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We have determined the anisotropic Debye-Waller parameters,@f®ig.1:CuO, with high precision using
neutron diffraction on single crystals. The mean-square displacements are explained well by the contribution
due to phonons and disorder induced by the mixing of La and Sr ions; the latter was simulated by relaxing the
structure locally. Our analysis puts rather low upper boundaries on the amplitude of possible hidden local
structural distortions; in particular, there is no evidence for in-plane charge inhomogeneities related to stripe
correlations. Further, we conclude that the tilt transition in ds8r, ;£CuQ, is essentially displacive and
continuous in nature.
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Local structural distortions in La,Sr,CuQ, are of im-  structure and thereby misses local distortions. However, in-
portance for the understanding of high-temperature supedirect evidence of local distortions may be obtained never-
conductivity as they may arise from a complex charge-spintheless: when the Bragg intensities are analyzed within a
lattice coupling. Such distortions have gained particulamondistorted structural model local structural distortions
interest after the discovery of a static stripe phase inshow up in the form of unusually large Debye-Wal({@\W)

Lay 4dNdo 4St 1CuO,. " No such static distortion has been factors (or mean-square displacementse., DW factors

found in La g5S1.15CUO, by neutron diffraction but a stripe  hich are larger than expected from the thermal excitation of
like feature was claimed on the base of Cu extended x-raythe phonons. In addition, we have studied the diffuse scatter-
absorption fine structuréEXAFS) experiments. Recently, jng around the superstructure reflections and thereby ob-

Bozin et al. have reported evidence for charge inhomogenes,ineq detailed information on local deviations of the octahe-
ities in the Cu@-planes deduced from pair distribution func- dron tilt.

tion (PDP studies® We will comment on both works.
Another type of local structural distortions discussed for.
La, ,Sr,CuQ, is associated with the well-known structural
phase transformation from a high-temperature tetragon
(HTT) phase to a low-temperature orthorhomkicTO)
phase, characterized by an octahedron rotation around i i
[110], direction of the HTT cell. This transition has been '€Ngth of 0.54 A obtained with a C(220) monochromator.
studied extensively and is generally believed to be of displa:rhe tWO'd'rnefk'*?lor}t':ll(Z_D)-posl'tlon SenS|'§|ve d.e'.[ector al-'
cive charactef.However, Haskekt al® deduce from a La- lowed us an effective integration of the intensities even in
EXAFS study that the tilt transition is mainly of order- the case of the 20 K low-temperature structure where the
disorder type when regarded as a function of temperature iffystal is twinned. At 20 K a set of 1509 reflections was
a Sr-doped sample, and that it has displacive character onfgcorded extending to @=100°, [siN@)/\]y.=1.4; at
as function of the Sr content. According to PDF studies the20 K 2439 reflections to @=90°, [sin(®)/A]na=1.3. In
octahedra remain locally tilted in the HTT phase ofthe distorted phase at 20 K superstructure intensities were
La,_,Ba,Cu0,.® Surprisingly, these authors find that octahe-recorded only up to @ =66°. The intensities were first av-
dra are always tilted around[d00]; direction in contradic- eraged according to Laue-groupsyhm (mmn) yielding
tion to the EXAFS resulfsand to diffraction studi€d on  an internaR value of 2.7%2.6%) for the 200 K(20 K) data.
La, ,Sr,CuQ,. A [100]; tilt corresponds to the one found in However, during the refinements it turned out that extinction
the second low-temperature phaspace grouP4,/ncm, effects are better described within an anisotropic model
LTT) whose most interesting property is that superconducwhich necessitates the use of a data set averaged according to
tivity is largely suppressed. the space group?l. Reflections suffering from extinction
To examine the local structure of LgSr,sCuQ, we  corrections stronger than 15% were excluded from the re-
have undertaken a detailed neutron-scattering study on higinements; sevefsix) reflections for the data at 200 R0
quality single crystals. Firstly, we performed a standardK). We applied corrections for thermal diffuse scattering fol-
structural analysis on a four circle diffractometer. The crysdowing the formalism in Ref. 10. These corrections, how-
tallographic analysis of Bragg-reflection intensitiés both  ever, are extremely weak; they yield a general enhancement
x-ray and neutron diffractionmeasures only the averaged of the mean-square displacements of 2 an&k 1@ °A? at

The two single crystals used in the present experiments of
volumes 20 and 500 mirwere grown by a floating-zone
technique and exhibit sharp superconducting transitions at

=36 K. Sets of Bragg-reflection intensities were recorded
gp the four circle diffractometer D9 at the ILL using a wave-
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20 and 200 K, respectively. Details of the experimental and TABLE I. Results of the structural refinements for
refinement procedure are given in Refs. 8 and 11. Lay gsS1o.15CUO, for 20 and 200 K: La/Sr atX,02), Cu ?t(g,O.Q,
Refinements of a large number of anharmonic thermaPl at(0.25,0.2%), and 02 at%,02). U;; is givenin 10°A2, Uy,
parameters to the sixth order revealed no significant imlr’:’%sm th:StgnsitngErﬁZhgua%d 8: ateig?e}?’n :endthnedgrtgs_
H | S , r Wi 1 | -
provement neither for the _200 K nor fqr the 20 K data. At dently top82424) and 1146(24)<210‘5A2 respectively(in tE]e
gggc}fuffgle ;2;85?%1;(;23‘(‘) ﬁ'?r?,:g (t:f:gStLaTl g \F/)igsglosbesteor\fzg table we give the average in order to compare to the calculations

- . - i and U denote the thermal parameters of O1 in #ie plane
Tio=186 K. The fact that anharmonic contributions t0 the o 41l and perpendicular to the CuO bond. The values in square

scattering distribution are negligible in spite of the precisionyackets give the calculated mean-square displacements, first the
of our experiment clearly contradicts the idea of an OI'der‘phonon contribution, second the additional contribution induced by
disorder transitiorl. In particular, there is no indication for the mixing of La and Sr, and third the sum of these both. Statistical
any predominance of local tilts. The probability density maperrors are given in parentheses corresponding to the last digits and
for O2 of the complete anharmonic refinement shows almosdo not include any systematic contribution.

perfect cylindric symmetry around theaxis. Furthermore,
there is no evidence at all for a pronounced anharmonic dis- T (K) 20 200
tribution of the O1 site, which should be split alongn the symmetry Abma H/mmm
case of local tilts. Further, the perfect description of the 20 K Reflections 2384 1459
probability density map with harmonic terms strongly dis- R, (1)/R,(1) 5.05%, 3.67% 3.48%, 2.65%
agrees with the idea that the local structure in the tilted phase

is essentially different from the LTO symmetry, which has L&/Sr—x 0.0045@6) /
been discussed in Ref. 12. z 0.360781) 0.360711)
The phonon contribution to the mean-square displace- Ui 180(4)[138/32/17Q 424(3)[421/25/446
ments can be calculated within harmonic lattice Uss 126(5)[108/20/12§ 2934)[288/20/308
dynamics® A precondition for this analysis is detailed Uis —5409)[/] 0
knowledge about the lattice dynamics of the compound, Cu—U;; 142(5)[114/2/114 2184)[204/3/207
which in the case of LggsSry 15CuO, was acquired by exten-  Ugg 2788)[231/37/268 6137)[548/36/584
sive neutron-scattering studigsThe lattice dynamical mod- Ui 13(19)[/] 0
els for Lag gsSrp1£CuUO, were based on the one described in 01—z 0.004493) 0
Ref. 15. Two slightly different models were used for U 261(5)[199/19/218 317(4)[285/18/303
=200 and 20 K, respectively, in order to account for the u, 4095)[358/19/377 607(5)[541/18/559
structural change from HTT to LTO and the temperature y,, 676(9)[519/71/590 11478)[907/51/958
dependence of the frequency of the soft tilt mode. 02—x ~0.0216211) 0
In Table | we compare the observed displacement param-, 0.1821@3) 0.1820@2)
eters to these lattice dynamical calculations. In earlier mea-
surements larger parameters obtained most likely due toBl gggig%iéﬁgzgg@ 1655;{;)7[)%2323/042321
sample imperfection$Only a few values in Table | are still Uss —45(12[/] 0

considerably larger than expected from harmonic lattice dy-
namics, in particular O2-y and O1-Ug, i.e., the two pa-
rameters associated to the tilt of the octahedra. The enhance- ) ) )
ments amount to 16328 and 422317 10~5 A2 for O1 and the triple axis gpectrqmeter_l Ta with a large crystal previ-
02, respectively, at 2200 K. These values correspond to ously used for meIastlc. st_udles. There is clear evidence for a
root-mean-square tilts of 1.3° and 1.6°, respectively, in théroad component persisting to high temperatures. At 320 K,
assumption that they totally arise from local tilts. This as-the diffuse scattering can be well described by a Lorentzian
sumption is, however, not justified, see below. (in the a and c directions, I «x*/[«*+(Q—Qg)?] with «

The DW factor describes the diminution of the Bragg-being 0.18 A* and 0.07 A alonga and c, respectively.
reflection intensities due to the smearing of the scatteringcompared to the widths typically studied in the context of
density. Thermal excitation of the phonons leads to inelasticritical scatterind®” thesex values are extremely large. The
scattering. Static disorder, on the contrast, transfers Bragdnterpretation in terms of correlation lengths should be con-
scattering into elastic diffuse scattering in-between the sharpidered with caution since the lengths are of the order of the
Bragg-peaks. In the idea that the enhancement of the oxygdattice constants, 6 A in thab plane and 14 A parallel to.
thermal parameters is partially due to local static tilt distor-One may compare the total intensity in the diffuse scattering
tions one expects diffuse scattering near the superstructute that of the superstructure peak at 10 K. The peak height
reflections in the LTO structure. Close to the structural tranamounts to only 0.5% of the low-temperature peak, but when
sition, there is the critical scattering related to the anharmotaking the broadening into account one finds a total diffuse
nicity which, however, rapidly disappears for temperaturesntensity of about 5% of that of the superstructure peak.
away fromT,_,.%" In contrast the tilt scattering due to Since the intensity of the sharp superlattice peak is propor-
La/Sr mixing should be almost temperature independent. tional to the square of the tilt, one may roughly estimate that

In Fig. 1 we compare scans through a superlattice peathe diffuse scattering corresponds to a local mean square tilt
position for temperatures of 10, 190, and 320 K obtained orof ~0.4 degrees squareRef. 2 or to a AU;;(02) of
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— 1+ 1 1 ever, be difficult to detect due to its we#&k variation. We
conclude that though there is diffuse scattering related to
(@) local tilt variation, it can be neglected when compared to the
average tilt. The phase transition inLa; gsSIp 1£CUQ, can
600 thus be pretty well described by a continuous transition of
second orderThe situation may be compared to the transi-
tion in K-doped BaBiQ which is also characterized by an
400 octahedron tilt. There, however, the pronounced disorder
- - completely smears out the transitith.

We have used the interaction potential model to simulate
the static disorder due to La/Sr mixing using distinct poten-
(@02) (rlu) tials for the La-O and the Sr-O interactions and distinct

charges. Largd4*4*4) super cells have been constructed

with random occupation of thé site by La and Sr ions
800 corresponding to the Sr contentxf 0.15. The variation of

the interatomic potentials results in nonzero forces on the

ions, when these are fixed to values of the average structure.
600  We then allow the ions to relax these forces by positional
displacements, whose squares were averaged over the super
cell. The results are given in Table I. The sum of the
phononic contribution and the La/Sr disorder induced distor-
tions is, in general, in quantitative agreement with the ob-
served mean-square displacements. The only significant dis-
(q,02) (r.lu.) (804q,) (rlu.) crepancy is found for O1-44. Our analysis leaves very little

space for any further distortions like those proposed by the
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— T T distinct local probe studies.
250 - (d) Haskel etal® proposed that the tilt transition in
- ® sharp compon. Lay gsShy.1:CuO, would be of order-disorder character. If one
> 200 ° ©  broad compon. would assume that the static low-temperature tilt-08°
@ s ° would persist in the HTT phase, the O2,Uparameter
oS 150 } should be enhanced aboVe_, by at least 2008 10 ° A2
-_CE, 5 . TS Such a behavior can be clearly excluded. There is only a
2 100 L small and little temperature-dependent local variation of the
% | ° tilt, whose amplitude even decreases upon heating.
d ° The model proposed on the base of the Cu-EXAFS
E S0f . experiment can be clearly rejected too, since the tilt of 16°
0 o L0 P Oqo&f_boo,o 0,0 in the socalledD stripes which occupy of the order of one

third of the volume would result in a contribution to; {of
0 100 200 300 02 of the order of 0.1 A This value is, however, almost two
T(K) orders of magnitude larger than any enhancement compatible
with our data. Also the weak diffuse intensity clearly contra-
FIG. 1. (8 (logarithmic scalg diffuse and Bragg scattering dicts the stripe model proposed by Biancenial ;2 the 7 A
around the(3 0 2) position. (b) and (c): scans through the diffuse large stripe with a 16° tilt would imply a diffuse scattering
scattering above the structural transition together with their descripeven sharper than the one found and about two orders of
tion by Lorentzian profiles(d): temperature dependence of the in- magnitude stronger in intensity.
tegrated intensities of the sharp component reflecting the long-range Finally, we want to comment on the possibility of local
superstructure and of the broad component. structural distortions related to the type seen by Tranquada
et all in the static stripe phase. The superstructure reflec-
70x 10~° A? which is significantly below the value for the tions seen by Tranquads al® are about six orders of mag-
local tilt reported by Boziret al. for slightly higher Sr con- nitude smaller than strong fundamental reflections. Tran-
centrations in the tetragonal phd$eThe diffuse scattering quadaet al. estimate the O displacement in the compound
directly related to the tilt may explain only one fifth of the presenting static stripe order to 0.004'Rassuming a dy-
thermal parameter enhancement observed fgf@2). One  namic or short-range correlation of the same magnitude one
may not expect that the entire enhancement is due to local tilould expect a DW-factor enhancement by 2B A2,
distortions, since the larger Sr will, in first approximation, i.e., far below the sensitivity of any DW-factor determina-
repulse neighboring O2’'s parallel to the planes. A tilt distor-tion. The minor enhancements still found in our experiment
tion arises only in second order due to the nearly rigid charfor Cu-U;; and O1- should be considered to be within the
acter of the octahedron and the anharmonicity of the latticeoverall reliabilities of the experiment and the model, though
The entire distribution of the diffuse scattering might, how-the purely statistical error given in Table | is smaller.
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Bozin et al. have recently reported evidence for disorderreported in Ref. 3. We note that our value is slightly larger
related to stripe order on the base of a PDE analysis. Theghan the values given in Ref. 3 far=0.0, 0.25, and 0.3, and
report a local bond length variation of 0.024 A, already muchit agrees well to the value obtained by single crystal diffrac-
higher than what might be expected for stripe correlationsjon for x=02 In other words, our results are in clear con-
similar to those reported by Tranquaeaal’® The PDF fjict with the central claim inRef. 3, i.e.,the anomalous
analysis further yields a mean-square deviation of the CUannancement of theCu-Olpeak width for optimal
O(1) distance,o?, enhanced by-200x 10 °A? for the Sr doping?-22

concentration ok=0.15 when compared to the=0.0 and In conclusion, we have used single crystal neutron scat-

x=0.3 values. One may note that these results are mcons.'?éring in order to study the average and the local structure of

tent with each other, since the proposed bond length varia- .
tion corresponds to ac? enhancement of only 60 aI_al_E;sSro_lf,CuO4. The comparison of the thermal parameters

X105 A2, Further, the width of the Cu-O1-peak given in obtainec_i by qrys_tallographic analysis with Iattice_dynamical
Ref. 3 is much larger than we expect from our data. In cas&alculations indicates some enhancements which may be
of uncorrelated displacements of Cu and @%,would cor- quantitatively exp_la_uned by the local structural relaxation due
respond to the sum of Cuqy and O1-Y which is 403 10 the La/Sr mixing. Furthermore, we observe weakly
% 1075 A2. However, we know that at least the thermal vi- temperature-dependent diffuse scattering indicating static lo-
brations are strongly correlated which leads to a significang@l tilts, which represents, however, only 5% of the total
reduction of the peak width. Following the lines of Chung intensity due to the long-range tilt distortion. Our observa-
et al?® we calculate from our lattice dynamical model that tions indicate that the structure in {@Sr, 1:CuQ, is pretty

this reduction amounts tao?=77x10 °>A2. Therefore, Wwell described by a displacive phase transition in a weakly
we expect a peak width of not more tham®=326  disordered compound; they put low upper limits for the am-
x10°°A2, i.e., much less than the value of 5200 °*A2  plitudes of any hidden local structural distortion.
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