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Local structure in the stripe phase of La1.6ÀxSrxNd0.4CuO4
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We describe thelocal structure of crystalline La1.62xSrxNd0.4CuO4 (x50.12, 0.16) in the temperature range
10–300 K as determined from orientation-dependent LaK-edge x-ray absorption fine structure~XAFS! mea-
surements. Such XAFS measurements ofc-axis-aligned powders permit distinguishing like atoms at similar
bonding distances because the measurement determines the angle of the bonds relative to thec axis. Thelocal
structure ofx50.12 about La atoms up to their fourth nearest neighbors, the distance which can reliably be
probed by XAFS, does not correspond to any of theaverageperiodic structures determined for this material by
diffraction. The Cu-O6 octahedra forx50.12 are found to tilt 4.6°60.4° from thec axis along an axis in the
a-b plane 20.4°65° from thea axis. This suggests thePccn ~LTO2! structure, though the octahedra become
somewhat distorted and the more distant atoms do not fit the LTO2 structure. In contrast, the local structure of
x50.16 does fit the LTO2 structure and has corresponding tilt values of 3.8°60.5° and 19.5°67.5°. The local
structures for both concentrations are found to be independent of temperature, indicating that the various
crystal phase transitions found in diffraction are due to long-range averaging of local structure regions with
orientational disorder. The local structure correlation length appears to be longer than the high-Tc coherence
length, indicating that the local structure is the relevant one when considering the pairing mechanism.

DOI: 10.1103/PhysRevB.66.094101 PACS number~s!: 71.27.1a, 61.10.Ht
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I. INTRODUCTION

It is generally recognized that knowledge of the struct
of materials is fundamental to an understanding of th
properties. The canonical method of determining this
crystalline materials is diffraction. However, it has be
shown that for many cases the structure determined by
fraction does not correspond to the actual structure on
local interatomic scale.1 The cause for this surprising fact
disorder on the local scale which is averaged out in theav-
erageperiodic structure measured by diffraction. The loc
structure has a special importance for the high-Tc supercon-
ductors because of their short superconductivity cohere
length of ;10–20 Å. The pairing mechanism of superco
ductivity is determined by interactions between atoms in
volume of the dimensions of the coherence length. If
local structure has a correlation length larger than the su
conductivity coherence length, then its structure is the
evant one for understanding the pairing mechanism, and
the average periodic structure as measured by diffraction.
have found local disorder in the Sr- and Ba-doped La2CuO4
high-Tc superconductors,2,3 and the motivation of this inves
tigation is to determine if local disorder is also present
La1.62xSrxNd0.4CuO4. This latter material is of great interes
stirred by the discovery of static stripes by Tranquada,et al.
in the low-temperature phase of thex50.12 material by use
of neutron diffraction.4,5

We employ the x-ray absorption fine structure~XAFS!
technique to measure the local structure since it is best su
to investigate these materials6 that are composed of a variet
0163-1829/2002/66~9!/094101~11!/$20.00 66 0941
e
ir
r

if-
e

l

ce
-
e
e
r-
l-
ot
e

ed

of atoms, some of which are minor component dopants r
domly placed in the lattice. Of course site disorder is pres
in these materials due to the doping of Sr and Nd ato
however, another type of disorder that can be detected
XAFS is displacements of atoms from the average perio
structure, which generally is expected around dopants
particular, XAFS determines the partial pair distributio
function about the probe atom whose absorption edge is
cited. One can determine the local distortions around dop
by measuring XAFS above their absorption edges. Howe
in this paper we present the results of measurements of
XAFS from theK edge of La atoms, one of the host atom
because we want to determine any disordering on the
lattice since the averaging of diffraction is most heav
weighted by them. The local structure determined by XA
then can be directly compared to the diffraction structu
and any differences are due to disordering in the orienta
of the local regions. The use of orientation-dependent XA
on the sample composed ofc-axis-aligned grains is essentia
for unambiguously determining the local structure of th
complicated layered material. Making two independe
XAFS measurements with the x-ray polarization parallel a
perpendicular to thec axis not only doubles the informatio
content of the data but also allows the separation of l
atoms at similar bonding distances because the measure
also determines the angle of the bonds to thec axis.2,3 If the
sample consists of unoriented grains, then a spherical a
age is obtained and such a separation is not possible.

The crystal structures of the high-Tc superconductor
La1.62xSrxNd0.4CuO4 have been widely investigated, particu
©2002 The American Physical Society01-1
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larly after the observation of the static stripe phase. Since
static charge ordering associated with the stripes distorts
low-temperature crystalline structure, its existence is
tected by diffraction at superlattice diffraction peaks. X-r
and neutron diffraction measurements4,5,7–10 found that the
bulk structures of La1.62xSrxNd0.4CuO4 (x50.12→0.16)
have a phase transition from a space groupBmab (LTO1)
→P42 /ncm ~LTT! at ;60 K as the temperature is lowere
from room temperature with aPccn ~LTO2! phase interme-
diate between LTO1 and LTT for some range ofx. The LTO1
phase is also designated as the LTO phase in earlier lit
ture. Above room temperature these materials have ano
transition to theI4/mmm ~HTT! phase. The static strip
phase occurs in only the lowest-temperature LTT pha
though there may be dynamic stripes in the LTO1 phase

All of the above phases have a simple relationship to
another consisting of Cu-O6 octahedra tilts from the HTT
high-symmetry phase. The difference between LTT, LTO
and LTO2 can be visualized by starting with the HTT stru
ture shown in Fig. 1. In this structure, the Cu-O6 octahedra
are oriented with their pair of oxygen apices along the~001!
direction. In describing the rotations of the Cu-O6 octahedra
in HTT about axes in thea-b plane it is convenient to em
ploy the commona andb axes of the LTO1, LTO2, and LTT
structures, instead of those of HTT which are rotated by
about thec axis. The LTO1 structure has rotation axes alo
the a direction, passing through the Cu atoms, alternat
from a right-handed to a left-handed rotation between ne
boring unit cells along theb direction, leading to the elonga
tion of theb axis relative to thea axis and the transition to
the orthorhombic structure from the HTT tetragonal pha
The LTT phase is produced by alternating rotations abou

FIG. 1. The HTT phase of La2CuO4.
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axis in thea-b plane, making a 45° angle with botha andb
of the tetragonal HTT structure. In that case, the elongati
along thea andb axes are the same, leading to the tetrago
LTT phase. The most general case of the alternating rotat
is when thea- andb-axis components are not equal or zer
leading again to an orthorhombic phase, the LTO2 phase
summary, the various low-temperature orthorhombic or
tragonal phases differ in the direction of their rotation axis
the a-b plane.

The rotation of the Cu-O6 octahedra about the Cu atoms
almost rigid. The basal plane of the octahedron rotates
idly but the apical oxygens rotate a slightly different angle
that the angle of the line connecting the apicals slightly
viates from being perpendicular to the octahedral ba
plane. The rotation causes the apical O~2! oxygens~located
in the neighboring La-O plane! to move in the La-O~2!
planes from the center of their surrounding La as illustra
in Fig. 2 for the LTO1, LTT, and LTO2 structures, accomp
nied by the corresponding motion of the four planar octa
dral O~1! oxygens, which causes a buckling of the Cu-O~1!
planes. These O~1! and O~2! oxygens are nearest neighbo
to the La atoms. It is important to note that the motion
these oxygens due to the rotation is the largest of all of
changes that occur between the three structures, and we
this feature to obtain the greatest sensitivity for discern
the local structure.

In fitting the local structure as determined by XAFS w
are guided by our previous experience that the lo
temperature local structure referred to the host atoms is
same as that determined by diffraction forundopedsystems.
However, fordopedsystems this is not a universal rule as w
found for La22xSrxCuO4, x.0.20,2 and for the BKBO
system11 where the local structure was different in th
lowest-temperature phase. We assume the local structure
satisfy the diffraction crystal structure at low temperatures
an initial guess and do the further analysis to refine the lo
structure.

In Sec. II, we discuss the experimental details of t
preparation of La1.62xSrxNd0.4CuO4 (x50.12, 0.16! samples
and of the orientation-dependent LaK-edge XAFS measure
ments from the samples. The analysis of the XAFS data
results are presented in Sec. III. We discuss the local st

FIG. 2. Planar La-O distances for Cu-O6 octahedra tilts for~left
to right! LTO1, LTT, LTO2, and HTT. The oxygen atoms are th
apical oxygens of the octahedra centered about Cu in the C2

neighboring plane. Smaller correlated La displacements are
glected.
1-2
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LOCAL STRUCTURE IN THE STRIPE PHASE OF . . . PHYSICAL REVIEW B 66, 094101 ~2002!
ture of this material in Sec. IV and summarize the ma
conclusions in Sec. V.

II. EXPERIMENTAL DETAILS

Powder samples of crystalline La1.62xSrxNd0.4CuO4 (x
50.12, 0.16! were synthesized by the solid-state react
technique. The details of the preparation of the samples
described elsewhere,3,12 and the characterizations of th
samples have been published.12 Sintered pellets were groun
and sieved to produce single-crystal grains about 1 –3mm,
which is much smaller than the absorption length
;122 mm, eliminating any significant distortion due to th
thickness effect.13 Then the grains were magnetically aligne
with more than 95% of theirc axes along the field as con
firmed by x-ray diffraction~XRD!.

For our XAFS measurements there are several advant
using powders of oriented single-crystal grains instead
single crystals:~a! Compositional homogeneity may be s
perior with ‘‘powders.’’ Often in crystals there are compos
tional variations, either along the growth axis~probably
metal ratios! or from interior to surface~oxygen contents!.
There also may be non-214 inclusions in the ‘‘crystal’’ m
terial. ~b! It is possible to control the absorption thickness
powders so as to optimize the XAFS signal in transmiss
while typically single crystals are too thick for transmissio
requiring fluorescence measurements with a consequent
radation of the signal from concentrated elements such as
~c! Finally, we used the same powder material on wh
XRD measurements were made12 so as to ensure that an
differences seen between XRD and XAFS are not due
sample preparation.

Transmission measurements for the XAFS at the LaK
edge~38.925 keV! were performed at beamline X-11A of th
National Synchrotron Light Source by using a Si~311!
double-crystal monochromator. The energy resolution w
DE.16 eV at the La edge. For comparison, the core-h
lifetime broadening of the LaK edge is;20 eV.14 The mag-
netically aligned samples were put in a gas tight copper
with Kapton windows and indium seals, filled with He g
for thermal exchange, and attached to a cold finger of a
plex refrigerator. Angular-dependent XAFS data were o
tained by rotating the samples relative to the horizon
electric-field-polarized synchrotron radiation.

The samples were made and measured to have edge
of Dmx ;1. Figure 3 shows total absorption (mx) at the La
K-edge for thex50.12 sample as a function of incident ph
ton energy, measured at 10 K for orientations,«̂i ĉ and«̂' ĉ.
The data are vertically shifted.

III. DATA ANALYSIS AND RESULTS

The x-ray absorption coefficient above the edge can
described by

m~k!5m0~k!@11x~k!#, ~3.1!

where k is the photoelectron wave number relative to t
Fermi wave number. ForK edges (1s), the XAFS modula-
tion can be written within the harmonic approximation f
lattice vibrations15 as
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3~ ê• r̂ j !
2
S0

2NjF j~k,r j !

kr j
2 e22k2s j

2
e22r j /l(k)

3sin@2kr j1f~k,r j !#, ~3.2!

whereê is the electric field direction of the incident x ray
Nj is the coordination number of thej th shell of atoms,S0

2

accounts for the change of the passive electron wave fu
tions in the presence of a core hole,F j is an effective curved
wave backscattering amplitude,r j is the effective interatomic
distance,s j

2 is the mean-squared relative displacement in
effective interatomic distance,l is an effective mean free
path which includes the finite lifetime of the core hole, andf
is an overall scattering phase shift from the probe andj th
backscattering atoms. Multiple-scattering paths are inclu
in the analysis.

In order to analyze the measured XAFS data, we used
UWXAFS package.16 First, x(k) was extracted by subtractio
of the atomic backgroundm0(k) from the raw datam(k).
Figure 4 showskx(k). Comparing different scans, we con
clude that the contribution of noise to the XAFS signal
significant for k.14.5 Å21, especially for the«̂' ĉ data.
Since the absorption background varies substantially nea
absorption edge, the uncertainty inx is greatest there. To
minimize these uncertainties only the XAFS data in thek
range of 3.5–14 Å21 were used for further analysis. Choo
ing the lower cutoffk point anywhere in the range 3 –4 Å21

produces insignificant variation of the fit parameters.k2x(k)
was Fourier transformed tor space and fit to the theoretica
XAFS calculations ofFEFF7.17 The dotted lines in Fig. 5
show the magnitudes of Fourier-transformedk2x(k). The
abscissar̃ is about 0.5 Å shorter than the true distances fro
the probing atom La because of thek dependence of
f(k,r j ). The range of the fit inr̃ is 1.7–5.5 Å as indicated
by the vertical dashed lines. We call this the full range of t
fit. Later we will fit only the first shell which covers ther̃
range of 1.7–2.7 Å.

FIG. 3. Total x-ray absorption (mx) near the LaK edge of
La1.48Sr0.12Nd0.4CuO4 as a function of the incident x-ray energy

10 K. Theĉ axis was aligned parallel~top! and perpendicular~bot-
tom! to the electric field vector of the x rays. Themx axis has an
arbitrary origin and the two curves are shifted relative to one
other.
1-3
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The theoretical fits to the data necessitate assumin
model with structural parameters which are varied so a
get an acceptable fit to the data. First we assume that at
temperatures there is no disorder so that the local structu
the same as the LTT given by the diffraction results.4,5,7–10If
that does not give a satisfactory fit, then we repeat, assum
the other two diffraction determined structures for these m
terials: namely, LTO1 and LTO2. If a satisfactory fit is st
not obtained, then we try to fit only the first shell of atom
with parameters consistent with the crystal symmetries
LTT, LTO1, and LTO2. The first shell of atoms are O~1! and
O~2! atoms that, from crystal symmetry, comprise the ox
gen portion of the Cu-O~1! octahedra. The different crysta
symmetries allow the different directions of tilt of octahed
shown in Fig. 2. The symmetries require that the Cu-O~1!
basal plane of the octaheda rotate rigidly. Finally, if none
the preceding gives satisfactory fits, then additional variab
are added to allow a nonrigid rotation of the Cu-O~1! portion
of the octahedra. As we find below, we need to proceed to
final step before obtaining a satisfactory fit.

A best full ranger̃ 51.7–5.5 Å fit was made for the LTT
crystalline structure of La1.62xSrxNd0.4CuO4 (x50.12) de-
termined by powder neutron diffraction.18 In the fit, only one
s2 for each shell~defined as the same atoms at appro
mately the same distance! and E0 for each type of atom

FIG. 4. XAFS, kx(k), obtained from the previous figure as
function of photoelectron wave vectork. Three scans are shown fo

êi ĉ and two scans forê' ĉ.
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independent of distance were variables. Single-scatterin
well as multiscattering paths were included. Assuming t
Nd and Sr dopants are randomly distributed on the La s
the theoreticalx ’s contributed by backscattering from La
Nd, and Sr atoms were obtained by adding them w
weights: (0.8-x/2)3xLa10.23xNd1(x/2)3xSr for
La1.62xSrxNd0.4CuO4 (x50.12, 0.16!. The two sets of XAFS
data (êi ĉ and ê' ĉ) were simultaneously fit to the XAFS
theory.

The results of the best fit are given in Table I as the LTa

model. Goodness of fit criteriaxn
2 , r factor, degrees of free

dom n, number of independent points in the data,NI

5(2DkD r̃ )/p12, are defined in Refs. 3, 17, 19, and 2
HereD r̃ andDk are the range ofr̃ andk space used for the
analysis. The number of parametersP used in the fit is given
by P5NI2n. The parameters are listed further below for t
LTO2 structure which has the largest number. A small va
of the r factor &0.02 ~Ref. 16! indicates an acceptable fi
was obtained. However, ifxn

2@1, then this indicates tha
systematic errors dominate the uncertainty and rescaline
→eAxn

2 recovers thexn
2'1 criteria for a good fit. Uncertain-

ties in the parameters, which are calculated by the cha
needed to increasexn

2 by 1/n from its minimum value~one
standard deviation! and include the effect of correlations be

FIG. 5. Dotted curve isxexpt( r̃ ), the Fourier transform of the
XAFS datak2x(k) of La1.48Sr0.12Nd0.4CuO4 at 10 K. Solid curve is
a best fit assuming a modification from the LTO2 structure as

scribed in the text.r̃ is the distance from the La probe atom witho
correction of phase shift. The two vertical dashed lines indicate

r̃ region over which the data were fit. The data were simultaneou
fit for both orientations.
ents.

TABLE I. Fits with different models at 10 K of the first shell consisting of O~1! and O~2! nearest neighbor

atoms to the La probe atoms. LTTa is the local structure as determined by neutron diffraction measurem

Model xn
2 r factor s2 of planar oxygens (Å2) NI n

Dr 50 DrÞ0 Dr 50 DrÞ0 Dr 50 Dr Þ0 Dr 50 DrÞ0

LTTa 94.83 0.0870 0.0094~44! 17 12
LTT 44.39 23.71 0.027 0.012 0.0115~56! 0.0163~62! 17 9 6
LTO1 50.84 42.66 0.021 0.016 0.0159~57! 0.0117~74! 17 9 6
LTO2 51.12 29.18 0.015 0.013 0.0035~6! 0.0031~4! 17 8 6
1-4
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LOCAL STRUCTURE IN THE STRIPE PHASE OF . . . PHYSICAL REVIEW B 66, 094101 ~2002!
tween fitting parameters, are rescaled byAxn
2. Two fits with

similar values ofn are significantly different~two standard
deviations! if the ratio xn

1/xn
2*(112A2/n), the fit with the

lowest xn
2 being better. The best fits presented here havr

factor &0.02 and 10&xn
2&30, indicating that systematic e

rors are;3 –6 times greater than statistical errors and
dominant.

Since an acceptable fit requires that ther factor be less
than 0.02,16 the r factor of LTTa shows that its fit is not
satisfactory. We conclude that the model of the crystal str
ture determined by Rietveld refinement of neutron diffract
data is not an accurate model for thelocal structure measured
by XAFS. We denote this structure the LTTa model in the
discussion below.

We next investigate whether a satisfactory full range fit
the XAFS data can be obtained when we allowed not o
s2 andE0 to vary but also the LTT symmetry permittedx, y,
and z values of the various atoms in place of varying ea
interatomic distance, separately. This assures that the cr
symmetry remains satisfied during the fit and has the ad
advantage of minimizing the number of variables. The
was started with the atoms placed at the sites of the L
structure determined by neutron diffraction.18ATOMS ~part of
the UWXAFS package! calculates atomic types and locatio
with given x, y, andz values, andFEFF7 ~Ref. 17! is used to
calculate theoretical XAFS for the atomic types and po
tions. The theoretical XAFS signal was fit to the measu
XAFS data while varyingx, y, z, s2, andE0 using theFEFFIT

program ~part of the UWXAFS package! until a best fit is
obtained. SinceATOMS calculates atomic positions with an
given crystalline space group and its allowedx, y, and z
values, the models for the crystalline structure can be c
trolled by choosing the desired crystalline space group in
input file of ATOMS. Again, a satisfactory fit was still no
attained. We next repeated the last fitting procedure but n
for the other crystalline phases found by diffraction belo
room temperature, the LTO1 and LTO2 phases. None of
full range fits were found to be satisfactory, though the LT
structure gave the closest fit.

Then the requirement of accurately maintaining the cr
tal symmetry was relaxed by allowing two additional para
etersDr ’s for each of the different types of oxygen neare
neighbors, i.e., the four La-O~2! planar oxygens and the on
apical La-O~2! oxygen from the neighboring La-O plane an
the four La-O~1! oxygens in the nearest Cu-O plane~see Fig.
6!. The data did not support more uncorrelated paramete
determine the distortion in greater detail. Again the data w
simultaneously fit forêi ĉ andê' ĉ. The required magnitude
of Dr were least for the assumed LTO2 structure, being l
than 0.02 Å. The fits were better than without theDr ’s but
still not satisfactory. Figure 5 shows full range best fits~solid
lines! for the initially assumed LTO2 structure for~a! êi ĉ

and ~b! ê' ĉ. Figure 7 shows best fits~solid lines! for the
initially assumed~a! LTT and ~b! LTO1 structures forê' ĉ.
The ê' ĉ data have the greatest sensitivity to detect the
rection of the tilt angle~Fig. 2!. The LTO2ê' ĉ fit is best for
the first and second peaks~the first shell consists of oxyge
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atoms most sensitive to Cu-O octahedral tilt while the sec
shell contains the Cu atoms of the octahedra in addition
the nearest planar La neighbors!. However, at larger dis-
tances the modified LTO1 structure is preferable. Thus, n
of the crystal symmetries give a satisfactory fit over the f
range of the local structure determined by the XAFS dat

Since the first shell gives the most sensitivity for det
mining the direction of the tilts of the octahedra, we no
limit our analysis to the first shell. We optimize the param
eters used previously for fitting the three crystal symmetr
over the full range, but now only for fitting the first she
range and withDr 5 0. The fit results for the neares
neighbor oxygens of a La atom are summarized in Tab
under the columns labeledDr 50. These best fits for neares
neighboring oxygens were obtained by refitting the d
within r̃ of 1.7–2.7 Å by varying only the parameters whic

FIG. 6. A view from on top of the La-O~2! plane~solid circles!
with the Cu-O~1! plane above~open circles! in the HTT phase of
La2CuO4. The local tilt determined from XAFS is illustrated by th
displacement of the O~1! and O~2! oxygens, as discussed in the tex
Smaller correlated La displacements are neglected. The first ne

bors to the center La atoms forê' ĉ are indicated by the thick solid
lines. The numbers correspond to the atoms listed in Table II.

FIG. 7. Solid curve is a best fit with the 10 K data~dotted curve!

for x50.12 andê' ĉ, assuming modifications as described in t
text of ~a! the LTT and~b! the LTO1 structures.
1-5
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TABLE II. The first two shells for the La probe local structure of La1.48Nd0.4Sr0.12CuO4 at 10 K. The first
shell consists of the three types of oxygen atoms, and the second shell consists of four Cu atoms, and
atoms. These atoms are labeled as shown in Fig. 6. Thex, y, andz coordinates are the best fit assuming t
LTO2 crystal structure and setting the origin at the La probe atom since XAFS measures the relative di
from the La probe to the neighboring atoms listed in the first column. TheDr ’s are the values that were
required to add to the distances determined by thex, y, andz coordinates to obtain the best-fit distances fro
the La probe atom. Thus, the distance between the La probe atom and its neighbors is given byx21y2

1z2)0.51Dr . As discussed in Sec. IV the XAFS measurements did not have the resolution to distingui
small differences in the La and Cu distances from an average distance and a mean-squared disorders2 about
the average. Only by assuming the LTO2 symmetry could these distances be individually distingu
However, the XAFS measurements did have the resolution to distinguish the difference of the various
structures in their first-shell planar O~2! oxygenss2, and it was this capability that determined the loc
structure for this material to be LTO2.

Atom x(Å) y(Å) z(Å) Dr (Å) r (Å)

La1 2.637~10! 2.604~10! 0.0 0.0013~90! 3.707~13!

La2 22.684(10) 2.604~10! 0.0 0.0013~90! 3.741~13!

La3 2.637~10! 22.745(10) 0.0 0.0013~90! 3.809~13!

La4 22.684(10) 22.745(10) 0.0 0.0013~90! 3.840~13!

Cu1 20.012(1) 2.639~10! 21.827(7) 20.0065(35) 3.203~10!

Cu2 2.649~10! 20.035(1) 21.827(7) 20.0065(35) 3.212~10!

Cu3 22.673(10) 20.035(1) 21.827(7) 20.0065(35) 3.231~10!

Cu4 20.012(1) 22.710(10) 21.827(7) 20.0065(35) 3.262~10!

O(1)1 21.342(5) 21.373(5) 21.687(7) 20.0139(43) 2.542~11!

O(1)2 1.318~5! 1.302~5! 21.968(7) 20.0139(43) 2.689~11!

O(1)38 1.318~5! 21.373(5) 21.763(7) 20.0139(43) 2.580~11!

O(1)48 21.342(5) 1.302~5! 21.892(7) 20.0139(43) 2.646~11!

O(2)1 0.054~1! 2.461~9! 0.538~2! 20.0117(40) 2.508~11!

O(2)2 2.583~10! 0.1430~5! 0.538~2! 20.0117(40) 2.631~11!

O(2)3 22.738(10) 0.1430~5! 0.538~2! 20.0117(40) 2.782~11!

O(2)4 0.054~1! 22.888(10) 0.538~2! 20.0117(40) 2.926~11!
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contribute to the first oxygen shells, including thex, y, andz

values, while keeping the parameters in ther̃ region from 2.7
to 5.5 Å fixed at their values determined by the fit of the d
within the full r̃ range of 1.7–5.5 Å. This effectively sub
tracts the contribution from the atoms beyond the fir
neighbors that overlaps the first neighbor fitting range. No
of the models fit well in theDr 50 columns. The LTO2
model satisfies only ther factor criterion, while the others
satisfy none. Thus, we find that a rigid tilt of the Cu-O~1!
octahedral basal planes cannot fit the local structure as d
mined by the XAFS measurements. The LTT, LTO1, a
LTO2 models exhaust all of the possible rigid basal plane
rotations about axes in thea-b plane.

We next relax the condition of a rigid tilt of the Cu-O~1!
octahedral basal planes by adding, as done previously
the full range, the variablesDr 1 andDr 2 to the La-O~1! and
La-O~2! distances, respectively, determined by thex, y, andz
variables. The best fits are presented in Table I under
column DrÞ0. Here there is a significant improvement
both xn

2 and ther factor for all three structures: LTT, LTO1
and LTO2. All three structures now satisfy ther-factor crite-
rion, and the LTO1 has axn

2 value only a standard deviatio
worse. However, note that thes2 of the O~2! atoms is much
larger for the LTT and LTO1 than for the LTO2 structur
The s2 is a measure of both the vibrational and structu
09410
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disorder. The vibrational motion at 10 K is zero-point motio
which can be determined by requiring consistency with
temperature dependence that we discuss below and sho
Fig. 9, below. The LTO2 structure has thes2 value of the
zero-point motion while the LTT and LTO1 structures r
quire an additional structural disorder to explain its value

The question then arises whether the 0.013 Å2 ~or
0.009 Å2) increase in structural disorder of the O~2! is due to
choice of the wrong model or reflects disorder caused by
random occurrence of Sr and Nd on the La site inheren
the structure. Assuming that the disorder occurs primarily
nearest neighbor sites of Nd atoms2 and taking into accoun
that only 20% of the sites have Nd nearest-neighbors, thes2

structural disorder at O~2! is an order of magnitude greate
than that induced by the difference between Nd and La r
of 0.07 Å. Thus we conclude that the large structural disor
for LTT and LTO1 structures is due to the choice of an
appropriate model, and only the modified LTO2 model fi
the XAFS data for the first-shell La neighbors.

Table II presents thex, y, andz, andDr values from the
La-probe atom of its first three shells. The first shell cons
of the O~1! and O~2! oxygens while the overlapping secon
and third shells~producing the second peak at aboutr̃
52.7 Å in Fig. 5! consist of the Cu and La atoms, respe
tively. The x, y, and z values satisfy the symmetry of th
1-6
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LOCAL STRUCTURE IN THE STRIPE PHASE OF . . . PHYSICAL REVIEW B 66, 094101 ~2002!
LTO2 structure while theDr values weakly break this sym
metry to obtain a best fit to the local structure. Theory p
dicts thatS0

2 is independent of temperature. This was verifi
by fitting the data measured at 13 temperatures from 1
300 K, giving an average value ofS0

250.9760.01. In the
subsequent fitsS0

2 was fixed at 0.97.

The LTO2 fits to the first-neighbor oxygens over ther̃
range 1.7–2.7 Å given in Table I used 9 parameters forDr
50 and 11 forDrÞ0 with the origin at the probe La atom
These parameters forDr 50 are E0, an energy shift of
;1 eV to correct the scattering phase shift from the near
neighbor oxygen atoms; threes2, one each for the O~1!
atoms, the planar O~2! atoms, and the apical O~2! atom; the
x, y, andz for the O~2! atoms; and onez each for the O~1!
and O~1! 8 atoms. Two more parameters were added forDr
Þ0: namely, oneDr each for the O~1! and O~2! atoms. In

Table II the fit range ofr̃ was 1.7–5.5 Å, increasingNI by
37, while the addition of the Cu and La atoms required
more parameters for the best fit, namely, 6x, y, andz for the
La and Cu atoms; 2E0’s for the La and Cu atoms; 8s2 for
the various scattering paths; and 3 significantDr ’s. Thus,
including the nearest-neighbor oxygen shell of Table I, th
are 54 independent data pointsNI and 30 parametersP, giv-
ing 24 degrees of freedomn in the fit that determines the
values listed in Table II. The quantities shown in Table II a
only the ones in the first two shells of Fig. 5 containing t
nearest oxygen, Cu, and La atoms.

From thex, y, andz values in Table II of the best fit of the
modified LTO2 structure, the rotation of the copper-oxyg
octahedron7 can be determined by calculating the positio
of the oxygens in the La plane relative to the position of
center Cu atom,3 as noted above and illustrated in Fig. 2. T
tilt angle of the octahedron relative to thec axis is found to
be 4.6°60.4° and the rotational axis of the octahedron
20.4°65° from thea axis. The rotational axis found by th
XAFS is that of the LTO2 structure and is about half w
between the LTO1 and LTT structures. Thex, y, andz values
employed satisfy the LTO2 crystal symmetry and represe
rigid tilt of the octahedra. TheDr corrections are only of the
order of 0.02 Å, and the introduced nonrigidity causes
insignificant uncertainty in the tilt.

As discussed in Sec. III the small value of ther factor
indicates that a good fit has been achieved but the largexn

2

indicates that systematic errors introduced by backgro
subtraction uncertainties, theory approximations, and m
surements are dominant. The quoted uncertainties of the
rameters in the tables and the text include the contributio
the systematic errors.

We analyzed the 300 K data with the same procedure
the 10 K data, except that we also considered the HTT st
ture. Figure 8 shows the magnitude of the Fouri
transformed XAFS data~dotted line! at 300 K for ê' ĉ with
best fits~solid lines!, simultaneous for both polarizations, fo
the four structures. The distinctions between the vari
models can be determined in the low-r̃ region, ,4.5 Å,
where signal-to-noise ratio is favorable. Best fits are sum
rized in Table III. We conclude that the room-temperatu
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structure of the first neighbor O~2! atoms~LTO2 modified by
Dr ) is similar to the 10 K structure, within uncertainties.

We analyzed XAFS data of La1.48Sr0.12Nd0.4CuO4 in the
temperature range 10–300 K with the same procedure u
for the endpoints. Figure 9 shows parameters as a functio
temperature. There being four separate distances@Fig. 9~a!#
observed for planar oxygen throughout is consistent w
LTO2; no structural transition is indicated. In Fig. 9~b! the
temperature dependents2 fits an Einstein model21 with QE
5450616 K. The reduced massmr used in calculatingQE

was the usualmr
215mO

211mLa
21 , wheremO is the mass of

an oxygen atom andmLa is the mass of a La atom. This i
consistent with an absence of disorder introduced by a st
tural phase transition~any such mean-square disorder mu
be ,0.0015 Å2, the measurement uncertainty!.

For near optimally doped La1.44Sr0.16Nd0.4CuO4,
orientation-dependent XAFS measurements at the LaK edge
were also performed for the temperature range of 10–300
At 10 K, a best fit to the XAFS data finds that the loc
structure fits the LTO2 crystalline structure throughout t
whole r̃ range, in contrast to thex50.12 sample; i.e., the
structure is consistent with a rigid tilt. The tilt angle of th
Cu-O octahedron to thec axis is found to be 3.8°60.5° and
the rotational axis of the octahedron is 19.5°67.5° from the
a axis. The tilt angle is marginally smaller than, while th

FIG. 8. Magnitude of Fourier-transformed LaK-edgek2x(k)

data of thex50.12 sample~dotted curves! for ê' ĉ at 300 K, and
best fits~solid curves! with different models, assuming modifica
tions as described in the text, of the~a! LTO2, ~b! HTT, ~c! LTO1,
and ~d! LTT structures.

TABLE III. Fits with different models at 300 K of the first shel
consisting of O~1! and O~2! nearest-neighbor atoms to the La pro
atoms.

Model xn
2 r factor s2 of planar oxygens (Å2) NI n

LTO2 11.90 0.015 0.0076~11! 16 5
HTT 13.06 0.019 0.0278~45! 16 7
LTO1 16.80 0.020 0.0124~49! 16 5
LTT 10.26 0.012 0.0127~24! 16 5
1-7
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HAN, STERN, HASKEL, AND MOODENBAUGH PHYSICAL REVIEW B66, 094101 ~2002!
rotational axis angle is consistent with, those of thex
50.12 material, though the uncertainties are somew
larger because the data had more noise. Figure 10 show
same information as Fig. 9 does for thex50.12 sample.
Again, no structural transition was detected and the lo
structure remained LTO2 over the temperature range 10–
K. A best fit, solid line in~b!, of an Einstein temperature o
QE5470615 K gives a similars2 temperature dependenc
as found in thex50.12 doped material.

IV. DISCUSSION

As pointed out in the Introduction, diffraction by x rays7–9

and neutrons10,18 found the crystalline structure o
La1.48Sr0.12Nd0.4CuO4 at low temperature to be LTT. XAFS
measurements, which determine the local structure, have
capability to determine with high resolution the relative d
tances between the probe atom, La in this case, and its
rounding atoms. Resolution is the ability to distinguish b
tween separate distances and a mean-squared disordes2

about the average distance. It is given bydr min
5p/(2kmax)50.11 Å, wherekmax514 Å21 in our mea-
surements. This criterion is the condition that a beat occu
x(k) due to the separationdr min ~Ref. 6!, and is analogous
to the Rayleigh criterion for resolving two points with ligh
When more than two distances are close together as is
case here, then the resolution estimate for two distances
lower limit. The resolution realized bykmax514 Å21 is the
same as that by scattering of x rays or neutrons of w
number transferq52kmax528 Å21. As can be noted in
Table II the oxygen atoms are the ones that can be m
clearly resolved by XAFS and it was this capability th
helped the XAFS to choose the LTO2 local structure fro

FIG. 9. ~a! The distances and~b! s2 of the nearest O~2! oxygens
from the La probe atom in the La-O~2! plane as a function of
temperature forx50.12. The top four plots in~a! are for the planar
O~2! oxygens and the bottom is for the apical O~2! oxygen along
the c direction. The solid line in~b! is a best fit with an Einstein
model and andQE5450616 K.
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the other structures. The fact that the modified LTO2 str
ture also gave a good fit to the second peak in Fig. 5 c
sisting of the second shell Cu and third shell La atoms, a
the modification needed for this best fit was less thanDr
50.01 Å, justify using the crystal symmetry to distinguis
the various La and Cu distances as listed in Table II.

Our XAFS study found that the local structure is indepe
dent of temperature and does not fit any of the crystal str
tures found by diffraction; namely, LTT, LTO1, LTO2, o
HTT. In all the tiltedcrystallinephases~LTT, LTO1, LTO2!
the octahedra rigidly rotate their basal planes consisting
the interior Cu atom surrounded by its four nearest-neigh
O~1! atoms. As shown in Fig. 6, the octahedra share eac
their O~1! base atoms with a single neighboring octahedr
and this coupling produces a periodicity in the Cu-O~1! plane
of neighboring octahedra rotating in alternating sense to e
other. The periodicity requires the rigid rotation of the C
O~1! base. The axis of rotation of each octahedron pas
through the Cu atoms so that for small rotations the O~1!
atoms move perpendicular to the plane of Fig. 6 and
denoted by1(2) signs for motion up~down! along thec
axis.

We find for thex50.12 sample thatlocally the tilt angle
is 4.6°60.4°; the rotation axis in thea-b plane of the local
structure makes an angle about halfway between the LTT
LTO1 phases and, thus, is closest to the LTO2 phase. H
ever, the rigidity of the octahedral basal planes is lost, so
LTO2 periodicity is not imposed. An local density approx
mation ~LDA ! calculation22 of the band structure o
La2CuO4 found that the HTT phase with no tilt is unstable
an energy maximum, consistent with the XAFS result of t
octahedra remaining tilted locally at all temperatures. Thx
50.16 sample had a marginally smaller tilt angle of 3.
60.5°, and within uncertainty had the periodicity of th
LTO2 structure. Thus, there was some change in the lo
structure betweenx50.12 and 0.16.

The apparent discrepancy between the XAFS and diffr

FIG. 10. The same results as in the previous figure but for
x50.16 sample.
1-8
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LOCAL STRUCTURE IN THE STRIPE PHASE OF . . . PHYSICAL REVIEW B 66, 094101 ~2002!
tion results is related to the fact that diffraction and XAF
measure different structures. Whereas XAFS measures
local structure, i.e., the partial pair distribution function,1,6

diffraction measures the average periodic structure. Th
two are not equivalent when local disorder is present. For
case at hand, the local structure can be disordered in su
manner that thea andb axes randomly interchange with on
another, so that the local orthorhombic regions average
tetragonal LTT structure. Similarly, the LTO1 structure is o
tained from the local structure by a disordering such that
O~2! atom in Fig. 2 equally occupies the sites related
inversion symmetry about theb axis of the LTO2 structure
After this averaging only the component of the tilt ang
along the diagonal for LTT remains, while only the tilt ang
along theb axis remains for LTO1. In both cases the sam
magnitude of tilt remains, namely, 4.63(cos 22.5°)54.2°
60.4°, in good agreement with the value of 4.4° found
diffraction measurements.18 Each local region must have d
mensions in the nanometer range, too small to produce
fraction peaks, so that diffraction measures only the aver
LTT or LTO1 structure, respectively.

Such disordering of the tilt angle producing LTT can
accomplished, for example, by the Cu-O6 octahedra tunnel-
ing so that the O~2! oxygen atoms move to the equal ener
site obtained by reflection about the diagonal of the LT
square in Fig. 2. Similarly, octahedra tunneling or hopp
can occur so that the LTO1 average phase is produced
nally, the HTT phase can be obtained at high temperatu
where the hopping can overcome all barriers so that all of
eightfold equivalent O~2! sites of equal energy22 of the LTO2
square in Fig. 2~found by reflection about the fourfold
equivalent axes! are equally occupied.

The LTO2 structure apparently found by diffraction b
tween the LTT and LTO1 phases for a limited range ox
values as a function of temperature is peculiar. This is
violation of the usual behavior of the higher-temperatu
state being more symmetric. In our model more symme
has more orientational disordering of the local order regi
and thus more entropy as expected for higher tempera
phases. As far as we could ascertain, the structure of
intermediate LTO2 phase has not been refined. It would
worthwhile to do more detailed measurements in this reg
of phase diagram space to determine the tilt angle of
intermediate LTO2 phase. Because of the averaging, the
angle decreases from the local value by about 0.4° in
LTT and LTO1 structures. If the LTO2 phase is the same
our local structure, then our results would predict that its
would be 0.4° greater than in the LTT and LTO1 phas
However, accurate refinement is difficult since phase m
tures are common and peak widths of LTO2 (h00)/(0k0)
peaks are broadened relative to the rest of the pattern.

The XAFS results are experimental evidence that
structural phase transformations occurring
La1.62xSrxNd0.4CuO4 (x50.12, 0.16! have a significant
amount of order-disorder character and are not due simp
an instability of a soft mode as has been previou
suggested.18 Similar significant order-disorder nature o
structural phase transitions was also found from XAFS m
surements on the local structures of the high-Tc supercon-
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ductors La22xSrxCuO4 ~Ref. 2! and La22xBaxCuO4 ~Ref. 3!.
In addition, significant order-disorder nature of structu
ferroelectric and antiferrodistortive rotational phase tran
tions has been seen in other perovskitelike materials.1,11

Büchner et al.23 showed from x-ray diffraction that the
maximum tilt angle of the octahedron for bulk supercondu
tivity is ;3.6°. TheTc of our x50.16 sample is 14 K and
the x50.12 sample does not have a bulk transition to 2 K12

The tilt angles of the octahedra are 4.660.4° and 3.8
60.5° for the x50.12 and 0.16 doped materials, respe
tively, qualitatively agreeing with Bu¨chneret al.

We next discuss whether our measurements detected
signature of the periodic distortions of static stripes for t
x50.12 sample that produce the superlattice peaks. To
this we have determined as a function of temperature thes2

of La-La distances for the nearest-neighbor La atoms to
center La in the La-O~2! plane shown in Fig. 6. These resul
are plotted in Fig. 11. When there are a variety of such d
tances as in these Nd doped materials thes2 determined by
XAFS is a more sensitive measure of a change in distan
than the directly determined La-La distances. The data ar
well by a singleQE .176 K, and we do not see any disco
tinuity from a transition within uncertainties. With the fluc
tuations about the theoretical plot of 0.0002 Å2 the rms
change in these La-La distances is less than 0.014 Å at
LTT-LTO1 phase transition temperature of;60 K, which is
also the upper temperature region of static stripes
La1.62xSrxNd0.4CuO4 (x50.12). The stripes may be prese
as dynamic ones in the LTO1 phase, explaining our lack
detecting any discontinuity, but we suggest that XAFS do
not have the sensitivity to detect the distortions produced
stripes. Tranquadaet al.5 estimated that the oxygen displac
ment of Cu-O is about 0.004 Å which is smaller than t
0.014 Å uncertainty of our XAFS measurements and th
undetectable. Since the charged stripes are concentrate
the Cu-O~1! planes, the induced distortions are expected
be largest there and thus even smaller in the La-O~2! plane
where our measurement focused, so that there is no sur
that we did not detect a signal from stripes. Using measu
ments with Cu as the probe atom one can focus in the

FIG. 11. Thes2 of the La-La distances which define thea and
b lattice constants in the crystalline structure, shown as a func
of temperature. The solid line is a best fit withQE5;176 K, using
a standard reduced mass equal to half of the La atom mass.
1-9
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HAN, STERN, HASKEL, AND MOODENBAUGH PHYSICAL REVIEW B66, 094101 ~2002!
O~1! plane where the distortions due to stripes are larg
But even there the XAFS uncertainties are too large to de
them if they are as small as estimated.5 There have been
some previous claims that CuK-edge XAFS detected th
presence of stripes that produced lattice distortions of 0.0
in other La2CuO4 based materials,24 but subsequent mor
sensitive XAFS measurements about the Cu atoms3,25 do not
support these early measurements, and it is now quite ce
that the structural distortions induced by the stripes are w
below the detection limit of XAFS in these materials, ev
about the Cu atoms.

In the above discussion we have assumed that though
cally the tilt angle of the Cu-O6 octahedra from thec axis is
constant in magnitude and makes a fixed angle to thea axis,
it does not follow that all of the octahedra are oriented
same. In fact the disordering of the orientation of the lo
regions is necessary to explain the difference in struc
found by diffraction and XAFS. To understand this iss
better, it is necessary to realize that XAFS cannot determ
the absolute direction of thea axis for our sample which wa
randomly oriented about thec axis. Remembering that if the
Cu-O~1! basal plane of the octahedron tilts rigidly, lon
range orientational order occurs, and it follows from con
nuity that the greater the deviation from this rigidity, th
shorter the orientational correlation length would be. Sin
the deviation from rigidity is small for thex50.12 sample as
shown in Table II by the small values ofDr relative to the
rotational displacements, it is reasonable to expect that
orientational correlation length would be significantly mo
than a single unit-cell dimension in thea-b plane (5.34 Å)
but with an upper limit less than about 100 Å so as not to
seen in diffraction. Because the coherence length of su
conductivity in the Cu-O~1! plane is about 20 Å, one expec
that it would be of the order or less than the orientatio
correlation length. This is even more true for thex50.16
sample which showed even less deviation from periodici

Since the superconductivity pairing mechanism is de
mined in the volume of the dimensions of the coheren
length, the local structure and not the average periodic st
ture as measured by diffraction is relevant for understand
the mechanism. We have shown that the local structur
independent of temperature, which predicts thatTc should
not be affected by the structural phase transitions found
diffraction. In the materials investigated here the structu
phase transitions occur at temperatures well aboveTc and
thus one cannot detect the lack of dependence on the s
tural phase transitions. However, La22xSrxCuO4 does show
this behavior2 nearx50.21 where a boundary between LTO
and HTT passes belowTc , yet there is no evidence of an
effect on thex dependence ofTc . On the other hand, long
range structure is relevant to properties that may depen
dimensions larger than the local structure correlation len
such as carrier transport and stripes~mean free path for the
former and size of stripes for the latter!.

Recent measurements by angle-resolved photoemis
spectroscopy26 and inelastic neutron scattering27 have pre-
sented evidence that there is strong coupling between
carriers in La22xSrxCuO4 and optical vibration modes in
volving the Cu-O~1! basal atoms of the octahedra. Since
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show that the orientation of the octahedra is disordered,
ther dynamically or spatially, any theory which accounts
the strong carrier and lattice coupling should investigate
importance of this disordering effect.

V. CONCLUSIONS

The local structure of La1.62xNd0.4SrxCuO4 (x50.12,
0.16! for the temperature range of 10–300 K was determin
by orientation-dependent XAFS at the LaK edge. It was
found to consist of tilts of the Cu-O6 octahedra, similar to the
LTO2 structure, with a tilt angle to thec axis of 4.6°60.4°
for x50.12 and 3.8°60.5° for x50.16, oriented about half
way between the LTO1 and LTT structures, independen
temperature. The rotations of the octahedra are not quite
riodic for x50.12 while they are more periodic forx
50.16. The temperature independence of the local struc
is in contrast to the several different phase transitions in
average periodic structure as determined by diffraction o
the same temperature range. The difference between ave
and local structures occurs because of orientational disor
ing between various regions of LTO2 local order with a sh
correlation length. This significant order-disorder charact
to the structural phase transitions is evidence that the st
tural phase transitions are not caused simply by soft pho
mode instabilities as previously suggested. One result of
disordering is that the averaged tilt angle of the diffracti
determined LTO1 and LTT phases is about 0.4° smaller t
the local structure tilt. If the structure of the LTO2 diffractio
phase at an intermediate temperature between the LTT
LTO1 phases can be refined, our model would predict tha
local tilt would be 0.4° larger, assuming it is the structu
with Pccn symmetry.

One is tempted to suggest that the change in local st
ture betweenx50.12 and 0.16 is caused by the existence
static stripes in thex50.12 sample. However, the change
Sr doping causes other effects that may affect the local st
ture. The higher doping increases the carrier concentra
and changes the mix of Sr and La ions in the sample. T
induces a change in the interaction between the carriers
lattice, and it would take a detailed theoretical investigat
well beyond the scope of this study to understand the ca
of the change.

Because of the even shortercoherencelength of the high-
Tc superconductor La1.62xNd0.4SrxCuO4 than thecorrelation
length, the local structure is the one relevant to the pair
mechanism and not the diffraction structure.

It is suggested that any consideration of the strong carr
lattice interaction involving the energetic optical breathi
mode in the Cu-O~1! plane of the octahedra include the e
fect of the disordering of the tilting orientation of the Cu-O6
octahedra.
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