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The local structure of La ,Sr,CuQ,, 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 of110] symmetry[i.e., low-temperature tetragondlTT) symmetry tilts locally, even though
the average tilts hav010] symmetry[i.e., low-temperature orthorhombi{t.TO) 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 {i§§163-182899)03806-0

[. INTRODUCTION when the superlattice peaks have disappeared. A probe of
local structure can therefore give information about whether

There is now considerable experimental evidencdocal stripe order exists even in the absence of superlattice
for the existence of striped charge distributions in thepeaks. In this study we use the atomic pair distribution func-
strongly  correlated  materials  LaSrNiO,, 5,2  tion (PDP analysi$®~*! of powder neutron-diffraction data
La,_,_,Nd,SrCu0y, 5,°" and Lg_,CaMnO;.2" There  to look for evidence of local charge-stripe order in
is also growing circumstantial evidence that similar stripedLa,_4SKLCuQy . 5.
charge distributions are present more widely in other high- An amenable system for this kind of study is the series of
temperature superconducting cuprdtes? and their pos- compounds based around JLg(Sr,Ba)CuQ, (2:1:4 com-
sible importance in producing the high-temperature superpound$ because in these compounds collective tilts of the
conductivity itself is the subject of intensive CuQ; octahedra exist which couple strongly to the electronic
investigation:>~2° A number of recent reviews describe ob- systeni>~%¢ and the charge strip@¢. In particular, it has
servations of lattice effects in the high-temperature supercorbeen observed that long-range ordered charge stripes are
ductors in generd~?®However, there is currently no direct only seen in the cuprate system when the octahedra tilt col-
evidence that these stripe phases exist in superconductirectively about axes along the Cu-O bonds, i.e., in[ttE]]
samples, although there has been an observation wheogystallographic directions in the standard crystallographic
stripes and superconductivity were observed in the samsetting (P4,/ncm for the LTT phasg>®?’ This tilt pattern
samples’ It is important to show that local charge-stripe is the one observed in the low-temperature tetragAdET)
ordered domains really exist in the superconducting regionphase’’ Most of the superconducting compositions are in the
of samples to establish the importance of charge stripes ialternative low-temperature orthorhombit.TO) phasé®
the superconducting phenomenon. which has the octahedra tiltingn averageabout axes paral-

A local structural probe is useful for investigating the ex-lel to the [100] crystallographic direction. It is thought that
istence or absence of short-range ordered stripes since it snce the charge stripes lie jA10] directions in the lattice
known that the charge stripes produce a structural distortior{i.e., along Cu-O bondsthe[100]-type LTO tilts prevent the
When the stripes are long-range ordered the structural modtripes from ordering statically over long range. Because the
lation becomes periodic and a superlattice is observed ioharge stripes are strongly coupled to the octahedraPfilts,
neutron, x-ray, and electron diffractidf:®°?"?The ab- we can use the octahedral tilts as a probe of the local stripe
sence of superlattice peaks can mean that the stripe order hader.
disappeared. However, it is also possible that the stripes per- In  a previous papef? we showed that in
sist locally but are not long-range ordered and are fluctuatka, g;8a; 1,4CuQ,, local regions of LTT-type octahedral tilt
ing. In this latter case thiocal structural distortion due to order persist in the LTO phase above the LTO-LTT phase
the inhomogeneous charge distribution will persist evertransition. It was suggested that the LTO phase is made up of
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short-range-ordered LTT domains but that a linear combinaThe functionG(r) gives the probability of finding an atom at
tion of different LTT variants resulted in the average LTO a distancer from another atom. This function is obtained
tilt order observed in the crystallographic structure. Theredirectly from the Fourier transform of the neutron-diffraction
also are other observations that the local tilts in 2:1:4 mateedata and is used to investigate features oflthval structure

rials are not always the same as those measuredf a materiaf!

crystallographically“°=#4At the time of the earlier papé?, Local structural information is obtained from the data by
charge stripes had not been observed in the cuprates andaitprocess of modeling}. A model structure is proposed and
was unclear why the LTO phase should be made up of inhothe PDF calculated. Parameters in the model are then varied
mogeneous domains of short-range LTT ortfé®However,  to optimize the agreement between the calculated and mea-
the presence of dynamic charge-stripe domains provides sured PDF's. The procedure is similar to the traditional re-
very natural explanation of this unexpected result. ciprocal space based Rietveld metffoibr obtaining crystal

In the present work we have studied the local octahedradtructures from powder-diffraction data; however, it is car-
tilts in La,_,Sr,CuQO, to look for evidence of local LTT ried out in real space and yields the local structure rather
symmetry tilts. We chose to study the Sr-doped, rather thathan the average crystal structdfeFrom the refinements,
the Ba-doped, systems since ionic size effect disorder is legdifferent structural information can be extracted, such as lat-
in this system. This is due to the fact thaf Siis closer in  tice parameters, average atomic positions and amplitudes of
size to L&" than is B&". This means that the disorder their thermal motion, atomic displacements, and magnitudes
introduced into the structure due to ionic size effects is mini-of local octahedral tilts. The modeling procedure has been
mal and any disorder in the local tilts will originate mainly described in detail elsewheté.
from an inhomogeneous electronic charge distribution.

In this paper we show that the local octahedral tilt ampli-
tude can be measured accurately using PDF techniques. If
the tilt amplitude is large enough it is also possible to distin- A. Local tilt amplitudes as a function of doping
guish the tilt direction. We show that the local tilts are
clearly LTO in nature in the undoped compound, as ex
pected. However, away from zero dopingX0) the PDF is
consistent with the presence of tilt disorder in the form of

mixture of tilt directions and a mixture of tilt amplitudes. As change in the local octahedral tilt amplitude Gir). The

x increases at low temperature the local tilt amplitude depppg are shown for the LTO structure with three different
creases smoothly following the behavior of the average t”tsmagnitudes of octahedral tilt: Ofdash-dotted ling 3°
Howelver, sma_ll tbutth f'n'r':.e ht|ltts per5|tst I0(t:atlly Wr:-i?rr']l' the (dashed ling and 5°(solid ling). The initial parameters used
sampie goes into the high-temperature e ragof ) in the models were obtained by converging the fit of the LTO
phase abovex=0.20. In the Discussion section we presentmoolel PDE to the data PDE from the=0 125 data set at 10
topological tilt models which qualitatively explain the origin K, using the RESPAR Real-Space Rietveld progParfihe

of tlt disorder in the presence (.)f charge st_ripes and Sho‘%ctahedral tilt angles were then calculated independently
that the PDF data are well explained by a mixture of Iocallyfrom the positions of the in-plane oxygé®1) and the out-

small and large amplitude tilts. of-plane oxygenO2). These tilt angles are denoted [#p,|
and |6q,|, respectively. The tilt angléfy,| was obtained
Il. EXPERIMENT from the z displacement of O1 using

Powder samples were prepared by conventional solid-
state reactions. Mixtures of L&;, SrCQ;, and CuO were c601,
arctal 5501

y

Ill. RESULTS

Initially we investigate the appearance in the PDF of the
‘octahedral tilts and show the extent to which the PDF tech-
nique can detect their presence. In Figa)l we compare
8three model PDF’s to show qualitatively the effect of a

, @

calcined at various temperatures between 900° C and |60l =

1050° C with several intermediate grindings. The products

were sintered at 1100° C for 100 h, followed by an oxygenwheresO1, and 501, are thez andy fractional coordinates,

anneal at 800° C for 100 hours. respectively, of O1, and andb are the corresponding lattice
Time-of-flight neutron-diffraction measurements were parameters. Similarly, the average tilt is obtained from dis-

carried out on La ,Sr,CuQ, (LSCO) powder samplegsap-  placements of O2 using

proximately 10 g of eadhfor the range of doping (€x

=<0.30) at 10 K temperature. Experiments were performed bs02,
on the Special Environment Powder DiffractometSEPD |60, = |arcta o502, ° €)
at the Intense Pulsed Neutron Sou(lf&NS) at Argonne Na- z
tional Laboratory. In the case where the octahedral tilts are rigjdo,|

The_daé? were corrected for experimental effectzsg and|g_.|. The tilt angles were then artificially adjusted to
normalized™ to obtain the total scattering functids(Q), 5°, 3°, and 0° in the model and the atomic positions for O1

where Q=|Q|=|k—kq| represents the momentum transfer ynq 02 determined from Eq&2) and (3). All other param-
magnitude for the scattering. The PDF functiB(r) is then  eters in the model were held constant. In this way we could

obtained by a Fourier transformation according to compare the effect of a change in tilt magnitude on the PDF
o (o neglecting other changes such as changes in bond length or
G(r :_j —11si(OrdO. 1 lattice parameter. As expected, '_[he Cu-O nea.rest-n_eighbor
(") mJo QS = 1IsinQndQ @ peak at 1.89 A is unaffectedhe tilts are essentially rig)d
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FIG. 1. (a) Comparison between threeodelPDF’s. The models o
have LTO symmetry with 5° tiltgsolid line), 3° tilts (dashed ling FIG. 2. (&) Fully converged PDF for the LTO modeolid line),
and 0° tilts(dash-dotted ling (b) Three different 10 KdataPDF’s ~ @nd experimentally obtained PDF for LSCO wit=0 at 10 K

that approximately correspond to the same tilt magnitudes as show{QP€n circles The difference curve is plotted below as a solid line.
in the models in panefa): x=0 (solid line, ~5° tilt), x=0.125 The dotted line shows the expected errors at the level of two stan-

(dashed line~3° tilt), and x=0.30 (dash-dotted line~1° tilt). Qard deviations(b) l_:ully converged PDF for the HTT modé&olid
The PDF technique clearly differentiates between the presence ari€), and LSCO withx=0.30 at 10 K(open circles
absence of the tilts and these qualitative differences are evident in

The local tilt angles obtained from the fits are shown in
the data.

Fig. 3 plotted as a function of doping, shown as filled circles.
but the peak at Z.A , which contains the La-O1 and La-O2 For comparison, average tilt angles obtained from a crystal-
correlations(as well as the 01-O1 correlationsshows a lographic analysf® are also plottedshown as open circlgs
particularly large change. There is excellent agreement for lower dopings. The agree-
The lower panel, Fig. (b), presents PDF’s obtained from ment is less good for compositions abaxe 0.15. In this
the experimental data=0 doping(solid line), where tilts of  region the long-range average tilt angle is constrained to be
approximately 5° are present;=0.125 dopingdashed ling  zero because of the change in the average symmetry accom-
with tilts of approximately 3°, anc=0.30 doping(dash-  panying the phase change from LTO to HTT. However, in
dotted ling, with average tilts of zero. The changes in thethe PDF a better fit to the data is obtained when the LTO
data with doping are large and qualitatively similar to thosemodel is used, rather than the HTT model, and a small but
expected for reductions in local tilt amplitude. In addition, afjpjte (~1-2°) local tilt is refined® The use of the LTO

shortening of the average Cu-O bond is evident by a shift t9,4qe| to describe the local structure, even when the global
the left of the nearest-neighbor Cu-O peak, as expected fromyy,c(re is clearly HTT, is justified since the broken sym-

the average structure. This also gives an indication of t.h‘r:'netry phase may persist locally. However, this analysis does
sensitivity of G(r) to small structural changes such as th'snot imply that, in our samples, the global structure is LTO in

lattice contraction. ; . !
We have determined quantitatively the amplitudes of thethIS region of doping.

local octahedral tilts as a function of doping using the LTO
model and the Real-Space Rietveld modeling program. Char-
acteristic fits are shown in Fig. 2 for the undoped material We would like to use the PDF technique to differentiate
(average tilts are largeand the overdoped materi@verage between local tilts with th€010] (LTO: tilt axis 45° rotated
tilts are zerg. Difference curves are plotted below the with respect to planar Cu-O bondnd[110] (LTT: tilt axis
PDF's. The agreement of the HTT model to the 0.3 data is parallel to the Cu-O bondilt symmetries since evidence
is significantly poorer than the fit of the LTO model to the for local LTT-like tilts might suggest the presence of charge
undoped material. As we discuss later, this is because smadtripes.

but finite local tilts are still present in the structure even in  In Fig. 4 we show a comparison of two model PDF’s, one
the HTT phase. where the tilts belong to the LTO type, and the other that is

B. Local tilt directions as a function of doping
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FIG. 3. Dependence of the local octahedral tilt angle magnitude
(black circles | 6] on Sr contenk. Open circles present average tilt —250
angle magnitude obtained from Rietveld refinement done by
Radaelli and collaboratorésee text. The result shows thaltd| 500
smoothly decreases wheris increased. However, significant local
tilts persist even when the average tilts disappear. The data were L L L L 1 L

collected at 10 K 0.1 0.2 0.3 0.4 0.5 0.8 0.7
of LTT type. In Fig. 4a) we show the difference for the case r (nm)
of a 5° tilt magnitude and in Fig.(B) for a smaller 3° tilt. It
is important to emphasize that the only difference between FIG. 4. Difference in model PDF's for the LTT and LTO tilt
our models is in the tilt symmetrgor directions of the tilts ~ symmetry:(a) 5° case, andb) 3° case. The PDF for the LTT
keeping all other parameters constant, including tilt ampli-model is given as a solid line, while that for the LTO model is
tude. Therefore, the difference in the PDF's that is shown igresented with open circles. Difference curve is given below PDF’s
only due to the change in the tilt symmetry. for both cases.

As is usual with the PDF, some regions of the function are
rr;]uch m?fet,ﬁtqung'stf, affe%:[edt b)t/hthe chlz(inge thag gtgsrs- A For x=0.10 the situation is less clear. The tilt amplitude
change In Uit direction ariects the peaks around £.67 anfs now down to 3.6° making differentiation between LTO
2.95 A, that correspond t./S)-O1 and(La/Sp-O2 bonds, 14| TT harder. Both models fit quite well. However, we

respectively. There is also a large effect on the peak locate bte that in the critical region around=2.8 A the LTT

close to 80 A . Elsewhere in the PDF the changes are small, :
Notice that the peaks at2.8 A give a characteristic model actually has hetteragreement with the data than the

W-shaped feature in the difference curve, while the peak ll.'Tl'g mocéellarr:d n thl\'/ls chase (tjh?l dn;fere.nce curve fcriom the
~6 A gives a characteristic M-shaped feature. The change model has anM-shaped fluctuation centered at

are similar, but much smaller, as the local tilt amplitude di-~ 2-8 A consistent with some local LTT-like tilts. ,
minishes. As doping is raised beyond it becomes difficult to differ-

In Fig. 5 we present fully converged fits of the LTO and entiate between the LTO and LTT models. Both models fit
LTT models to the undoped material. It is clear that thequite well as evidenced, for example, by the 0.20 data set
undoped material has local octahedral tilts that have the LT@hown in Fig. 8.
symmetry: the fit is much better everywhere with the LTO
model, and particularly large fluctuations are observed
aroundr=2.8 A in the LTT model. IV. DISCUSSION

We are interested if evidence for local LTT-like tilts ap-
pears as the Cu(planes are doped. In the set of Figs. 6—8 ) ) ] )
we show the PDF’s for samples with different dopings: _The evolution of thdocal tilt magnitude, determined by
again, upper panels show the PDF for fully converged LTditting the LTO model to the PDF's from the data, decreases
models (solid line) and experimental PDF'$open circles ~ smoothly with increasing doping. This is consistent with
with corresponding difference curves; lower panels comparerystallographic studies which show a smoothly decreasing
PDF's for fully converged LTT modelésolid line) with the  averagetilt amplitude with dopindg’®*® Furthermore, it is
PDF's obtained from the daf@pen circleg and give corre- clear from Fig. 3 that the averadecal tilt amplitude is
sponding difference curves. guantitatively the same as the long-range ordered average

In Fig. 6, for x=0.05 we again see that the LTO fit is tilt. Although this may not seem surprising, it is widely ob-
better than the LTT one overall, and the characteribtic served in these materials that the averkgal tilt amplitude
feature is evident in panéb). The underlying local tilts are can deviate significantly from the long-range ordered value.
still predominantly LTO-like. This occurs when finite local tilts exist but the tilt directions

A. Tilt magnitude vs doping
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FIG. 5. (a) Fully converged model PDF with the LTO tilt sym- FIG. 6. (a) Fully converged model PDF with the LTO tilt sym-
metry (solid line) compared to experimental PDF fe=0 at 10 K metry (solid line) compared to experimental PDF fe=0.05 at 10
(open circles Difference curve is shown below the PDF’'s as a K (open circles The difference curve is shown below the PDF’s as
solid line. The dotted line shows the expected errors at the level oé solid line. The dotted line shows the expected errors at the level of
two standard deviationgb) The same for the case of LTT tilt two standard deviationgb) The same for the case of LTT tilt
symmetry. symmetry.

become disordered and the long-range tilt order is not prestructure which would be expected to modify the octahedral
served. This is very similar to a ferromagnetic-paramagnetigilting in their immediate vicinity*"“*It does not necessarily

transition where the local moment survives but the longimply any significance with respect to the charge doping in
range ordered moments average to zero. This behavior e planes themselves.

seen in the temperature dependence of the tilts in these
systemg1~435152The present result shows that the real, lo-
cal, tilt is decreasing ag increases: in these materials the
tilts are not just becoming disordered at low temperature by If charge is doped into the material, it can be either dis-
the action of doping but are smoothly decreasing. tributed uniformly or it can be localized and over some dop-
This is easy to understand by the argument that théng range it can form charge stripes. Localized charge would
copper-oxygen bond is shortening as holes are doped arghuse local polaronic distortions, forcing the octahedra to
this antibonding bond is stabilized. The plane buckling oc-change their shape, and affecting the magnitude of the tilts in
curs because the Cy@lanes are constrained to fit continu- the vicinity of the polaron. In addition, the presence of
ously with the rare-earth oxide charge reservoir layéfthe  charge stripes should affect the direction of the octahedral
buckling allows them to maintain a continuous structure withtilting since it has been observed that long-range ordered
the charge reservoir layers while relieving stress introduceg@harge stripes in the 2:1:4 materials have only been seen in
because the Cu-O bonds are just too long to fit perfectly. Asamples in the LTT phase. Thus, the observatiorooél
the Cu-O bonds are shortened by doping the amplitude of tilLTT-like tilts would be evidence for the presence lotal
needed to relieve this stress is reduced and the tilts smoothlharge-stripe order.
decrease. Local LTT-like tilts have been seen in the LTO phase of
In the high doped region there is not perfect agreementa, ;483 1,:Cu0,.% In this case tilt amplitude is larger than
between the local and long-range ordered tilt amplitudesit is in the Sr-doped case reported here (3.8° for°Ba,
The crystallographic result is constrained to be zero above=0.15, vs 2.9° for Srx=0.15, both at 10 Kwhich explains
x=0.2 where the global structure goes to the HTT phasewhy it was more clearly evident in the Ba-doped case. At the
There is a remanent amount of tilting of around 1-2° whichtime, there was no obvious physical justification for the pres-
persists even into the HTT phase. This is not completelyence of local LTT domains which were globally disordered.
unexpected because of the presence of Sr impurities in thdowever, it could be explained if the local LTT-like tilts are

B. Tilt direction vs doping
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La,CuQy, s (Ref. 59 which indicate elastic relaxations con-
sistent with octahedral tilts tunneling between different LTT
domains.

The first result we have demonstrated here is that the local
tilt direction in undoped LgCuQ, is [010] (LTO), and that
the PDF is clearly sensitive to the tilt direction for tilts of
magnitude=5°. The local tilt direction and magnitude is the
same as the average crystallographic tilt direction and mag-
nitude for the undoped material at low temperature and there
is no tilt disorder*®>°

For doping levels greater than zero the PDF results are

ﬁ¢750 n l l l l l 3 suggestive of the presence of local LTT-like tilts. The filt

g (b) zovonocce X20-10 data directions and magnitudes are disordered, and also could be
& fluctuating and could originate from an inhomogeneous
&) charge distribution in the Cu(planes. As we discuss below,

we expect that charge localization in a background of octa-
hedral tilts will give rise to complex patterns of tilt disorder
which our simplistic modeling using pure LTO and LTT
models cannot hope to reproduce. Below we describe quali-
tatively different models of tilt defects which give insight as
to when LTO and LTT tilts, respectively, are stabilized.

C. Tilt defect models

We introduce here several different models for the tilt
distortions which might be expected as a result of the pres-

FIG. 7. (a) Fully converged model PDF with the LTO tilt sym- €nce of localized charges in the tilt background. Our starting
metry (solid line) compared to experimental PDF for=0.10 at 10  point is based on the two following observatioia) Buck-

K (open circles The difference curve is shown below the PDF'’s as ling appears because Cu-O bonds are too long to match the
a solid line. The dotted line shows the expected errors at the level dponding in the La-O intergrowth layet3,and (b) Cu-O
two standard deviationgb) The same for the case of LTT tilt bonds become shorter on doping.
symmetry. In the absence of holes the equilibrium tilt amplitude is
5°. On average, the tilts disappear for0.2 which corre-
stabilized by the presence of local charge stripe order and gponds to a nominal copper charge state+@f2. If charges
the charges are fluctuating dynamically. Long-range LTT tiltcompletely localize, the charge state of the copper-B
order would also be inhibited at doping fractions away fromwhich is easily high enough to remove the local tilt. How-
rational numbers where the holes can order commensurate@yer, between the localized charges the material is essentially
with the lattice, even if the tilts were locally LTT-like. Mod- undoped and large tilts are expected. Because the,CuO
els proposed in the earlier work showed that global LTOplanes are a continuous network of corner shared octahedra,
symmetry can be recovered by a linear superposition of twdhese untilted defects will introduce strains and there is ex-
degenerate local LTT variants. Thus, spatially or temporallypected to be a distribution of tilt amplitudes. However, it is
fluctuating LTT domains can yield a global LTO tilt symme- possible to show geometrically that local LTT tilted octahe-
try. dra (LTT defectg can help reduce the strains.

The picture of local, fluctuating, LTT-like domains is also ~ We make the following assumptions in our models. First,
consistent with recent thermal conductivity measurenténts the undistorted tilt pattern is LTO-like. Second, that the lo-
where the apparently contradictory result was obtained thatalized doped holes form into stripes with one hole associ-
the thermal conductivity £) of insulating samples of rare- ated with every second CyQctahedron along the stripe.
earth doped La ,Sr,CuQ, was higher than that of similar The nominal doping then determines the average separation
samples which were conducting. Clearly the contribution ofof neighboring stripes. We then considered two possibilities.
the charge carriers to the thermal transport is negligibleThe first is that the charge essentially delocalizes along the
which is not surprising because of the low carrier density,chain making the Cu-O bonds along the chain short, but not
but also implied by this result is that the inelastic phononshortening the Cu-O bonds perpendicular to the stripe. The
scattering is significantly greater in metallic samples than irsecond is that each charge localizes on a single Gatfa-
insulating ones. The authors proposed that scattering wasedron, similar to a Zhang-Rice singB8tsharing charge
occurring off local domains of stripes. We would like to add density equally between each of the four in-plane Cu-O
that, in the present picture, this phonon scattering would b&onds. We introduce these defects into the background of
greatly enhanced if there were fluctuating domainstibf LTO tilts with the constraint that the octahedra are corner
disorder associated with these striped domains. The resuhared and displacements of an oxygen ion must be the same
that there are regions of locally fluctuating LTT tilts is also for neighboring octahedra. This gives rise to extended de-
consistent with measurements of the anelastic spectra froffiects which we can identify using only these topological con-

r (nm)
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FIG. 9. Schematic view of model(kee texk tilt pattern in the
CuG;, plane in the presence of charge stripes. Corner share¢ CuO
octahedra are denoted by squares with dashed crosses inside. The
FIG. 8. (a) Fully converged model PDF with the LTO tilt sym- @s_plapement of the apical oxygen above the pla}ne dqe to octahedral
tilting is shown with small arrows. In-plane O1 ions lie at the cor-

metry (SOH.d lin compared o experlmental PDF fior=0.20 at 1,0 ners of the octahedra and are displaced up or down by thérdts
K (open circleg The difference curve is shown below the PDF’s as . - : S
§howr). Open circles at the corners indicate an O1 ion which is

a solid line. The dotted line shows the expected errors at the level Oundis laced and lies in the plane. The presence of a localized hole
two standard deviationgb) The same for the case of LTT tilt P P ' P

is indicated by a black circle.
symmetry.
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2. Model Il
straints. We will refer to the first case as model | and the

d del II. Both model de for th In this model the localized holes on every second site
z?fg]o ig;ed%i;:g €l 1l. both models were made for the Ca%'?ong the stripe produce octahedra which are completely un-

tited. This is equivalent to placing an HTT defect in the
LTO background. Because the out-of-plane displacements of
1. Model | the O1 ions are removed, neighboring octahedra both along

With the LTO tilts, all of the O1 ions are displaced out of the direction of the stripe, and perpendicular to the stripe,

the bl ith q Bv shortening t fthe | take on an LTT-like tilt, as shown in Fig. 10. The tilt axes of
€ piane, either up or-down. By shortening two ot € -y, ) T_jike tilts propagating parallel and perpendicular to

plane *?O”ds e_1|ong the d|rect|_on of th_e charge stripe WE €Xhe stripes are rotated by 90° with respect to each other. As

pect this to bring the two O1 ions which lie along the stripe e hointed out in our earlier pap&tthe linear superposition

(denoted by open circles in Fig) thto the plane from their  of these two degenerate LTT variants yields the LTO sym-

displaced positions. The bonds perpendicular to the Stl’ipﬁ«]etry of tilts on average.

remain long. In this case, the local tilt persists, but changes As is clear from Fig. 10, patches of LTO-like tilts also

from LTO-like to LTT-like in the Stripe. The LTO tilt pattern persist in this mode]; however, the extent of the LTT-like

between the stripes is preserved, though the amplitude of thgting is greater than in model I. In the casexof & the ratio

LTO tilts may be locally distorted where it joins the LTT of HTT:LTT:LTO is 1:4:3. In general, for 1 holes the ratio

stripes. will be
From Fig. 9, for: doping we expect to get a ratio of

LTT.LTO tilted octahedra of 2:6. This number is given by

the ratio of the width of the stripe to the width of the un-

doped domain; in this case 1:3. In general, far hbles per

copper this ratio is given by 1n=2)/2. One assumption inherent in this model is that the LTT stripes
This model predicts that in the presence of charge stripepropagating perpendicular to the charge stripes persist all the

the local tilt distribution should be a mixture of LTO and way to the neighboring stripe. This is an approximation since

LTT tilts with a majority of LTO tilts in the doping range up the Cu-O bonds are long along this stripe and O1 ion dis-

to x=0.25. placements may not completely disappear along the stripe

_n—2

1: > (4)

N| S
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FIG. 10. Schematic view of model (see texttilt pattern in the r (nm)

CuG; plane in the presence of charge stripes. Corner share¢g CuO . , .
octahedra are denoted by squares with dashed crosses inside. TheFlG' 11. (8) Comparison of PDF’s produced by a mixture of

displacement of the apical oxygen above the plane due to octahedrlaii)lrge and small tilt amplitudes and the data from tee0.10

TR . . . sample. The solid line is the PDF obtained by mixing #he0 data
tilting is shown with small arrows. In-plane O1 ions lie at the cor- o . B o . o
. ; set (5° tiltg with thex=0.25(<2° tilts) data set in the ratio 1:1 to
ners of the octahedra and are displaced up or down by thértdts L . e
. . ) .~ . mimic the effect of a coexistence of large and small tilts in the local
shown. Open circles at the corners indicates an O1 ion which is

. T - tructure. The open circles show the PDF from the xke0.10
undisplaced and lies in the plane. The presence of a localized hole i = )
S : sample.(b) Thex=0 andx=0.25 data PDF's are plotted for com-
is indicated by a black circle at the center of the octahedron. . . ,
parison. There are large differences between these PDF's, yet when

. . . . _.they are mixed they reproduce the PDF of the intermediate compo-
(even though these ions are depicted as open circles in Figyio extremely well. The data were collected at 10 K.

10). Thus, when the charge stripes are well separated at low
doping we might expect that the ratio of LTT:LTO is smaller

than predicted by Eq4). comparison, the data PDF’s from thke-0 andx=0.25 data

are reproduced in the lower panel of Fig. 11. There are large
differences between them, yet when they are mixed together
they give an excellent account of the=0.10 data. This
These tilt models show that, if charge stripes are presenghows that the data PDF’s for intermediate dopings are con-
the real situation will be a mixture of LTO and LTT, or LTO, sistent with the presence of a distribution of local tilt mag-
LTT, and HTT tilts, and not purely LTO or LTT as we have nitudes. Interestingly, the largest fluctuations in the differ-
modeled. The presence of charged stripes, and regions bence curve between the=0.10 data and the mixture occur
tween the stripes with no holes present, implies that theratr~2.8 A andr=~6 A which is exactly where fluctua-
coexists in the local structure regions with strongly dimin-tions are expected if local LTT-like tilts are present. This is
ished tilts, and regions with large tiltas much as 5°) even also consistent with the fact that an inhomogeneous local tilt
in the doped materials whose average tilt is 3° or less. Welistribution exists in this material. These results are consis-
would like to see whether this picture is consistent with ourtent ~ with  the  observations of Hammel and
PDF data. We have made a simple test of this idea, and theo-worker$'134456of an inhomogeneous tilt distribution in
results are shown in Fig. 11. In this figure we compare PDF'sioped La_,Sr,CuQ, and LgCuQ,, ;s from NMR measure-
which mimic the situation we would have if there were aments. These authors measure the electric field gradient
coexistence of 5° tilts ang-2° tilts, with the data from the (EFG) at the La site which is very sensitive to local tilt
x=0.10 sample whose average tilt is 3.6°. We did this bydisorder and find a continuous distribution of La environ-
averaging the data PDF's from the=0 and x=0.25 ments similar to what would be expected from our models if
samples. The former has 5° LTO tilts and the latter sampldocal strains were also present. We cannot compare quanti-
has tilts with less than 2° of tilt amplitude. It is clear from tatively the tilt amplitudes because there is not a direct rela-
the figure that the incoherent mixture of large and small tiltstionship between EFG and octahedral tilt angle. The octahe-
reproduces the data from tle=0.10 sample excellently. For dral tilt angle can be found from point-charge models, or

3. Discussion
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more accurately from quantum cluster calculatiShspw- tilt amplitudes are small enough that the PDF is at the limit
ever, these authors have not published values for the tilt anef its sensitivity.
plitudes. Nonetheless, there is excellent qualitative agree- We have presented topological models for the tilt disorder
ment. we expect to be present in these materials in the presence of
charge stripes. These imply that if charge stripe domains
V. CONCLUSIONS exist locally there should be a coexistence of large and small
) _ tilts, and LTO and LTT-like tilts locally. A simple test using
In conclusion, we have shown that the PDF techniquespr gdata shows that this is consistent with our measured
clearly differentiates between the presence and the absenggyp's A single-crystal diffuse scattering, or electron-
of local tilts of CuQ; octahedra. The magnitude of the local giffraction measurement may be useful for elucidating this
octahedral tilts in La ,Sr,CuQ, smoothly decreases as a pojnt.
function of Sr content aT=10 K. This result is in agree-
ment with the result for the average tilt angle magnitfftf?,
olbta-irjed using sFandard-crystallographi(_: methods. Small but ACKNOWLEDGMENTS
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