cu-O~planar! distance~Fig. 6! which could
not be identified at high temperature.

These in plane and out of plane bond length results sh
that the Cu local environment in the LSCO system is inh

FIG. 7. Distribution of Cu-O~planar! distances determined b
diffraction in 25 different cuprate superconductors, reported
Iharaet al. ~Ref. 56!.

FIG. 8. Schematic of distorted CuO6 octahedra with ‘‘LTT-
type’’ tilt ~left! and undistorted octahedra with ‘‘LTO-type’’ til
~right!.
ces

e

rs
e

w
-

mogeneous, containing about 33% rhombically distor
LTT ~or Pccn! like domains. The results also confirm pre
ence of both LTO and LTT structural domains below 60
previously indicated by splitting of a diffraction line.36 Note
that the local distortions we observe, involving elongati
~contraction! of the in-plane~out of plane! bond lengths in
the LTT-like Cu sites, are much larger than the differenc
between the bond lengths in the ‘‘average LTO’’ and ‘‘a
erage LTT’’ crystallographic phases,16 because the highly
distorted ‘‘local LTT-like sites’’ contribute only about 33%
to the average phase.

D. Comparison with diffraction results: The Cu-O
correlation from EXAFS and diffraction Debye-Waller

factors and pair distribution function analysis

The Debye-Waller factor in the EXAFS measureme
sCuO
2 is different from that observed in diffraction studie

The diffraction Debye-Waller factors correspond to the me
square deviation of copper~sCu

2 ! and oxygen~sO
2 ! from their

average crystallographic sites.29,42 On the other hand,
EXAFS Debye-Waller factorsCuO

2 measures the correlate
deviation in distance of the atomic pair consisting of t
absorber~Cu! and backscatterer~O!. The diffraction data
show a single distance within the indetermination of atom
positions given by the Debye-Waller factors.29,42 Figure
10~a! shows the Debye-Waller factors measured by diffra
tion.

By using both the diffraction and EXAFS Debye-Walle
factors, we can compute the degree of independence of

y

FIG. 9. ~a! Temperature dependence of the two Cu-O~apical!
distances~Rshort andRlong! measured by EXAFS and the averag
distance measured by diffraction~cross from Ref. 29 and plus from
Ref. 42!; ~b! temperature dependence of the difference betw
Rshort andRlong.
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55 12 765LOCAL LATTICE INSTABILITY AND STRIPES IN . . .
tion of the Cu and O atoms. The correlation coefficient~r! of
the Cu and O can be defined as COV~Cu,O!/sCusO where
COV~Cu,O! is the covariance of the Cu and O andsCu~sO! is
the standard deviation from equilibrium of the Cu~O! site
due to thermal vibrations, i.e., the diffraction Debye-Wal
factor of Cu~O!. We can calculater from the relation
r5~sCu

2 1sO
22sCuO

2 !/2sCusO5COV~Cu,O!/sCusO, where
sCuO
2 is the EXAFS Debye-Waller factor. Ifr51 the distance

broadening between two neighboring atoms, measured
EXAFS, results from fully correlated instantaneous distrib
tion of their atomic positions in space and time. Ifr50 the
distribution is fully uncorrelated. The Debye-Waller fact
sCuO
2 expected for fully correlated Cu-O motion and unco

related motion are also shown~squares! in Fig. 10 ~a!.
We have measured the correlation coefficient at high te

perature~T>100 K! where a single Cu-O~planar! distance
was observed. The correlation coefficientr was found to be
;0.9 showing correlated distribution of Cu and O atT>100
K. We have extracted the effective correlation coefficienr
at T,100 K. For this purpose, theEiab EXAFS signal was
fitted imposing a single Cu-O~planar! distance as expecte
from the crystallographic data to obtain the Debye-Wa
factor~sCuO

2 !. The fit was worse than what was obtained w
two distances described in Sec. III B. The temperature
pendence of the effective Debye-Waller factor is shown
Fig. 10~a!. The onset of spatial inhomogeneity below 100

FIG. 10. ~a! Temperature dependence of the EXAFS Deb
Waller factorsCuO

2 of the Cu-O~planar! distance extracted from th
single shell fit of theEiab EXAFS spectra~large open circles!; and
a fit with the Einstein model with Debye temperatureuD5600 K
~solid line! for T>100 K; diffraction Debye-Waller factorssCu

2 and
sO
2 for Cu and oxygen~open small circles from Ref. 29, and fille

circles from Ref. 42!; Debye-Waller factorsCuO
2 expected for cor-

related Cu-O motion~r51!, and uncorrelated motion~r50!. ~b!
Correlation coefficientr for instantaneous Cu-O distance measu
by EXAFS.
r

by
-

-

r

e-
n

is reflected by the increase in the Debye-Waller factor.
similar increase ofsCuO

2 was observed in La1.875Ba0.125CuO4
~LBCO! at 1/8 doping below the LTO→LTT transition tem-
perature~60 K!.59 The solid line in Fig. 10~a! is the behavior
of the Debye-Waller~DW! factor predicted by an Einstein
model with Debye temperatureuD5600 K.

The effective correlation coefficientr at T,100 K shows
that the distribution is less correlated, with a minimum atT*
~r;0.5!. The temperature dependence ofr is shown in Fig.
10~b!. It is natural to think that the degree of freedom f
distortions is lower in a correlated situation than in an unc
related one. Therefore atT* the CuO2 plane is expected to be
comparatively distorted while atTc distortions are reduced.

In Fig. 11 we show the Cu-O~planar! pair distribution
function obtained by EXAFS at room temperature~T5300
K!, in the normal phase in the rangeTs.T.Tc ~T550 K!,
at the transition temperature~Tc535 K!, and in the super-
conducting phase~T521 K!. It can be seen that at 50 and 2
K the two distances can be clearly distinguished while at
K the separation between the two is reduced produc
merely an asymmetric Gaussian distribution. The pair co
lation functions for the uncorrelated Cu-O pair~r50! ob-
tained from the Cu and O diffraction Debye-Walle
factors29,42 are plotted for comparison. In no case is the o
served splitting of the Cu-O distances at low temperature
disagreement with diffraction experiments, which were n
able to resolve the two positions.

Figure 12~a! shows the pair distribution function of th
Cu-O pairs in superconducting La1.85Sr0.15CuO4 at 21 K
compared with the pair distribution function of the Cu-
pairs in superconducting Bi2Sr2CaCu2O81d @panel~b!# as de-
duced from EXAFS at 30 K~Ref. 60! confirmed by anoma-
lous x-ray diffraction.61 The distribution of Cu-O distance
in La1.85Sr0.15CuO4 is similar to the distribution of the aver
age Cu-O distances in Bi2212 indicating similarity of th
local structure of the CuO2 plane in cuprate superconductor

IV. DISCUSSION: THE STRIPE STRUCTURE
OF THE CuO2 PLANE

It has been proposed that an anharmonic one-dimensi
~1D! modulation of the CuO2 plane is a key feature to th
mechanism of high-Tc superconductivity.

14,62An incommen-
surate superstructure of the typeq5pb*1~1/n!c* , in ortho-
rhombic notation, has been observed in La22xSrxCuO4 for
x;0.075~Ref. 63! andx50.1, and 0.15~Ref. 64! by diffuse
x-ray scattering. The superstructure peaks are much we
in intensity for the overdoped samplex50.2.64 A similar 1D
superstructure has been observed in oxygen do
La2CuO41d .

65–67

Joint analysis of EXAFS and diffraction data on Bi221
system has permitted solution of local structure of the Cu2
plane. It has been found that the distorted and undisto
CuO2 planes are distributed spatially in two types
stripes.14,60 This approach to solving the stripe structure
based on the fact that a local probe~EXAFS! determines the
statistical distribution of the local distortions while diffrac
tion data provides the modulation period. In the case of a
modulation the statistical distribution is correlated with t
character of the modulation; e.g., harmonic~anharmonic!
character will produce a symmetric~asymmetric! distribu-
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tion. Asymmetric distribution of the in-plane Cu-O bonds
shown in Figs. 11 and 12 demonstrates the anharmonic c
acter of the modulation. In the case of largely anharmo
modulation the statistical distribution will not be a contin
ous but a two peak function. Therefore we interpret our P
function as evidence of stripe structure of the CuO2 plane, as
in Bi2212,14,60 with the two types of Cu sites distribute

FIG. 11. Cu-O ~planar! pair distribution in La1.85Sr0.15CuO4
measured by EXAFS~solid lines! at T5300 K ~RT!; at T550 K
~Tc,T,100 K!, atT535 K5Tc and in the superconducting phas
at T521 K. These are compared with the distribution of the C
O~planar! distances expected from diffraction data for the uncor
lated case~r50! ~dashed lines!.
ar-
ic

F

spatially. The undistorted (U) stripes with Cu sites of the
LTO type are alternated by distorted (D) stripes with Cu
sites of the LTT orPccn type.

The modulation period measured by diffraction
lp5L1W'24 Å, whereW is the width of theD stripes and
L the width of theU stripes. The ratioW/lp is essentially
the proportion of distorted Cu sites measured by EXA
which is'33%. The widthW of the LTT-like stripes is then
W;2430.33;8 Å and the width of LTO-like stripesL;16
Å, below 100 K. Stattet al.68 followed a similar approach to
study stripe structure in oxygen doped La2CuO41d. They
used joint analysis of NMR data to probe the octahedral
distribution and diffraction data to provide the modulatio
period. 1D modulation of the superconducting gap o
served using scanning tunneling microscopy has show
stripe structure in YBCO.69

Inelastic neutron scattering studies70–73on the LSCO sys-
tem have shown well resolved dynamic magnetic incomm
surate fluctuations below 100 K. These magnetic incomm
surate peaks have been first assigned to dynam
fluctuation related with nesting vectors of the Fermi surfa
however, it is possible that they are due to one-dimensio
ordering of magnetic domains with linear domain walls.

The temperature onset for the freezing of two different
site conformations observed here appear to occur in the s
temperature range where dynamic magnetic incommensu
fluctuations are well resolved. This result suggests that
two effects are correlated. It is interesting to note that in
superconducting phase of LSCO, the incommensurate m
netic superstructure in the inelastic neutron scattering70–73

appears at 45° from the stripe direction determined by ela
x-ray diffraction.63 This is not the case in the insulatin

-
-

FIG. 12. Cu-O pair distribution in superconductin
La1.85Sr0.15CuO4 at 21 K @panel~a!# compared with the Cu-O pai
distribution in superconducting Bi2Sr2CaCu2O81d at 30 K @panel
~b!#.
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doped nickelates La22xSrxNiO4 where both magnetic an
structural modulation follow the same direction.63,74

V. CONCLUSIONS

The large tilt and the elongation of the in-plane Cu
distances in theD stripes indicates that the electronic stru
ture in theD stripes is different from that in theU stripes.17

The electron lattice instability driving the 2D lattice towar
the formation of alternate LTT and LTO stripes of differe
electronic structure was first observed in Bi2212 and
signed to ordering of pseudo-Jahn-Teller~3dz2! polarons in
a 1D charge density wave~CDW!.75 Lattice instability due to
a dynamic Jahn-Teller effect has been shown to drive
CuO2 lattice to form alternate LTO and LTT stripes.76 The
measured tilt in the distorted Cu sites is larger than the c
cal tilt for charge localization as determined by Bu¨chner
et al.17 In fact the large LTT-like tilt introduces splitting o
the bands around theM point of the Fermi surface and open
a partial gap in the density of states at the van Hove pe
This pseudogap opens quadratically with distortion from
HTT phase, and the expected drop of the density of st
~DOS! at the Fermi level is sufficient to account for the lo
of superconductivity in the LTT-like stripes.77,78

Our experimental results support a ‘‘two componen
pairing model in which a free electron gas confined in
superlattice of quantumU stripes is coupled with a secon
electronic component, a Wigner CDW confined in parallelD
stripes.13,79 This model is different from several propose
pairing mechanisms involving two electronic components
a homogeneous lattice.80–83

By comparing the stripe structure in the superconduct
phase of La22xSrxCuO4 with that in insulating systems, as i
og

ian

K

op
-

A

.

D

y

.

.

-

e

i-

k.
e
es

n

g

doped nickelates63 and cuprates at anomalous 1/8 doping84

we can see that in the latter case all doped charges are fr
in a short wavelength~about 4 Cu sites! 1D CDW while in
the superconducting phase only a small portion of charge
frozen in a long wavelength~about nine Cu sites! 1D CDW.
This CDW is not a standard CDW due to the instability
the Fermi surface to lattice distortions, but it could be a
signed to charge ordering driven by Coulomb interactio
and can be called generalized Wigner CDW.79

LSCO, withTc535 K, is a member of the high-Tc cuprate
perovskites with critical temperatures in the range 23–150
while in conventional superconductors the critical tempe
ture is<23 K. The enhancement ofTc by a factor 10–100
has been attributed to a resonance effect in the pai
mechanism, in which a superconducting electron gas i
superlattice of quantum stripes of widthL is tuned to a
‘‘shape resonance’’ conditionL;nlF/2 ~with lF the wave-
length of the electrons at the Fermi level andn an integer! by
changes in the charge density and/or the stripe widthL.14

The stripe widthL has been determined to be 1560.5 Å
and 16 Å in the Bi2212~Ref. 14! and LSCO, respectively
We find, using a BCS approach, that a superlattice of qu
tum stripes havingL in the range 14–16 Å increases th
superconducting gap by a factor of 6–100 over a homo
neous lattice at optimum doping.85
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