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Local lattice instability and stripes in the CuO, plane of the La; g5Sry 1:CuO, system
by polarized XANES and EXAFS
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Temperature-dependent polarized Ktedge x-ray absorption has been used to investigate local structural
distortions in the Cu@plane of the LagsSI, 1£Cu0, system. The Cu-O pair distribution shows the presence of
a minority phase containing Cy®@ctahedra characterized by a shorter Giagfica) bond(AR~—0.1 A) and
two longer Cu-Oplanay bonds(AR~ +0.08 A) and a tilting angle of 16#2°. The temperature-dependent
distortions show a maximum arount¥ (~1.6T.) and a minimum aflT, (~35 K). The data show the
coexistence of two types of doped charges in different stripes in the superconducting phase.
[S0163-18297)03214-1

. INTRODUCTION structure at about 200 ®*42Below the HTT-LTO tran-
sition the system undergoes a broad crossover in the elec-
Experimental methods which probe local structure havdronic, magnetic, and structural properties. The coexistence
shown that the local structure of the Cuglane is different  Of local domains with a lattice similar to a low-temperature
from the average structure in most of the superconductingetragonal(LTT) phase® within the LTO phase has been
cuprate perovskite:g__36 Steric effects due to dopants in the found®® The presence of different Cu sites in the isostruc-
rocksalt layers, lattice distortions associated with the dopeédral, oxygen doped, L£uG, characterized by different tilt-
holes in the Cu@plane, or lattice mismatéhcould all be  ing anglesé of the CuQ octahedra with(0°<#<18°), has
the origin of the divergence of the local structure from thebeen shown by nuclear magnetic resonan@¢MR)
average one. spectroscop§.Temperature dependent anomalie3 atseen
Cu K-edge x-ray absorption spectroscdpyray absorp- N inelastic neutron scatteriftand pair distribution function
tion near edge structurXANES) and extended x-ray ab- (PDF) analysis of powder neutron diffraction détaave
sorption fine structurdEXAFS)] has been exploited to in- been interpreted as evidence of divergence of the local struc-
vestigate the local structure near a selected atomic>site.ture of the system from the average one. The anomalous
XANES and EXAFS are a type of electron diffraction in behavior of the elastic constant at about 6GRef. 25 has
which the central atom plays the role of both source andeen interpreted as evidence for a frustrated phase transition
detector for photoelectrons backscattered by neighboring a@it this temperature with formation of LTT domains.
oms. CuK-edge absorption spectra of high-system&—4° The divergence of the local structure from the average
probe the geometry of a local cluster of about 50 atom@ne has also been indicated by EXAFS experiftfemade in
within a radius 65 A from the central Cu. EXAFS data the early days of high-. superconductivity research. The
analysi€® provides the pair correlation function and average Cu-Gapica) bond length was found to be 2.32 A
XANES probes the higher order correlation function within instead of 2.4 A reported by diffraction. The polarized Cu
the cluster of atoms. Polarized spectra provide a unique posc-edge EXAFS reported in the present paper is aimed at
sibility to separate the contributions of the in-plane and out-characterizing the minority phase in the average crystallo-
of-plane backscattering and have been used to determine tigeaphic structure of the LSCO by determining directly the
Cu-Q(planay and Cu-Qapica) bond lengths by independent Cu-O bond lengths. Part of this work has been published in a
measurements. This approach has given experimental eviecent lettef® The ability of EXAFS to solve the different
dence for the stripe structure of the Cu@lane in local bond lengths was well demonstrated in solid solufibns
Bi,Sr,CaCuy0Os. , (Bi2212) system: while the diffraction data provided only the average distance.
Lay gsS1p.15CUQ, (LSCO) can be considered the simplest In the present experiment, the Cyplana)y bond lengths
superconducting system at the optimum doping for determinhave been measured witilab and the Cu-Qapica) bond
ing the characteristic properties of the metallic Gyane in  lengths withEllc. Critical for the success of the experiment
high-T, cuprates. The average structure of the system showsas the use of a high quality single crystal and EXAFS data
a macroscopic phase transition from a high-temperature tewith high signal-to-noise ratio. The temperature dependence
tragonal (HTT) to a low-temperature orthorhombit.TO) of the bond distances was measured systematically in order
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to identify the onset of the local lattice distortions and their mar S5 ) 2
correlation with the structural anomalies. From joint analysis x(k)= T E 3N;cog( ;) R fi(k,R))e 2Rihg= 2K
of EXAFS data and diffuse x-ray scattering the stripe struc- ! R

ture of the CuQ plane was determined. x sin 2kR;+ 8;(k)],

The experiment and the data analysis procedure are d‘\?\?hereNi is the equivalent number of neighboring atoms at a

ﬁf”:_)ﬁd tm Sec. t”. E)épenmdental reﬁjr:ts are;ip')\loggc(ijlr: SecﬁistanceRi located at angléé,) with respect to the electric
- e temperature dependence of the raw alaanfog vector of the polarized synchrotron light.S2 is an

of the EXAFS Fourier transforms provide clear evidence forynyjivde correction factor due to photoelectron correlations

anomalous changes in the local geometry at two characterisy,q is also called passive electrons reduction faéjok, R))

tic temperatures: the superconducting transition tempergg the backscattering amplitude,is the photoelectron mean
ture Tg, and a temperatur&* ~1.6T.. Local distortions in  free path, ana? is the correlated Debye-Waller factor of the
the CuQ plane are determined from the analysis of the Cuphotoabsorber-backscatterer pairs. Apart from the above, the
O(planay and Cu-Qapica) EXAFS signals show the coex- photoelectron energy origif, and the phase shifi§ should
istence of two different structural conformations of the GUO pe known. The above parameters can be either fixed or al-
octahedra below 100 K, characterized by two different Cuiowed to vary when an experimental EXAFS spectrum is
O(planaj bonds(AR=+0.08 A), and a tilting angleyY=16°  parameterized.

+2°. We compare the present findings with diffraction re- The phase shifts were calculated using #heURVE92
sults in the final part of Sec. Ill. The results are discussed ifRef. 47 andrerré(Ref. 48 codes and were found to agree
Sec. IV and the stripe structure of the Cufane is pre- with each other for the Cu-O pair in the present system. The

sented. Section V provides summary and conclusions. fitting procedure is based on a standard nonlinear least
squares technique which minimizes the statistigableter-

mined by the squares of the difference between the experi-
mental and theoretical EXAFS. The number of independent
parameters which may be determined by EXAFS are limited
by the number of independent data points,

. . Ning~(2AkAR)/, where Ak and AR are respectively the
Measurements were made on a well-characterized smglleangeS ik andR space over which the data are fittSd\. 4
n

crystal, 3x2x0.5 mnt, grown by the traveling solvent float- is ~7 (Ak=16—-3=13 AL andAR=0.8 A) for the analysis

ing zone method, showing a sharp superconducting transitiogs ine cy-0 shell.

at T,=35 K. Temperature dependent polarized Ktedge  Reported errors in the parameters were estimated by the
absorption measurements were performed on beam-lingandard EXAFSparabola method®-%in which the quality
BL-4C (Ref. 43 at the Photon Factory at Tsukuba. The syn-of fit parameter(proportional to the statisticaf’) is plotted
chrotron radiation emitted by the 2.5 GeV storage ring at as a function of the concerned parameter. Errors are usually
typical current of 350 mA was monochromatized by a fixed-estimated from a fractional increageof > above its mini-

exit double crystal 111 monochromatofgiving a resolu- mum value. This fractio depends on several experimental
tion of ~1.6 eV at the CIK edgg and sagittally focused on and data analysis factors. In order to establish the reported
the sample. The spectra were recorded by detecting the fluomcertainties we have analyzed four independent EXAFS
rescence yieldFY) using 9 Na(Tl) x-ray detectors covering scans at each temperature. Parameters and errors were
a large solid angle of the x-ray fluorescence emission. Thehecked by analyzing the data using different recent versions
sample was mounted in a closed-cycle He refrigerator an@f EXAFS data analysis codes includimgCURVE,*" NP1,>?

the temperature was monitored with an accuracy-6f5 K. ~ andEeDA (Exafs Data Analysis(Ref. 53 and the results ob-
The drift in the energy calibration, estimated by calibrationstained fall within the quoted uncertainties.

before and after the experiment, was below 5% of the energy

resolution. In order to minimize drift, the monochromator

II. EXPERIMENT AND DATA ANALYSIS

. . . . RESULT
crystal was kept irradiated throughout the experiment and the SULTS
Bragg angle was monitored by a directly coupled encoder A. Anomalous behavior of the local geometry:
with an accuracy of 1 arcsec. The XANES results

The Ellab absorption spectra were reqorded by keeping Figure 1 shows normalized Cii-edge XANES spectra
the sample at the normal incidence while tBic spectra  measured at low temperatuf®l K) with E parallel [Ellab,
were collected by keeping the sample near the grazing inCipanel(a)] and norma[Elic, panel(b)] to theab plane of the
dence(10°). The trueElic spectra have been obtained by | SCO crystal. The derivative spectrum and a typical absorp-
extrapolation of the spectra recorded at the grazing incidencgon difference with respect to the 21 K are also included in
and using théllab signal. The EXAFS signat=(a—ap)/ag  the two panels. The spectra show the usual characteristic
(wheree is the absorption coefficient ang) is the so called features observed in Gt-edge XANES of the cuprates with
atomic absorptionwas extracted from the absorption spec-square planar geometry. We have denoted the well-resolved
trum using standard proceddfeand corrected for fluores- features(absorption maximaby A;,A,,A; in the Ellc spec-
cence self-absorptioff. trum andB,,B;,B, in the Ellab spectrum. The energy posi-

The EXAFS signal depends on several parameters, as caions a;, a,, az and By, By, B», respectively correspond to
be seen from the following equation for polariz&dedge the rising edges of the features as determined by the deriva-
EXAFS: tive spectrum.
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FIG. 1. Polarized CiK-edge XANES spectra of single crystal ~ FIG. 2. XANES spectra across the HFILTO transition: (a)
Lay g:S1 1£CUQ; in (a) Ellab geometry at 21 K, derivative spectrum Ellab spectrum in HTT phase at 300 K compared with spectra in the
times —1 (dotted liné and difference spectrum between spectra at-TO phase at 100 and 150 Kb) Elic spectrum in HTT phase at
60 and 21 K;(b) Elic geometry at 21 K; derivative spectrum times 300 K compared with spectra in the LTO phase at 100 and 150 K.
—1 (dotted ling and difference spectrum between spectra at 35 and
21 K; different features are marked By, A, Az in the Elic spec-  different from that of the LTO of undoped LCO. However,
trum andBy,B;, B, in the Ellab spectrum. The corresponding po- crystallographic techniques indicate that LCO at 300 K is
sitions of the maxima in the first derivative spectra are indicated b&étructurally the same as LSCO in the LTO phé%and Cu
@y, az, andfy, andp;. K-edge EXAFSY La K-edge EXAFS* and neutron scatter-
ing experimentsprobing the pair correlation function do not
Absorption features in polarized XANES spectrum areshow any changes at the HFHLTO transition.
due to full multiple scattering of the photoelectron emitted at We have made absorption differences with respect to the
the Cu site in the direction of the electric field of the x-ray spectrum measured @t=21 K to study the temperature de-
beam and their physical origin has been previouslypendence of different XANES features. The amplitudes of
discussed® The featuresA; andA, are determined by mul- peaks in the difference spec{see, e.g., spectra in par(@)
tiple scattering of the ejected photoelectron off apical oxygerand (b) of Fig. 1] are well above the noise level. Statistical
and La and Sr atoms and their temperature dependence prefise in the absorption coefficient of the normalized to the
erentially probes structural changes perpendicular to thatomic absorption jump is less thar0.4%.
CuG, plane. The peaB; corresponds to multiple scattering  The temperature dependence of the XANES features of
of the photoelectron off oxygen and Cu atoms in the guOthe LTO phase are shown in Fig. 3, where the absorption
plane and its temperature dependence preferentially probekfferences at the rising edges and at the absorption maxima
in-plane structural changes. are plotted. The intensities of the main pe#ksandB, are
Ellab XANES spectra of the crystal in the HTT phase atindependent of temperature down 6100 K and then in-
300 K are compared with spectra of the LTO phase at 10@rease monotonically down to the lowest temperat@ieK),
and 150 K in Fig. 2. In addition to decrease in the intensitiesA, by ~5% andB, by only ~1.5%. BothB,; and A, shift
of the main peak8; andB,, an increase in the intensity of toward higher energy, indicated by the negative value of the
the peakB, may be seen in th&llab [panel(a)] case at the absorption differences at the corresponding XANES deriva-
HTT—LTO phase transition. There appears to be littletive maximag; anda,, which decrease by5%. The energy
change for théllc. Multiple scattering calculations of the Cu shift reaches its maximum at35 K (the superconducting
K-edge XANES spectruffi using atomic positions given by critical temperaturd,, of the systemfor «, and~55-60 K
the average crystallographic structure do not predict such &-1.6T, hereafter called™) for g;. It is worth mentioning
large peakB, in the LTO phase. This peak was not observedthat Noharaet al® have observed an anomalous change in
in the Ellab XANES spectrum of undoped L&uQ, (LCO) the elastic constant of the LSCO system at arotifid The
in the LTO structuré® The presence of this peak indicates far infrared (FIR) spectroscopic data have also shown an
that the local structure of the LTO phase of doped LSCO isanomaly at~60 K.>°



12 762 N. L. SAINI et al. 55

0'000 T i ] T | T | T ] T [ T | T ]
. 30 @ .
-0.0061 20k : 1
I _10F 44 ¢
0.0121 =~
L ;sé 0.0 | it
0.018 ~ 10 Y - JIEE?
I 2.0 ¥ ¥
-0.024 3oL $ ¢ |
- et b ]
0.000 :
-0.012[~
-0.024[ —_
© X =)
2 R
S -0.036F AV,
% L
= .0.048[
=
S -
= .
5 0.010r—
[72]
= I
<
0.000
0.010F FIG. 4. Polarized CiK-edge EXAFS signal multiplied by?
L measured on single crystal LgSr, 1=CuQ, at a representative tem-
0.020- perature(60 K) in the (a) Ellab and(b) Elic geometries. Data points
B are shown with experimental noise. The solid line is a guide to the
eye.
-0.030[
I , in the Ellab [panel ()] and Elic [panel (b)] experimental
0.010— geometries. The corresponding Fourier transforms
I ] IFT(k?x(k))| show that the signal of the Cuéflana) shell
0.000 : . .
L . is completely suppressed in tlgic spectrum while the Cu-
-0.010[ . O(apica) signal is suppressed in thgllab spectrum(not
0020‘_ ] shown; see Ref. 43
8 § Figure 5 shows the temperature dependence of the Cu-
-0.0301 T O(planay FT peak. The FT amplitude is plotted in parel
0,040k ] and amplitude of the EXAFS differen¢k?(y(k) — x(21 K))]
Rt | j is shown in(b). [The FT of theEllc EXAFS has a double
-0.050/ . peaked structure at the Cudpica) positiorf® and did not
T show any systematic temperature dependence; this may be
0 20 40 60 80 100 120 140 160 due to interference effects, and hence is not shown hate.

Temperature (K) high temperature the FT signal is expected to be strongly
dominated by thermal fluctuations of the atoms while it
should increase due to decrease of the Debye-Waller factor
at low temperature® The FT amplitude of the Cu{planaj
peak decreases slightly or remains constant between 150 and
100 K. Below 100 K, this peak decreases greatly leaving an
anomaly at~60 K which corresponds to the characteristic
emperaturel* .22536:54This anomaly in the FT of th&lab
XAFS agrees well with théellab XANES anomaly dis-
cussed above.

It should be recalled that the variations of the EXAFS and
XANES signals are quite large with a different temperature
dependence and cannot be accounted by the expected varia-

Figure 4 shows representative examples of the polarizetions of the Debye-Waller factors. A small incredse0.001
Cu K-edge EXAFS signalweighted byk?) extracted from A) in the Cu-Gplanaj distances below 170 K has been re-
the measured absorption on the LSCO single crystal at 60 iorted in crystallographic studié$On the other hand, x-ray

FIG. 3. Temperature dependence of amplitude of absorption dif
ferences at the energy positions of featugigs B, [panel(a)] and
B1, B1 [panel(b)] for Ellab XANES. Similarly, temperature depen-
dence of features;, A; and a,, A, for Elic XANES in panels(c)
and(d). The estimated errdr+=0.4%) in the intensity differences is
determined by experimental noise. Solid lines are a guide to th
eye.

B. Local instability of the CuO, plane:
EXAFS Fourier transform analysis
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¢ FIG. 6. (a) Temperature dependence of the two C{pi@nay
distances(Rspot and Ryg,g) measured by EXAFS and the average
distance measured by diffractidoross from Ref. 29 and plus from
Ref. 42; (b) temperature dependence of the difference between
Rshort and RIong .

FIG. 5. Temperature dependence of the amplitude of the firs
shell, Cu-Q@planay, peak in the Fourier transform. The temperature
dependence of the amplitudes of the Fourier transform of th
EXAFS difference,|FT(k?(xy—x21 k)| at the positions of the FT
peaks is shown in panéb).

Niong (Nshor=Niot—Njong: WhereNyq is the fixed coordina-
absorption spectroscogpoth EXAFS and XANE§ which  tion numbey, and two Debye-Waller factors while the other
probe the short range order on a short time scale, show larggarameters were fixed by fitting the EXAFS signal at room
variations and anomalies at two characteristic temperaturetgmperature of the present crystal and similar perovskites
T* andT,. showing agreement with other repotfsThe Debye-Waller
factors are found to be similar and close to the values ex-
pected for the correlated Debye model and the values pre-
dicted by extrapolation of the Einstein model at low tempera-
ture. The final values oR|ng, Rehors @Nd NgyofNir Were

The EXAFS signals of the Cu-O bonds in the two spectraobtained by the three parameters fit with Debye-Waller fac-
are well separated from the longer bond contribufidm®d  tors fixed to the correlated Debye model.
have been extracted by the standard Fourier filtering method. The average Cu-@lana) distance obtained in the
The filtered EXAFS signals represent single backscatteringresent EXAFS analysis agrees with diffractioff and ear-
of the photoelectron emitted at the Cu site by its neareslier EXAFS results'® It is worth mentioning that the Cu-
neighbor oxygens and therefore probe the correlation funcO(planay distances fall in the range of 1.87 to 1.97 A
tion between Cu and oxygen pairs. Multiple scattering sig+oughly coinciding with the range of average Cgplanaj
nals, which make the data analysis more complex, are natistances measured in different families of cuprate
present because such contributions have a longer effectiwuperconductor (reproduced in Fig. 7 The separation be-
photoelectron pathlength. The first shell EXAFS due to Cutween the two distances, shown in Figb} varies between
O(plana) and Cu-Qapica) were fitted by nonlinear least 0.06 and 0.12 A, larger than the temperature fluctuations of
squares fitting using curved wave EXAFS thebfy. the order of 0.02 A for each distance.

The results of the fit show two different distances below The distortions in the Cupsquare plane implied by the
100 K. These two distances converge to a single distance atesence of two Cu-(@lanaj distances appear to be corre-
T>100 K, but the goodness of fit is 25% worse, indicatinglated with the local tilting of the square plane in tt&w)
the possible presence even at higher temperatures of twdirection as indicated by the anomalous behavior of the elas-
distances that are not resolved in the present experiment. Thie constant$® We therefore ascribe the appearance of the
temperature dependence of the two C{pl@nay distances anomalous long distance to tilting of the Cu€guare plane
(Rshort @aNd Rygng) are shown in Fig. @ and compared with as in the LTT structural domains, in which two oxygens per
the Cu-Gplanaj distance measured by diffractiéh?® The ~ CuQ, square plane are displaced along thexis. The two
initial fit was performed using five parameteRyng, Rehors  types of Cu sites, with LTT and LTO tilts, are shown in Fig.

C. Determination of the local distortions and characterization
of the minority distorted phase
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0.10[ ]
8. The tilting angle # of the CuQ square plane using " - ]
COS 0=Rspor{Riong» IS in the range of 14°-18° below 100 K. ::42 0.071 7]
Similarly large tilt has been observed by NMRef. 4 and i ]
neutron diffractiof’ in oxygen doped LguQ,, s and by 0.03r ]
neutron diffraction® and EXAFS (Refs. 11-14 in the O R P N
Bi2212 system. 0 50 100 150 200 250 300 350
Below 100 K some~16% of the Cu-@planay bonds are Temperature (K)

found to be anomalously lon@N,y,¢/N;qy). This implies that
33*=3% of the Cu sites have rhombic distortifiig. 8).

The filtered Ellc EXAFS spectra clearly show a beat FIG. 9. (3) Temperature dependence of the two Clayica)

o - . distances(Rgpot and Ryg,g) measured by EXAFS and the average
(minima due to interference of two frequengies about 15 distance measured by diffractidaross from Ref. 29 and plus from

A indicating the presence of different Cu#pica) d's' Ref. 42; (b) temperature dependence of the difference between
tances. The temperature dependence of these two distanGgs  ang Riong-

(Rshort @nd Rygng) and their separatiort0.08—0.14 A are

shown in Fig. 9. This confirms earlier EXAFS studfés mogeneous, containing about 33% rhombically distorted
which reported an average Cudpica) bond distance LTT (or Pccn) like domains. The results also confirm pres-
smaller(2.32 A) than that found in diffraction studie®.4  ence of both LTO and LTT structural domains below 60 K,
A). Riong IS close to the expected value for the averagepreviously indicated by splitting of a diffraction lirf@.Note
structure whileRg,ois clearly anomalous. Some 30% of the that the local distortions we observe, involving elongation
Cu-O(apica) bonds are short; this is similar to the proportion (contraction of the in-plane(out of plang bond lengths in

of rhombically distorted Cu@square planes. The short Cu- the LTT-like Cu sites, are much larger than the differences
O(apica) distance is present even above 100 K and appeaitisetween the bond lengths in the “average LTO” and “av-
to be nearly temperature independent, in contrast to therage LTT” crystallographic phasé& because the highly
anomalous long Cu-@lanay distance(Fig. 6) which could distorted “local LTT-like sites” contribute only about 33%

not be identified at high temperature. to the average phase.
These in plane and out of plane bond length results show
that the Cu local environment in the LSCO system is inho- 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 measurements
0,0 is different from that observed in diffraction studies.
The diffraction Debye-Waller factors correspond to the mean
square deviation of coppérZ,) and oxyger(o3) from their
average crystallographic sité%*> On the other hand,
EXAFS Debye-Waller factow?2, o measures the correlated
deviation in distance of the atomic pair consisting of the
absorber(Cu) and backscatterefO). The diffraction data
show a single distance within the indetermination of atomic
positions given by the Debye-Waller factds? Figure
10(a) shows the Debye-Waller factors measured by diffrac-

FIG. 8. Schematic of distorted CyQctahedra with “LTT-  tion.
type” tilt (left) and undistorted octahedra with “LTO-type” tilt By using both the diffraction and EXAFS Debye-Waller
(right). factors, we can compute the degree of independence of mo-
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FIG. 10. () Temperature dependence of the EXAFS Debye-
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circles from Ref. 42 Debye-Waller factow?,, expected for cor-
related Cu-O motionp=1), and uncorrelated motiofp=0). (b)

Correlation coefficienp for instantaneous Cu-O distance measured

by EXAFS.

tion of the Cu and O atoms. The correlation coefficigntof
the Cu and O can be defined as C@VM,0/o¢,00 Where
COV(Cu,O is the covariance of the Cu and O ang(o0) is
the standard deviation from equilibrium of the @u site
due to thermal vibrations, i.e., the diffraction Debye-Waller
factor of CUO). We can calculatep from the relation
p=(0,+03—02,0/20¢,00=COV(Cu,0loc 00, Where
02,0is the EXAFS Debye-Waller factor. Ji=1 the distance
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is reflected by the increase in the Debye-Waller factor. A
similar increase ofr2,o was observed in Lg;;Ba, 1,:Cu0,
(LBCO) at 1/8 doping below the LTG.LTT transition tem-
perature(60 K).>° The solid line in Fig. 1(g) is the behavior

of the Debye-WalleDW) factor predicted by an Einstein
model with Debye temperaturg, =600 K.

The effective correlation coefficieptat T<<100 K shows
that the distribution is less correlated, with a minimunT &t
(p~0.5). The temperature dependencepat shown in Fig.
10(b). It is natural to think that the degree of freedom for
distortions is lower in a correlated situation than in an uncor-
related one. Therefore @t the CuQ plane is expected to be
comparatively distorted while &t. distortions are reduced.

In Fig. 11 we show the Cu-Qlana) pair distribution
function obtained by EXAFS at room temperatiiie=300
K), in the normal phase in the range>T>T, (T=50 K),
at the transition temperaturf@ =35 K), and in the super-
conducting phas€lr =21 K). It can be seen that at 50 and 21
K the two distances can be clearly distinguished while at 35
K the separation between the two is reduced producing
merely an asymmetric Gaussian distribution. The pair corre-
lation functions for the uncorrelated Cu-O pa&jir=0) ob-
tained from the Cu and O diffraction Debye-Waller
factor$®42 are plotted for comparison. In no case is the ob-
served splitting of the Cu-O distances at low temperature in
disagreement with diffraction experiments, which were not
able to resolve the two positions.

Figure 1Za) shows the pair distribution function of the
Cu-O pairs in superconducting LgSr, CuQ, at 21 K
compared with the pair distribution function of the Cu-O
pairs in superconducting B8r,CaCyOg, 5 [panel(b)] as de-
duced from EXAFS at 30 KRef. 60 confirmed by anoma-
lous x-ray diffraction®® The distribution of Cu-O distances
in La; 5515 1:CUQ, is similar to the distribution of the aver-
age Cu-O distances in Bi2212 indicating similarity of the
local structure of the Cugplane in cuprate superconductors.

IV. DISCUSSION: THE STRIPE STRUCTURE
OF THE CuO, PLANE

It has been proposed that an anharmonic one-dimensional
(1D) modulation of the Cu@plane is a key feature to the
mechanism of highF, superconductivity*°2 An incommen-

broadening between two neighboring atoms, measured bsurate superstructure of the tyge-pb* +(1/n)c*, in ortho-

EXAFS, results from fully correlated instantaneous distribu-

tion of their atomic positions in space and timepkO0 the
distribution is fully uncorrelated. The Debye-Waller factor
02,0 expected for fully correlated Cu-O motion and uncor-
related motion are also showsquaresin Fig. 10(a).

We have measured the correlation coefficient at high temka,CuQy, 5.

perature(T=100 K) where a single Cu-@lanay distance
was observed. The correlation coefficignivas found to be
~0.9 showing correlated distribution of Cu and OTat100
K. We have extracted the effective correlation coefficient
at T<100 K. For this purpose, thEllab EXAFS signal was
fitted imposing a single Cu{@lana) distance as expected

rhombic notation, has been observed in, Lgsr,CuQ, for
x~0.075(Ref. 63 andx=0.1, and 0.15Ref. 64 by diffuse
x-ray scattering. The superstructure peaks are much weaker
in intensity for the overdoped sampte=0.2%* A similar 1D
superstructgsre67 has been observed in oxygen doped
Joint analysis of EXAFS and diffraction data on Bi2212
system has permitted solution of local structure of the CuO
plane. It has been found that the distorted and undistorted
CuO, planes are distributed spatially in two types of
stripest*®° This approach to solving the stripe structure is
based on the fact that a local protilEXAFS) determines the

from the crystallographic data to obtain the Debye-Wallerstatistical distribution of the local distortions while diffrac-

factor (02,0). The fit was worse than what was obtained with

tion data provides the modulation period. In the case of a 1D

two distances described in Sec. Il B. The temperature demodulation the statistical distribution is correlated with the
pendence of the effective Debye-Waller factor is shown incharacter of the modulation; e.g., harmortanharmonig

Fig. 10(a). The onset of spatial inhomogeneity below 100 K

character will produce a symmetri@symmetri¢ distribu-
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15 50K N FIG. 12. Cu-O pair distribution in superconducting
La; g5Sr.1CuQ, at 21 K[panel(a)] compared with the Cu-O pair
r ] distribution in superconducting B$r,CaCyOg. s at 30 K [panel
10F . (b)].
I ] spatially. The undistortedU) stripes with Cu sites of the
5P T LTO type are alternated by distorted]) stripes with Cu
- : sites of the LTT orPccntype.
Lo I The modulation period measured by diffraction is
W T T T T T Ap=L+W=~24 A, whereW is the width of theD stripes and
- . L the width of theU stripes. The ratioV/\, is essentially
15 300K | the proportion of distorted Cu sites measured by EXAFS
which is~33%. The widthW of the LTT-like stripes is then
I 1 W~24x0.33~8 A and the width of LTO-like stripes~16
10F . A, below 100 K. Statet al % followed a similar approach to
i il study stripe structure in oxygen doped,CaQ,, s They
used joint analysis of NMR data to probe the octahedral tilt
5r T distribution and diffraction data to provide the modulation
- . period. 1D modulation of the superconducting gap ob-
o—1 L served using scanning tunneling microscopy has shown a
1.6 1.8 2.0 22 stripe structure in YBCG?
R(A) Inelastic neutron scattering studi&s’3on the LSCO sys-

tem have shown well resolved dynamic magnetic incommen-
surate fluctuations below 100 K. These magnetic incommen-
surate peaks have been first assigned to dynamical
fluctuation related with nesting vectors of the Fermi surface;
at T=21 K. These are compared with the distribution of the Cu-howe_ver’ it is pOSSi.ble that_they _are_due to One_'dimenSional
O(planay distances expected from diffraction data for the uncorre-Orderlng of magnetic domains with "”?ar domaln_walls.
lated casdp=0) (dashed lines ' The temperature onset for the freezing of two dlf_ferent Cu
site conformations observed here appear to occur in the same
tion. Asymmetric distribution of the in-plane Cu-O bonds astemperature range where dynamic magnetic incommensurate
shown in Figs. 11 and 12 demonstrates the anharmonic chalftuctuations are well resolved. This result suggests that the
acter of the modulation. In the case of largely anharmonidwo effects are correlated. It is interesting to note that in the
modulation the statistical distribution will not be a continu- superconducting phase of LSCO, the incommensurate mag-
ous but a two peak function. Therefore we interpret our PDFhetic superstructure in the inelastic neutron scatté?fg
function as evidence of stripe structure of the Gplane, as  appears at 45° from the stripe direction determined by elastic
in Bi22121*% with the two types of Cu sites distributed x-ray diffraction®® This is not the case in the insulating

FIG. 11. Cu-O(planay pair distribution in Lg gsSr1:CuOy
measured by EXAFS$solid lineg at T=300 K (RT); at T=50 K
(T.<T<100 K), at T=35 K=T_ and in the superconducting phase
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doped nickelates La,Sr,NiO, where both magnetic and doped nickelatés and cuprates at anomalous 1/8 dopifg,

structural modulation follow the same directi&iv we can see that in the latter case all doped charges are frozen
in a short wavelengtifabout 4 Cu sites1lD CDW while in
V. CONCLUSIONS the superconducting phase only a small portion of charges is

) ) . frozen in a long wavelengttabout nine Cu sitgslD CDW.
_The large tilt and the elongation of the in-plane Cu-OThjs cDW is not a standard CDW due to the instability of
distances in th® stripes indicates that the electronic struc-the Fermi surface to lattice distortions, but it could be as-
ture in theD stripes is different from that in the stripes’  signed to charge ordering driven by Coulomb interactions
The electron lattice instability driving the 2D lattice towards gnqg can be called generalized Wigner CBW.
the formation of alternate LTT and LTO stripes of different | gcQ, withT.=35 K, is a member of the higliz cuprate

electronic structure was first observed in Bi2212 and asperovskites with critical temperatures in the range 23—-150 K,
signed to ordering of pseudo-Jahn-Tell@dz") polarons in  yile in conventional superconductors the critical tempera-
a 1D charge density wa\€DW)." Lattice instability due to  tyre js <23 K. The enhancement d, by a factor 10~100

a dynamic Jahn-Teller effect has been shown to drive th@as heen attributed to a resonance effect in the pairing
CuG, lattice to form alternate LTO and LTT strip€8The  mechanism, in which a superconducting electron gas in a
measured tilt in the distorted Cu sites is larger than the Critisyperlattice of quantum stripes of width is tuned to a

cal tilt for charge localization as determined by dBumer “shape resonance” condition~n\g/2 (with \¢ the wave-

et a|.17 In fact the |al’ge LTT-like tilt introduces Sp|lttlng of |ength of the electrons at the Fermi level andn intege)f by

the bands around thd point of the Fermi surface and opens changes in the charge density and/or the stripe width

a partial gap in the density of states at the van Hove peak. The stripe widthL has been determined to be16.5 A
This pseudogap opens quadratically with distortiqn from theand 16 A in the Bi2212Ref. 14 and LSCO, respectively.
HTT phase, and the expected drop of the density of statefe find, using a BCS approach, that a superlattice of quan-
(DOY) at the Fermi level is sufficient to account for the lossm stripes having. in the range 14—16 A increases the

ity ; i, 78 .
of superconductivity in the LTT-like stripe: superconducting gap by a factor of 6-100 over a homoge-
Our experimental results support a “two component” neoys lattice at optimum dopirfg.

pairing model in which a free electron gas confined in a
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