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Charge-stripe ordering from local octahedral tilts: Underdoped and superconducting
La22xSrxCuO4 „0<x<0.30…

E. S. Božin and S. J. L. Billinge
Department of Physics and Astronomy and Center for Fundamental Materials Research, Michigan State University,

East Lansing, Michigan 48824-1116

G. H. Kwei
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

H. Takagi
Institute for Solid State Physics, University of Tokyo, 7-22-1, Roppongi, Minato-ku, Tokyo 106, Japan

~Received 22 June 1998!

The local structure of La22xSrxCuO4 , for 0<x<0.30, has been investigated using the atomic pair distribu-
tion function~PDF! analysis of neutron powder-diffraction data. The local octahedral tilts are studied to look
for evidence of@110# symmetry@i.e., low-temperature tetragonal~LTT! symmetry# tilts locally, even though
the average tilts have@010# symmetry@i.e., low-temperature orthorhombic~LTO! symmetry# in these com-
pounds. We argue that this observation would suggest the presence of local charge-stripe order. We show that
the tilts are locally LTO in the undoped phase, in agreement with the average crystal structure. At nonzero
doping the PDF data are consistent with the presence of local tilt disorder in the form of a mixture of LTO and
LTT local tilt directions and a distribution of local tilt magnitudes. We present topological tilt models which
qualitatively explain the origin of tilt disorder in the presence of charge stripes and show that the PDF data are
well explained by such a mixture of locally small and large amplitude tilts.@S0163-1829~99!03806-0#
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I. INTRODUCTION

There is now considerable experimental eviden
for the existence of striped charge distributions in t
strongly correlated materials La22xSrxNiO41d ,1–4

La22x2yNdySrxCuO41d ,5–7 and La12xCaxMnO3.8–10 There
is also growing circumstantial evidence that similar strip
charge distributions are present more widely in other hi
temperature superconducting cuprates,11–14 and their pos-
sible importance in producing the high-temperature sup
conductivity itself is the subject of intensiv
investigation.15–20 A number of recent reviews describe o
servations of lattice effects in the high-temperature superc
ductors in general.21–26However, there is currently no direc
evidence that these stripe phases exist in supercondu
samples, although there has been an observation w
stripes and superconductivity were observed in the sa
samples.27 It is important to show that local charge-strip
ordered domains really exist in the superconducting regi
of samples to establish the importance of charge stripe
the superconducting phenomenon.

A local structural probe is useful for investigating the e
istence or absence of short-range ordered stripes since
known that the charge stripes produce a structural distort
When the stripes are long-range ordered the structural m
lation becomes periodic and a superlattice is observed
neutron, x-ray, and electron diffraction.5,6,8,9,27,28 The ab-
sence of superlattice peaks can mean that the stripe orde
disappeared. However, it is also possible that the stripes
sist locally but are not long-range ordered and are fluctu
ing. In this latter case thelocal structural distortion due to
the inhomogeneous charge distribution will persist ev
PRB 590163-1829/99/59~6!/4445~10!/$15.00
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when the superlattice peaks have disappeared. A prob
local structure can therefore give information about whet
local stripe order exists even in the absence of superla
peaks. In this study we use the atomic pair distribution fu
tion ~PDF! analysis29–31 of powder neutron-diffraction data
to look for evidence of local charge-stripe order
La22xSrxCuO41d .

An amenable system for this kind of study is the series
compounds based around La22x(Sr,Ba)xCuO4 ~2:1:4 com-
pounds! because in these compounds collective tilts of
CuO6 octahedra exist which couple strongly to the electro
system32–36 and the charge stripes.5,6 In particular, it has
been observed that long-range ordered charge stripes
only seen in the cuprate system when the octahedra tilt
lectively about axes along the Cu-O bonds, i.e., in the@110#
crystallographic directions in the standard crystallograp
setting (P42 /ncm for the LTT phase!.5,6,27 This tilt pattern
is the one observed in the low-temperature tetragonal~LTT!
phase.37 Most of the superconducting compositions are in t
alternative low-temperature orthorhombic~LTO! phase38

which has the octahedra tiltingon averageabout axes paral-
lel to the @100# crystallographic direction. It is thought tha
since the charge stripes lie in@110# directions in the lattice
~i.e., along Cu-O bonds!, the@100#-type LTO tilts prevent the
stripes from ordering statically over long range. Because
charge stripes are strongly coupled to the octahedral tilt5,6

we can use the octahedral tilts as a probe of the local st
order.

In a previous paper,39 we showed that in
La1.875Ba0.125CuO4, local regions of LTT-type octahedral til
order persist in the LTO phase above the LTO-LTT pha
transition. It was suggested that the LTO phase is made u
4445 ©1999 The American Physical Society
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4446 PRB 59BOŽIN, BILLINGE, KWEI, AND TAKAGI
short-range-ordered LTT domains but that a linear comb
tion of different LTT variants resulted in the average LT
tilt order observed in the crystallographic structure. Th
also are other observations that the local tilts in 2:1:4 ma
rials are not always the same as those measu
crystallographically.11,40–44At the time of the earlier paper,39

charge stripes had not been observed in the cuprates a
was unclear why the LTO phase should be made up of in
mogeneous domains of short-range LTT order.45,46However,
the presence of dynamic charge-stripe domains provide
very natural explanation of this unexpected result.

In the present work we have studied the local octahe
tilts in La22xSrxCuO4 to look for evidence of local LTT
symmetry tilts. We chose to study the Sr-doped, rather t
the Ba-doped, systems since ionic size effect disorder is
in this system. This is due to the fact that Sr21 is closer in
size to La31 than is Ba21. This means that the disorde
introduced into the structure due to ionic size effects is m
mal and any disorder in the local tilts will originate main
from an inhomogeneous electronic charge distribution.

In this paper we show that the local octahedral tilt amp
tude can be measured accurately using PDF technique
the tilt amplitude is large enough it is also possible to dist
guish the tilt direction. We show that the local tilts a
clearly LTO in nature in the undoped compound, as
pected. However, away from zero doping (x.0) the PDF is
consistent with the presence of tilt disorder in the form o
mixture of tilt directions and a mixture of tilt amplitudes. A
x increases at low temperature the local tilt amplitude
creases smoothly following the behavior of the average t
However, small but finite tilts persist locally when th
sample goes into the high-temperature tetragonal~HTT!
phase abovex50.20. In the Discussion section we prese
topological tilt models which qualitatively explain the orig
of tilt disorder in the presence of charge stripes and sh
that the PDF data are well explained by a mixture of loca
small and large amplitude tilts.

II. EXPERIMENT

Powder samples were prepared by conventional so
state reactions. Mixtures of La2O3, SrCO3, and CuO were
calcined at various temperatures between 900° C
1050° C with several intermediate grindings. The produ
were sintered at 1100° C for 100 h, followed by an oxyg
anneal at 800° C for 100 hours.

Time-of-flight neutron-diffraction measurements we
carried out on La22xSrxCuO4 ~LSCO! powder samples~ap-
proximately 10 g of each! for the range of doping (0<x
<0.30) at 10 K temperature. Experiments were perform
on the Special Environment Powder Diffractometer~SEPD!
at the Intense Pulsed Neutron Source~IPNS! at Argonne Na-
tional Laboratory.

The data were corrected for experimental effects a
normalized31 to obtain the total scattering functionS(Q),29

where Q5uQu5uk2k0u represents the momentum transf
magnitude for the scattering. The PDF functionG(r ) is then
obtained by a Fourier transformation according to

G~r !5
2

pE0

`

Q@S~Q!21#sin~Qr !dQ. ~1!
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The functionG(r ) gives the probability of finding an atom a
a distancer from another atom. This function is obtaine
directly from the Fourier transform of the neutron-diffractio
data and is used to investigate features of thelocal structure
of a material.31

Local structural information is obtained from the data
a process of modeling.31 A model structure is proposed an
the PDF calculated. Parameters in the model are then va
to optimize the agreement between the calculated and m
sured PDF’s. The procedure is similar to the traditional
ciprocal space based Rietveld method47 for obtaining crystal
structures from powder-diffraction data; however, it is ca
ried out in real space and yields the local structure rat
than the average crystal structure.31 From the refinements
different structural information can be extracted, such as
tice parameters, average atomic positions and amplitude
their thermal motion, atomic displacements, and magnitu
of local octahedral tilts. The modeling procedure has be
described in detail elsewhere.31

III. RESULTS

A. Local tilt amplitudes as a function of doping

Initially we investigate the appearance in the PDF of t
octahedral tilts and show the extent to which the PDF te
nique can detect their presence. In Fig. 1~a!, we compare
three model PDF’s to show qualitatively the effect of
change in the local octahedral tilt amplitude onG(r ). The
PDF’s are shown for the LTO structure with three differe
magnitudes of octahedral tilt: 0°~dash-dotted line!, 3°
~dashed line!, and 5°~solid line!. The initial parameters use
in the models were obtained by converging the fit of the LT
model PDF to the data PDF from thex50.125 data set at 10
K, using the RESPAR Real-Space Rietveld program.31 The
octahedral tilt angles were then calculated independe
from the positions of the in-plane oxygen~O1! and the out-
of-plane oxygen~O2!. These tilt angles are denoted byuuO1u
and uuO2u, respectively. The tilt angleuuO1u was obtained
from thez displacement of O1 using

uuO1u5UarctanS cdO1z

bdO1y
D U, ~2!

wheredO1z anddO1y are thez andy fractional coordinates,
respectively, of O1, andc andb are the corresponding lattic
parameters. Similarly, the average tilt is obtained from d
placements of O2 using

uuO2u5UarctanS bdO2y

cdO2z
D U. ~3!

In the case where the octahedral tilts are rigid,uuO1u
5uuO2u. The tilt angles were then artificially adjusted
5°, 3°, and 0° in the model and the atomic positions for
and O2 determined from Eqs.~2! and ~3!. All other param-
eters in the model were held constant. In this way we co
compare the effect of a change in tilt magnitude on the P
neglecting other changes such as changes in bond leng
lattice parameter. As expected, the Cu-O nearest-neigh
peak at 1.89 Å is unaffected~the tilts are essentially rigid!
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PRB 59 4447CHARGE-STRIPE ORDERING FROM LOCAL . . .
but the peak at 2.7 Å , which contains the La-O1 and La-O
correlations~as well as the O1-O1 correlations!, shows a
particularly large change.

The lower panel, Fig. 1~b!, presents PDF’s obtained from
the experimental data:x50 doping~solid line!, where tilts of
approximately 5° are present,x50.125 doping~dashed line!
with tilts of approximately 3°, andx50.30 doping~dash-
dotted line!, with average tilts of zero. The changes in t
data with doping are large and qualitatively similar to tho
expected for reductions in local tilt amplitude. In addition
shortening of the average Cu-O bond is evident by a shif
the left of the nearest-neighbor Cu-O peak, as expected f
the average structure. This also gives an indication of
sensitivity of G(r ) to small structural changes such as th
lattice contraction.

We have determined quantitatively the amplitudes of
local octahedral tilts as a function of doping using the LT
model and the Real-Space Rietveld modeling program. C
acteristic fits are shown in Fig. 2 for the undoped mate
~average tilts are large! and the overdoped material~average
tilts are zero!. Difference curves are plotted below th
PDF’s. The agreement of the HTT model to thex50.3 data
is significantly poorer than the fit of the LTO model to th
undoped material. As we discuss later, this is because s
but finite local tilts are still present in the structure even
the HTT phase.

FIG. 1. ~a! Comparison between threemodelPDF’s. The models
have LTO symmetry with 5° tilts~solid line!, 3° tilts ~dashed line!,
and 0° tilts~dash-dotted line!. ~b! Three different 10 KdataPDF’s
that approximately correspond to the same tilt magnitudes as sh
in the models in panel~a!: x50 ~solid line, '5° tilt!, x50.125
~dashed line,'3° tilt!, and x50.30 ~dash-dotted line,'1° tilt!.
The PDF technique clearly differentiates between the presence
absence of the tilts and these qualitative differences are evide
the data.
e

o
m
e

e

r-
l

all

The local tilt angles obtained from the fits are shown
Fig. 3 plotted as a function of doping, shown as filled circle
For comparison, average tilt angles obtained from a crys
lographic analysis48 are also plotted~shown as open circles!.
There is excellent agreement for lower dopings. The agr
ment is less good for compositions abovex50.15. In this
region the long-range average tilt angle is constrained to
zero because of the change in the average symmetry ac
panying the phase change from LTO to HTT. However,
the PDF a better fit to the data is obtained when the L
model is used, rather than the HTT model, and a small
finite ('1 –2°) local tilt is refined.49 The use of the LTO
model to describe the local structure, even when the glo
structure is clearly HTT, is justified since the broken sy
metry phase may persist locally. However, this analysis d
not imply that, in our samples, the global structure is LTO
this region of doping.

B. Local tilt directions as a function of doping

We would like to use the PDF technique to differentia
between local tilts with the@010# ~LTO: tilt axis 45° rotated
with respect to planar Cu-O bond! and @110# ~LTT: tilt axis
is parallel to the Cu-O bond! tilt symmetries since evidenc
for local LTT-like tilts might suggest the presence of char
stripes.

In Fig. 4 we show a comparison of two model PDF’s, o
where the tilts belong to the LTO type, and the other tha

wn

nd
in

FIG. 2. ~a! Fully converged PDF for the LTO model~solid line!,
and experimentally obtained PDF for LSCO withx50 at 10 K
~open circles!. The difference curve is plotted below as a solid lin
The dotted line shows the expected errors at the level of two s
dard deviations.~b! Fully converged PDF for the HTT model~solid
line!, and LSCO withx50.30 at 10 K~open circles!.
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4448 PRB 59BOŽIN, BILLINGE, KWEI, AND TAKAGI
of LTT type. In Fig. 4~a! we show the difference for the cas
of a 5° tilt magnitude and in Fig. 4~b! for a smaller 3° tilt. It
is important to emphasize that the only difference betw
our models is in the tilt symmetry~or directions of the tilts!,
keeping all other parameters constant, including tilt am
tude. Therefore, the difference in the PDF’s that is shown
only due to the change in the tilt symmetry.

As is usual with the PDF, some regions of the function
much more strongly affected by the change than others
change in tilt direction affects the peaks around 2.67 a
2.95 Å, that correspond to~La/Sr!-O1 and~La/Sr!-O2 bonds,
respectively. There is also a large effect on the peak loca
close to 6.0 Å . Elsewhere in the PDF the changes are sm
Notice that the peaks at'2.8 Å give a characteristic
W-shaped feature in the difference curve, while the pea
'6 Å gives a characteristic M-shaped feature. The chan
are similar, but much smaller, as the local tilt amplitude
minishes.

In Fig. 5 we present fully converged fits of the LTO an
LTT models to the undoped material. It is clear that t
undoped material has local octahedral tilts that have the L
symmetry: the fit is much better everywhere with the LT
model, and particularly large fluctuations are observ
aroundr 52.8 Å in the LTT model.

We are interested if evidence for local LTT-like tilts a
pears as the CuO2 planes are doped. In the set of Figs. 6
we show the PDF’s for samples with different doping
again, upper panels show the PDF for fully converged L
models ~solid line! and experimental PDF’s~open circles!
with corresponding difference curves; lower panels comp
PDF’s for fully converged LTT models~solid line! with the
PDF’s obtained from the data~open circles!, and give corre-
sponding difference curves.

In Fig. 6, for x50.05 we again see that the LTO fit
better than the LTT one overall, and the characteristicM
feature is evident in panel~b!. The underlying local tilts are
still predominantly LTO-like.

FIG. 3. Dependence of the local octahedral tilt angle magnit
~black circles! uuu on Sr contentx. Open circles present average t
angle magnitude obtained from Rietveld refinement done
Radaelli and collaborators~see text!. The result shows thatuuu
smoothly decreases whenx is increased. However, significant loc
tilts persist even when the average tilts disappear. The data
collected at 10 K.
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For x50.10 the situation is less clear. The tilt amplitud
is now down to 3.6° making differentiation between LT
and LTT harder. Both models fit quite well. However, w
note that in the critical region aroundr 52.8 Å the LTT
model actually has abetteragreement with the data than th
LTO model and in this case the difference curve from t
LTO model has anM-shaped fluctuation centered atr
52.8 Å consistent with some local LTT-like tilts.

As doping is raised beyond it becomes difficult to diffe
entiate between the LTO and LTT models. Both models
quite well as evidenced, for example, by thex50.20 data set
shown in Fig. 8.

IV. DISCUSSION

A. Tilt magnitude vs doping

The evolution of thelocal tilt magnitude, determined by
fitting the LTO model to the PDF’s from the data, decreas
smoothly with increasing doping. This is consistent w
crystallographic studies which show a smoothly decreas
average tilt amplitude with doping.48,50 Furthermore, it is
clear from Fig. 3 that the averagelocal tilt amplitude is
quantitatively the same as the long-range ordered ave
tilt. Although this may not seem surprising, it is widely ob
served in these materials that the averagelocal tilt amplitude
can deviate significantly from the long-range ordered val
This occurs when finite local tilts exist but the tilt direction

e

y

re

FIG. 4. Difference in model PDF’s for the LTT and LTO til
symmetry: ~a! 5° case, and~b! 3° case. The PDF for the LTT
model is given as a solid line, while that for the LTO model
presented with open circles. Difference curve is given below PD
for both cases.
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PRB 59 4449CHARGE-STRIPE ORDERING FROM LOCAL . . .
become disordered and the long-range tilt order is not p
served. This is very similar to a ferromagnetic-paramagn
transition where the local moment survives but the lon
range ordered moments average to zero. This behavio
seen in the temperature dependence of the tilts in th
systems.41–43,51,52The present result shows that the real,
cal, tilt is decreasing asx increases: in these materials th
tilts are not just becoming disordered at low temperature
the action of doping but are smoothly decreasing.

This is easy to understand by the argument that
copper-oxygen bond is shortening as holes are doped
this antibonding bond is stabilized. The plane buckling o
curs because the CuO2 planes are constrained to fit contin
ously with the rare-earth oxide charge reservoir layers.53 The
buckling allows them to maintain a continuous structure w
the charge reservoir layers while relieving stress introdu
because the Cu-O bonds are just too long to fit perfectly.
the Cu-O bonds are shortened by doping the amplitude o
needed to relieve this stress is reduced and the tilts smoo
decrease.

In the high doped region there is not perfect agreem
between the local and long-range ordered tilt amplitud
The crystallographic result is constrained to be zero ab
x50.2 where the global structure goes to the HTT pha
There is a remanent amount of tilting of around 1 –2° wh
persists even into the HTT phase. This is not complet
unexpected because of the presence of Sr impurities in

FIG. 5. ~a! Fully converged model PDF with the LTO tilt sym
metry ~solid line! compared to experimental PDF forx50 at 10 K
~open circles!. Difference curve is shown below the PDF’s as
solid line. The dotted line shows the expected errors at the leve
two standard deviations.~b! The same for the case of LTT til
symmetry.
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structure which would be expected to modify the octahed
tilting in their immediate vicinity.11,43 It does not necessarily
imply any significance with respect to the charge doping
the planes themselves.

B. Tilt direction vs doping

If charge is doped into the material, it can be either d
tributed uniformly or it can be localized and over some do
ing range it can form charge stripes. Localized charge wo
cause local polaronic distortions, forcing the octahedra
change their shape, and affecting the magnitude of the tilt
the vicinity of the polaron. In addition, the presence
charge stripes should affect the direction of the octahe
tilting since it has been observed that long-range orde
charge stripes in the 2:1:4 materials have only been see
samples in the LTT phase. Thus, the observation oflocal
LTT-like tilts would be evidence for the presence oflocal
charge-stripe order.

Local LTT-like tilts have been seen in the LTO phase
La1.875Ba0.125CuO4.39 In this case tilt amplitude is larger tha
it is in the Sr-doped case reported here (3.8° for Ba,51 x
50.15, vs 2.9° for Sr,x50.15, both at 10 K! which explains
why it was more clearly evident in the Ba-doped case. At
time, there was no obvious physical justification for the pr
ence of local LTT domains which were globally disordere
However, it could be explained if the local LTT-like tilts ar

of

FIG. 6. ~a! Fully converged model PDF with the LTO tilt sym
metry ~solid line! compared to experimental PDF forx50.05 at 10
K ~open circles!. The difference curve is shown below the PDF’s
a solid line. The dotted line shows the expected errors at the lev
two standard deviations.~b! The same for the case of LTT til
symmetry.
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stabilized by the presence of local charge stripe order an
the charges are fluctuating dynamically. Long-range LTT
order would also be inhibited at doping fractions away fro
rational numbers where the holes can order commensura
with the lattice, even if the tilts were locally LTT-like. Mod
els proposed in the earlier work showed that global LT
symmetry can be recovered by a linear superposition of
degenerate local LTT variants. Thus, spatially or tempora
fluctuating LTT domains can yield a global LTO tilt symm
try.

The picture of local, fluctuating, LTT-like domains is als
consistent with recent thermal conductivity measuremen14

where the apparently contradictory result was obtained
the thermal conductivity (k) of insulating samples of rare
earth doped La22xSrxCuO4 was higher than that of similar
samples which were conducting. Clearly the contribution
the charge carriers to the thermal transport is negligib
which is not surprising because of the low carrier dens
but also implied by this result is that the inelastic phon
scattering is significantly greater in metallic samples than
insulating ones. The authors proposed that scattering
occurring off local domains of stripes. We would like to ad
that, in the present picture, this phonon scattering would
greatly enhanced if there were fluctuating domains oftilt
disorder associated with these striped domains. The re
that there are regions of locally fluctuating LTT tilts is al
consistent with measurements of the anelastic spectra

FIG. 7. ~a! Fully converged model PDF with the LTO tilt sym
metry ~solid line! compared to experimental PDF forx50.10 at 10
K ~open circles!. The difference curve is shown below the PDF’s
a solid line. The dotted line shows the expected errors at the lev
two standard deviations.~b! The same for the case of LTT til
symmetry.
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La2CuO41d ~Ref. 54! which indicate elastic relaxations con
sistent with octahedral tilts tunneling between different LT
domains.

The first result we have demonstrated here is that the lo
tilt direction in undoped La2CuO4 is @010# ~LTO!, and that
the PDF is clearly sensitive to the tilt direction for tilts o
magnitude'5°. The local tilt direction and magnitude is th
same as the average crystallographic tilt direction and m
nitude for the undoped material at low temperature and th
is no tilt disorder.48,50

For doping levels greater than zero the PDF results
suggestive of the presence of local LTT-like tilts. The t
directions and magnitudes are disordered, and also coul
fluctuating and could originate from an inhomogeneo
charge distribution in the CuO2 planes. As we discuss below
we expect that charge localization in a background of oc
hedral tilts will give rise to complex patterns of tilt disorde
which our simplistic modeling using pure LTO and LT
models cannot hope to reproduce. Below we describe qu
tatively different models of tilt defects which give insight a
to when LTO and LTT tilts, respectively, are stabilized.

C. Tilt defect models

We introduce here several different models for the
distortions which might be expected as a result of the pr
ence of localized charges in the tilt background. Our start
point is based on the two following observations:~a! Buck-
ling appears because Cu-O bonds are too long to match
bonding in the La-O intergrowth layers,53 and ~b! Cu-O
bonds become shorter on doping.

In the absence of holes the equilibrium tilt amplitude
5°. On average, the tilts disappear forx'0.2 which corre-
sponds to a nominal copper charge state of12.2. If charges
completely localize, the charge state of the copper is13
which is easily high enough to remove the local tilt. How
ever, between the localized charges the material is essen
undoped and large tilts are expected. Because the C2
planes are a continuous network of corner shared octahe
these untilted defects will introduce strains and there is
pected to be a distribution of tilt amplitudes. However, it
possible to show geometrically that local LTT tilted octah
dra ~LTT defects! can help reduce the strains.

We make the following assumptions in our models. Fir
the undistorted tilt pattern is LTO-like. Second, that the
calized doped holes form into stripes with one hole asso
ated with every second CuO6 octahedron along the stripe5

The nominal doping then determines the average separa
of neighboring stripes. We then considered two possibiliti
The first is that the charge essentially delocalizes along
chain making the Cu-O bonds along the chain short, but
shortening the Cu-O bonds perpendicular to the stripe.
second is that each charge localizes on a single CuO6 octa-
hedron, similar to a Zhang-Rice singlet,55 sharing charge
density equally between each of the four in-plane Cu
bonds. We introduce these defects into the background
LTO tilts with the constraint that the octahedra are corn
shared and displacements of an oxygen ion must be the s
for neighboring octahedra. This gives rise to extended
fects which we can identify using only these topological co
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straints. We will refer to the first case as model I and
second case as model II. Both models were made for the
of x50.125 doping.

1. Model I

With the LTO tilts, all of the O1 ions are displaced out
the plane, either up or down. By shortening two of the
plane bonds along the direction of the charge stripe we
pect this to bring the two O1 ions which lie along the stri
~denoted by open circles in Fig. 9! into the plane from their
displaced positions. The bonds perpendicular to the st
remain long. In this case, the local tilt persists, but chan
from LTO-like to LTT-like in the stripe. The LTO tilt pattern
between the stripes is preserved, though the amplitude o
LTO tilts may be locally distorted where it joins the LT
stripes.

From Fig. 9, for 1
8 doping we expect to get a ratio o

LTT:LTO tilted octahedra of 2:6. This number is given b
the ratio of the width of the stripe to the width of the u
doped domain; in this case 1:3. In general, for 1/n holes per
copper this ratio is given by 1:(n22)/2.

This model predicts that in the presence of charge str
the local tilt distribution should be a mixture of LTO an
LTT tilts with a majority of LTO tilts in the doping range up
to x50.25.

FIG. 8. ~a! Fully converged model PDF with the LTO tilt sym
metry ~solid line! compared to experimental PDF forx50.20 at 10
K ~open circles!. The difference curve is shown below the PDF’s
a solid line. The dotted line shows the expected errors at the lev
two standard deviations.~b! The same for the case of LTT til
symmetry.
e
se

-
x-

e
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he

s

2. Model II

In this model the localized holes on every second s
along the stripe produce octahedra which are completely
tilted. This is equivalent to placing an HTT defect in th
LTO background. Because the out-of-plane displacement
the O1 ions are removed, neighboring octahedra both al
the direction of the stripe, and perpendicular to the stri
take on an LTT-like tilt, as shown in Fig. 10. The tilt axes
the LTT-like tilts propagating parallel and perpendicular
the stripes are rotated by 90° with respect to each other
we pointed out in our earlier paper,39 the linear superposition
of these two degenerate LTT variants yields the LTO sy
metry of tilts on average.

As is clear from Fig. 10, patches of LTO-like tilts als
persist in this model; however, the extent of the LTT-lik
tilting is greater than in model I. In the case ofx5 1

8 the ratio
of HTT:LTT:LTO is 1:4:3. In general, for 1/n holes the ratio
will be

1:
n

2
:
n22

2
. ~4!

One assumption inherent in this model is that the LTT strip
propagating perpendicular to the charge stripes persist al
way to the neighboring stripe. This is an approximation sin
the Cu-O bonds are long along this stripe and O1 ion d
placements may not completely disappear along the st

FIG. 9. Schematic view of model I~see text! tilt pattern in the
CuO2 plane in the presence of charge stripes. Corner shared C6

octahedra are denoted by squares with dashed crosses inside
displacement of the apical oxygen above the plane due to octah
tilting is shown with small arrows. In-plane O1 ions lie at the co
ners of the octahedra and are displaced up or down by the tilts~not
shown!. Open circles at the corners indicate an O1 ion which
undisplaced and lies in the plane. The presence of a localized
is indicated by a black circle.
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~even though these ions are depicted as open circles in
10!. Thus, when the charge stripes are well separated at
doping we might expect that the ratio of LTT:LTO is small
than predicted by Eq.~4!.

3. Discussion

These tilt models show that, if charge stripes are pres
the real situation will be a mixture of LTO and LTT, or LTO
LTT, and HTT tilts, and not purely LTO or LTT as we hav
modeled. The presence of charged stripes, and regions
tween the stripes with no holes present, implies that th
coexists in the local structure regions with strongly dim
ished tilts, and regions with large tilts~as much as 5°) even
in the doped materials whose average tilt is 3° or less.
would like to see whether this picture is consistent with o
PDF data. We have made a simple test of this idea, and
results are shown in Fig. 11. In this figure we compare PD
which mimic the situation we would have if there were
coexistence of 5° tilts and'2° tilts, with the data from the
x50.10 sample whose average tilt is 3.6°. We did this
averaging the data PDF’s from thex50 and x50.25
samples. The former has 5° LTO tilts and the latter sam
has tilts with less than 2° of tilt amplitude. It is clear fro
the figure that the incoherent mixture of large and small t
reproduces the data from thex50.10 sample excellently. Fo

FIG. 10. Schematic view of model II~see text! tilt pattern in the
CuO2 plane in the presence of charge stripes. Corner shared C6

octahedra are denoted by squares with dashed crosses inside
displacement of the apical oxygen above the plane due to octah
tilting is shown with small arrows. In-plane O1 ions lie at the co
ners of the octahedra and are displaced up or down by the tilts~not
shown!. Open circles at the corners indicates an O1 ion which
undisplaced and lies in the plane. The presence of a localized
is indicated by a black circle at the center of the octahedron.
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comparison, the data PDF’s from thex50 andx50.25 data
are reproduced in the lower panel of Fig. 11. There are la
differences between them, yet when they are mixed toge
they give an excellent account of thex50.10 data. This
shows that the data PDF’s for intermediate dopings are c
sistent with the presence of a distribution of local tilt ma
nitudes. Interestingly, the largest fluctuations in the diff
ence curve between thex50.10 data and the mixture occu
at r'2.8 Å andr'6 Å which is exactly where fluctua
tions are expected if local LTT-like tilts are present. This
also consistent with the fact that an inhomogeneous loca
distribution exists in this material. These results are con
tent with the observations of Hammel an
co-workers11,13,44,56of an inhomogeneous tilt distribution in
doped La22xSrxCuO4 and La2CuO41d from NMR measure-
ments. These authors measure the electric field grad
~EFG! at the La site which is very sensitive to local ti
disorder and find a continuous distribution of La enviro
ments similar to what would be expected from our models
local strains were also present. We cannot compare qua
tatively the tilt amplitudes because there is not a direct re
tionship between EFG and octahedral tilt angle. The octa
dral tilt angle can be found from point-charge models,

O
The
ral

s
le

FIG. 11. ~a! Comparison of PDF’s produced by a mixture
large and small tilt amplitudes and the data from thex50.10
sample. The solid line is the PDF obtained by mixing thex50 data
set (5° tilts! with thex50.25 ~,2° tilts! data set in the ratio 1:1 to
mimic the effect of a coexistence of large and small tilts in the lo
structure. The open circles show the PDF from the thex50.10
sample.~b! The x50 andx50.25 data PDF’s are plotted for com
parison. There are large differences between these PDF’s, yet w
they are mixed they reproduce the PDF of the intermediate com
sition extremely well. The data were collected at 10 K.
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more accurately from quantum cluster calculations;56 how-
ever, these authors have not published values for the tilt
plitudes. Nonetheless, there is excellent qualitative ag
ment.

V. CONCLUSIONS

In conclusion, we have shown that the PDF techniq
clearly differentiates between the presence and the abs
of local tilts of CuO6 octahedra. The magnitude of the loc
octahedral tilts in La22xSrxCuO4 smoothly decreases as
function of Sr content atT510 K. This result is in agree
ment with the result for the average tilt angle magnitude,48,50

obtained using standard crystallographic methods. Small
significant local tilts persist abovex50.20 in the HTT struc-
tural phase where the tilts are not allowed crystallograp
cally.

We showed that the PDF technique can differentiate
tween different tilt directions, providing their magnitude
large enough. Our analysis showed that for the undoped
terial the local tilts clearly have the LTO symmetry, in agre
ment with crystallography, indicating that there is no tilt d
order at this composition. Forx50.05, the local tilts are still
predominantly LTO-like. As doping is increased, there
some evidence that LTT-like tilts might be present, but in
interesting superconducting region of the phase diagram
z

G

N.
d

e

S

S
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ao
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e
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e
he

tilt amplitudes are small enough that the PDF is at the lim
of its sensitivity.

We have presented topological models for the tilt disor
we expect to be present in these materials in the presenc
charge stripes. These imply that if charge stripe doma
exist locally there should be a coexistence of large and sm
tilts, and LTO and LTT-like tilts locally. A simple test usin
PDF data shows that this is consistent with our measu
PDF’s. A single-crystal diffuse scattering, or electro
diffraction measurement may be useful for elucidating t
point.
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