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We describe théocal structure of crystalline Lgs ,Sr,Nd; ,Cu0, (x=0.12, 0.16) in the temperature range
10-300 K as determined from orientation-dependenKtedge x-ray absorption fine structup€éAFS) mea-
surements. Such XAFS measurementg-aiis-aligned powders permit distinguishing like atoms at similar
bonding distances because the measurement determines the angle of the bonds relativextis tidelocal
structure ofx=0.12 about La atoms up to their fourth nearest neighbors, the distance which can reliably be
probed by XAFS, does not correspond to any ofdlkierageperiodic structures determined for this material by
diffraction. The Cu-Q octahedra fox=0.12 are found to tilt 4.6%0.4° from thec axis along an axis in the
a-b plane 20.4%5° from thea axis. This suggests tHéccn (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
x=0.16 does fit the LTO2 structure and has corresponding tilt values o & and 19.5%7.5°. 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 tfig bigerence
length, indicating that the local structure is the relevant one when considering the pairing mechanism.
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[. INTRODUCTION of atoms, some of which are minor component dopants ran-
domly placed in the lattice. Of course site disorder is present
It is generally recognized that knowledge of the structurein these materials due to the doping of Sr and Nd atoms;
of materials is fundamental to an understanding of theithowever, another type of disorder that can be detected by
properties. The canonical method of determining this forXAFS is displacements of atoms from the average periodic
crystalline materials is diffraction. However, it has beenstructure, which generally is expected around dopants. In
shown that for many cases the structure determined by difparticular, XAFS determines the partial pair distribution
fraction does not correspond to the actual structure on theunction about the probe atom whose absorption edge is ex-
local interatomic scaléThe cause for this surprising fact is cited. One can determine the local distortions around dopants
disorder on the local scale which is averaged out inafte by measuring XAFS above their absorption edges. However,
erage periodic structure measured by diffraction. The localin this paper we present the results of measurements of the
structure has a special importance for the highsupercon- XAFS from theK edge of La atoms, one of the host atoms,
ductors because of their short superconductivity coherendeecause we want to determine any disordering on the host
length of ~10-20 A. The pairing mechanism of supercon-lattice since the averaging of diffraction is most heavily
ductivity is determined by interactions between atoms in theveighted by them. The local structure determined by XAFS
volume of the dimensions of the coherence length. If thethen can be directly compared to the diffraction structure,
local structure has a correlation length larger than the supeand any differences are due to disordering in the orientation
conductivity coherence length, then its structure is the relof the local regions. The use of orientation-dependent XAFS
evant one for understanding the pairing mechanism, and nain the sample composed cfaxis-aligned grains is essential
the average periodic structure as measured by diffraction. Wir unambiguously determining the local structure of this
have found local disorder in the Sr- and Ba-doped@izD,  complicated layered material. Making two independent
high-T,. superconductors® and the motivation of this inves- XAFS measurements with the x-ray polarization parallel and
tigation is to determine if local disorder is also present inperpendicular to the axis not only doubles the information
La; 6 ,Sr,Nd, ,CuQ,. This latter material is of great interest content of the data but also allows the separation of like
stirred by the discovery of static stripes by Tranquastagl.  atoms at similar bonding distances because the measurement
in the low-temperature phase of the-0.12 material by use also determines the angle of the bonds todtexis?? If the
of neutron diffractiorf-® sample consists of unoriented grains, then a spherical aver-
We employ the x-ray absorption fine structup€éAFS)  age is obtained and such a separation is not possible.
technique to measure the local structure since it is best suited The crystal structures of the high: superconductor
to investigate these materiakhat are composed of a variety La; ¢ SK,Nd, CuQ, have been widely investigated, particu-
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LTO1 LTT LTO2 HTT

O o FIG. 2. Planar La-O distances for CysOctahedra tilts fofleft
to right) LTO1, LTT, LTO2, and HTT. The oxygen atoms are the
o Cu apical oxygens of the octahedra centered about Cu in the, CuO
@ Lu/Sr/Nd neighboring plane. Smaller correlated La displacements are ne-
glected.
@ o

axis in thea-b plane, making a 45° angle with bothandb

of the tetragonal HTT structure. In that case, the elongations
along thea andb axes are the same, leading to the tetragonal
LTT phase. The most general case of the alternating rotations
is when thea- andb-axis components are not equal or zero,
leading again to an orthorhombic phase, the LTO2 phase. In
summary, the various low-temperature orthorhombic or te-
tragonal phases differ in the direction of their rotation axis in

FIG. 1. The HTT phase of LL&uO,. the a-b plane.

The rotation of the Cu-poctahedra about the Cu atoms is
larly after the observation of the static stripe phase. Since thgimost rigid. The basal plane of the octahedron rotates rig-
static charge ordering associated with the stripes distorts thgly but the apical oxygens rotate a slightly different angle so
low-temperature crystalline structure, its existence is dethat the angle of the line connecting the apicals slightly de-
tected by diffraction at superlattice diffraction peaks. X-rayviates from being perpendicular to the octahedral basal
and neutron diffraction measureméim$=2%found that the plane. The rotation causes the apicdRQoxygens(located
bulk structures of Las (SKNdyCuQO, (x=0.12-0.16) in the neighboring La-O planeto move in the La-Q®2)
have a phase transition from a space gr@&mab (LTO1)  planes from the center of their surrounding La as illustrated
—P4,/ncm (LTT) at ~60 K as the temperature is lowered in Fig. 2 for the LTO1, LTT, and LTO2 structures, accompa-
from room temperature with Rccn (LTO2) phase interme- nied by the corresponding motion of the four planar octahe-
diate between LTO1 and LTT for some rangexoThe LTO1  dral O(1) oxygens, which causes a buckling of the C(0
phase is also designated as the LTO phase in earlier liter@lanes. These @) and (2) oxygens are nearest neighbors
ture. Above room temperature these materials have anothés the La atoms. It is important to note that the motion of
transition to thel4/mmm (HTT) phase. The static stripe these oxygens due to the rotation is the largest of all of the
phase occurs in only the lowest-temperature LTT phaseshanges that occur between the three structures, and we use
though there may be dynamic stripes in the LTO1 phase. this feature to obtain the greatest sensitivity for discerning

All of the above phases have a simple relationship to on¢he local structure.
another consisting of CuzQoctahedra tilts from the HTT In fitting the local structure as determined by XAFS we
high-symmetry phase. The difference between LTT, LTOlare guided by our previous experience that the low-
and LTO2 can be visualized by starting with the HTT struc-temperature local structure referred to the host atoms is the
ture shown in Fig. 1. In this structure, the Cy-Gctahedra same as that determined by diffraction fordopedsystems.
are oriented with their pair of oxygen apices along (0@?1) However, fordopedsystems this is not a universal rule as we
direction. In describing the rotations of the Cy-Gctahedra  found for La_,Sr,CuQ,, x>0.202 and for the BKBO
in HTT about axes in tha-b plane it is convenient to em- systent! where the local structure was different in the
ploy the commora andb axes of the LTO1, LTO2, and LTT lowest-temperature phase. We assume the local structure will
structures, instead of those of HTT which are rotated by 45%atisfy the diffraction crystal structure at low temperatures as
about thec axis. The LTOL1 structure has rotation axes alongan initial guess and do the further analysis to refine the local
the a direction, passing through the Cu atoms, alternatingstructure.
from a right-handed to a left-handed rotation between neigh- In Sec. Il, we discuss the experimental details of the
boring unit cells along thé direction, leading to the elonga- preparation of Lag_,SrNdy ,CuO, (x=0.12, 0.16 samples
tion of theb axis relative to thea axis and the transition to and of the orientation-dependent Kaedge XAFS measure-
the orthorhombic structure from the HTT tetragonal phasements from the samples. The analysis of the XAFS data and
The LTT phase is produced by alternating rotations about aresults are presented in Sec. Ill. We discuss the local struc-
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ture of this material in Sec. IV and summarize the main
conclusions in Sec. V. Loy
Il. EXPERIMENTAL DETAILS 08f

Powder samples of crystalline La ,SrNdy CuQ, (x §0~6-
=0.12, 0.16 were synthesized by the solid-state reaction La, 4,5ty 1oNdg ,Cu0,
technique. The details of the preparation of the samples are 047 la Keodge
described elsewhere”? and the characterizations of the ¢
samples have been publish€dintered pellets were ground 02r T=10K
and sieved to produce single-crystal grains about L-#3 ol

which is much smaller than the absorption length of : : :
~122 um, eliminating any significant distortion due to the ve B0 E (?3343\;) 08 402
thickness effect® Then the grains were magnetically aligned
with more than 95% of theic axes along the field as con- ~ FIG. 3. Total x-ray absorptionyx) near the LaK edge of
firmed by x-ray diffraction(XRD). La1,488r0,12lA\ld0,4CuO4 as a function of the incident x-ray energy at
For our XAFS measurements there are several advantagé8 K. Thec axis was aligned parallétop) and perpendiculafbot-
using powders of oriented single-crystal grains instead ofom) to the electric field vector of the x rays. Thex axis has an
single crystalsia) Compositional homogeneity may be su- arbitrary origin and the two curves are shifted relative to one an-
perior with “powders.” Often in crystals there are composi- Other.
tional variations, either along the growth axiprobably
metal ratio$ or from interior to surfacgoxygen contents L SSNij(
There also may be non-214 inclusions in the “crystal” ma-  x(k)=—2, 3(e-r;)? K2
terial. (b) It is possible to control the absorption thickness of ! "]
powders so as to optimize the XAFS signal in transmission X sin 2krj+ o (k,rj)], (3.2
while typically single crystals are too thick for transmission,
requiring fluorescence measurements with a consequent deg- - i N o
radation of the signal from concentrated elements such as L _hgree Is the e.Ieanc field d|rect|oq of the incident x ’23’5'
(c) Finally, we used the same powder material on which'\j IS the coordination number of thgh shell of atomsS;
XRD measurements were madeo as to ensure that any a}ccognts for the change of the passive electrqn wave func-
differences seen between XRD and XAFS are not due t§Ons in the presence of a core hakg, is an effective curved
sample preparation. wave backscattering amplituds,is the effective interatomic
Transmission measurements for the XAFS at theKLa distance;zrj2 is the mean-squared relative displacement in the
edge(38.925 keVf were performed at beamline X-11A of the effective interatomic distance\ is an effective mean free
National Synchrotron |_|ght Source by using a @1]_) path which includes the finite lifetime of the core hole, alhd
double-crystal monochromator. The energy resolution waés an overall scattering phase shift from the probe gifd
AE=16 eV at the La edge. For comparison, the core-holdackscattering atoms. Multiple-scattering paths are included
lifetime broadening of the LK edge is~20 eV!*The mag- in the analysis.
netically aligned samples were put in a gas tight copper cell In order to analyze the measured XAFS data, we used the
with Kapton windows and indium seals, filled with He gas UWXAFS package'’® First, x(k) was extracted by subtraction
for thermal exchange, and attached to a cold finger of a disof the atomic backgroung.y(k) from the raw datau(k).
plex refrigerator. Angular-dependent XAFS data were ob-Figure 4 showsy (k). Comparing different scans, we con-
tained by rotating the samples relative to the horizontaflude that the contribution of noise to the XAFS signal is
electric-field-polarized synchrotron radiation. significant fork>14.5 A%, especially for thesl c data.
The samples were made and measured to have edge stefisice the absorption background varies substantially near the
of Aux ~1. Figure 3 shows total absorptiopX) at the La  absorption edge, the uncertainty inis greatest there. To
K-edge for thex=0.12 sample as a function of incident pho- minimize these uncertainties only the XAFS data in the

k,r;
)e—zkzofe—er IN(K)

ton energy, measured at 10 K for orientatiogl; andz.L c. range of 3.5—14 A were used for further analysis. Choos-
The data are vertically shifted. ing the lower cutofk point anywhere in the range 3—4 A
produces insignificant variation of the fit parametdrs (k)

I1l. DATA ANALYSIS AND RESULTS was Fourier transformed tospace and fit to the theoretical

XAFS calculations ofrerrz!’ The dotted lines in Fig. 5
Show the magnitudes of Fourier-transformket (k). The

abscissa is about 0.5 A shorter than the true distances from
(k)= po(K)[1+ x(k)]1, (3.1) the probing atom La because of tHe dependence of

wherek is the photoelectron wave number relative to the$(K,r}). The range of the fit in is 1.7-5.5 A as indicated
Fermi wave number. FoK edges (%), the XAFS modula- by the vertical dashed lines. We call this the full range of the
tion can be written within the harmonic approximation for fit. Later we will fit only the first shell which covers the
lattice vibrations® as range of 1.7-2.7 A

The x-ray absorption coefficient above the edge can b
described by
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P4 6 10~ 14 18 FIG. 5. Dotted curve is¢®®{r), the Fourier transform of the
k (A7) XAFS datak?y (k) of Lay 465t 1Nd, 4CuQ, at 10 K. Solid curve is

FIG. 4. XAFS, ky(K), obtained from the previous figure as a a best fit assuming a modification from the LTO2 structure as de-
function of photoelectron wave vectlr Three scans are shown for SCribed in the text is the distance from the La probe atom without
4[& and two scans fokL & correction of phase shift. The two vertical dashed lines indicate the

T region over which the data were fit. The data were simultaneously

. . . . fit for both orientations.
The theoretical fits to the data necessitate assuming a

model with structural parameters which are varied so as tédependent of distance were variables. Single-scattering as
get an acceptable fit to the data. First we assume that at lowell as multiscattering paths were included. Assuming that
temperatures there is no disorder so that the local structure N¥d and Sr dopants are randomly distributed on the La site,
the same as the LTT given by the diffraction res6ftd-1°f  the theoreticaly’s contributed by backscattering from La,
that does not give a satisfactory fit, then we repeat, assumirk]dg and Sr atoms were obtained by adding them with
the other two diffraction determined structures for these maWeights:  (0.8x/2)X x4+ 0.2X ng+ (X/2) X s, for
terials: namely, LTO1 and LTO2. If a satisfactory fit is still L216-xShNo..CUO, (x=0.12, 0.16. The two sets of XAFS
not obtained, then we try to fit only the first shell of atomsdata (ellc and el c) were simultaneously fit to the XAFS
with parameters consistent with the crystal symmetries otheory. ) _ )
LTT, LTO1, and LTO2. The first shell of atoms areéXDand The results of the best fit arcza given in Table | as the1TT
O(2) atoms that, from crystal symmetry, comprise the oxy_model. Goodness of fit criterigs, r fact_or, dggrees of free-
gen portion of the Cu-Q) octahedra. The different crystal dom », number of independent points in the dats,
symmetries allow the different directions of tilt of octahedra=(2AkAr)/7+2, are defined in Refs. 3, 17, 19, and 20.
shown in Fig. 2. The symmetries require that the QMO Here At andAk are the range of andk space used for the
basal plane of the octaheda rotate rigidly. Finally, if none ofanalysis. The number of paramet&sised in the fit is given
the preceding gives satisfactory fits, then additional variableby P=N,— v. The parameters are listed further below for the
are added to allow a nonrigid rotation of the C@tDportion ~ LTO2 structure which has the largest number. A small value
of the octahedra. As we find below, we need to proceed to thef the r factor =0.02 (Ref. 16 indicates an acceptable fit
final step before obtaining a satisfactory fit. was obtained. However, ij(§>1, then this indicates that
A best full range?=1.7—5.5 A fit was made for the LTT Systematic errors dominate the uncertainty and rescaling
crystalline structure of Lgs SrNdy ,CuO, (x=0.12) de- He\/;z,, recovers thec?~1 criteria for a good fit. Uncertain-
termined by powder neutron diffractidfiIn the fit, only one ties in the parameters, which are calculated by the change
o? for each shell(defined as the same atoms at approxi-needed to increasgﬁ by 1/v from its minimum value(one
mately the same distancand E, for each type of atom standard deviationand include the effect of correlations be-

TABLE I. Fits with different models at 10 K of the first shell consisting dfiPand Q2) nearest neighbor
atoms to the La probe atoms. LT the local structure as determined by neutron diffraction measurements.

Model % r factor o? of planar oxygens (A N, v

Ar=0 Ar#0 Ar=0 Ar#0 Ar=0 Ar #0 Ar=0 Ar#0
LTT? 94.83 0.0870 0.00944) 17 12
LTT 44.39 23.71 0.027 0.012 0.01(HH) 0.016362) 17 9 6
LTO1 50.84 42.66 0.021 0.016 0.0159) 0.011774) 17 9 6
LTO2 51.12 29.18 0.015 0.013 0.0085% 0.00314) 17 8 6
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tween fitting parameters, are rescaled\}%. Two fits with ® @Z‘ ® @3‘ PY
similar values ofy are significantly differenftwo standard
deviations if the ratio yX/x2=(1+2+2/v), the fit with the of of of of J
lowest x> being better. The best fits presented here have g ‘1 9N ‘2 ® a
factor =0.02 and 1€ x2<30, indicating that systematic er-
rors are~3—6 times greater than statistical errors and are °
dominant. ® 2] 3 o .00
Since an acceptable fit requires that théactor be less 2 3
than 0.02!® the r factor of LTT® shows that its fit is not ot 3 Pt ot
satisfactory. We conclude that the model of the crystal struc- 3 4| 4 4 O 0(1)
ture determined by Rietveld refinement of neutron diffraction o Cu
data is not an accurate model for tbeal structure measured o o o o
by XAFS. We denote this structure the LTModel in the
discussion below. o é
We next investigate whether a satisfactory full range fit to FIG. 6. A view from on top of the La-(2) plane(solid circles
thze XAFS data can be obtained when we allowe.d not OnIleith the Cu-Q1) plane abovgopen circlep in the HTT phase of
o° andE, to vary but al_so the LTT s_ymmetry permltt_eldy, La,CuQ,. The local tilt determined from XAFS is illustrated by the
andz values of the various atoms in place of varying eachyigpjacement of the @) and Q2) oxygens, as discussed in the text.
interatomic distance, separately. This assures that the crystglhalier correlated La displacements are neglected. The first neigh-

symmetry remains Sf”‘t,iSﬁEd during the fit anq has the add,egors to the center La atoms fet ¢ are indicated by the thick solid
advantage of minimizing the number of variables. The fItlines. The numbers correspond to the atoms listed in Table II.

was started with the atoms placed at the sites of the LTT
structure determined by neutron diffractifiaroms (part of

A4

A 24
L
\\
L 4

the UWXAFS package calculates atomic types and locations atoms most sensitive to Cu-O octahedral tilt while the second
P 9 yb shell contains the Cu atoms of the octahedra in addition to

with givenx, y, andz values, anderr7 (Ref. 17) is used to . .
calculate theoretical XAFS for the atomic types and posi—the nearest planar La neighbbrétowever, at larger dis

. . . : ances the modified LTO1 structure is preferable. Thus, none
tions. The theoretical XAFS signal was fit to the measure(} . . . ) ’
XAFS data while varying y, z, o2, andE, using thererFIT of the crystal symmetries give a satisfactory fit over the full

program (part of the UWXAFS packagg until a best fit is range of the local structure determined by the XAFS data.

obtained. SinceaTtoms calculates atomic positions with an Since the first shell gives the most sensitivity for deter-
) : ) nic p y mining the direction of the tilts of the octahedra, we now
given crystalline space group and its allowedy, and z

values, the models for the crystalline structure can be conIjmit our analysis o the first shell. We optimize the param-
trolled 'b choosing the desire?jl crvstalline space arouo in th eters used previously for fitting the three crystal symmetries
. oy 9 : Y P group Bver the full range, but now only for fitting the first shell
input file of AToMs. Again, a satisfactory fit was still not

attained. We next repeated the last fitting procedure but v 9¢ and withAr = 0. The fit results for the nearest

for the other crystalline phases found by diffraction belowneighbor oxygens of a La atom are summarized in Table |
room temperature, the LTO1 and LTO2 phases. None of th(g:‘mder the columns labeletr =0. These best fits for nearest

full range fits were found to be satisfactory, though the LTOZn?'g_htlormg oxygens were _obtalned by refitting the Qata
structure gave the closest fit. within r of 1.7—2.7 A by varying only the parameters which

Then the requirement of accurately maintaining the crys-

tal symmetry was relaxed by allowing two additional param- LOF (o)

etersAr’s for each of the different types of oxygen nearest _ o8l LTT

neighbors, i.e., the four La{@) planar oxygens and the one Nf ogl €L data-

apical La-@2) oxygen from the neighboring La-O plane and E 0'4 I — it

the four La-Q1) oxygens in the nearest Cu-O plafsee Fig. -

6). The data did not support more uncorrelated parameters to 0.2f

determine the distortion in greater detail. Again the data were 1 8_

simultaneously fit foke||c andeL ¢. The required magnitudes _ osl

of Ar were least for the assumed LTO2 structure, being less =

than 0.02 A. The fits were better than without the’s but = 06

still not satisfactory. Figure 5 shows full range best féslid B 04y

lines) for the initially assumed LTO2 structure fda) €||c O'i' ]
8

and (b) eLc. Figure 7 shows best fitssolid lineg for the
initially assumed@) LTT and (b) LTO1 structures fote.L c.
The el ¢ data have the greatest sensitivity to detect the di- FIG. 7. Solid curve is a best fit with the 10 K datiotted curve

rection of the tilt angleFig. 2). The LTO2eL c fit is best for  for x=0.12 andeL ¢, assuming modifications as described in the
the first and second peakthe first shell consists of oxygen text of (a) the LTT and(b) the LTO1 structures.
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TABLE II. The first two shells for the La probe local structure of;LgNd, 4Sr 1 CuQ, at 10 K. The first
shell consists of the three types of oxygen atoms, and the second shell consists of four Cu atoms, and four La
atoms. These atoms are labeled as shown in Fig. 6xTheandz coordinates are the best fit assuming the
LTO2 crystal structure and setting the origin at the La probe atom since XAFS measures the relative distances
from the La probe to the neighboring atoms listed in the first column. Ae are the values that were
required to add to the distances determined byxthye andz coordinates to obtain the best-fit distances from
the La probe atom. Thus, the distance between the La probe atom and its neighbors is gixén % (
+2%)%5+ Ar. As discussed in Sec. IV the XAFS measurements did not have the resolution to distinguish the
small differences in the La and Cu distances from an average distance and a mean-squarecdistaier
the average. Only by assuming the LTO2 symmetry could these distances be individually distinguished.
However, the XAFS measurements did have the resolution to distinguish the difference of the various crystal
structures in their first-shell planar(2) oxygenso?, and it was this capability that determined the local
structure for this material to be LTO2.

Atom x(A) y(A) z(A) Ar(A) r(A)

Lag 2.63710) 2.60410) 0.0 0.001390) 3.70713
La, —2.684(10) 2.60410) 0.0 0.001390) 3.74113
Lag 2.637110) —2.745(10) 0.0 0.00130) 3.80913
Lay —2.684(10) —2.745(10) 0.0 0.00180) 3.84013)
Cy, ~0.012(1) 2.63010) ~1.827(7) —0.0065(35) 3.2030)
Cu, 2.64910) ~0.035(1) ~1.827(7) —0.0065(35) 3.2120)
Cus —2.673(10) —0.035(1) ~1.827(7) —0.0065(35) 3.2310)
Ccu, ~0.012(1) —2.710(10) ~1.827(7) —0.0065(35) 3.262.0)
o(1), —1.342(5) —1.373(5) —1.687(7) —0.0139(43) 2.5401)
o(1), 1.3185) 1.3025) ~1.968(7) —0.0139(43) 2.68d1)
O(1), 1.3185) ~1.373(5) ~1.763(7) —0.0139(43) 2.58(11)
o(1), ~1.342(5) 1.305) ~1.892(7) ~0.0139(43) 2.64@1)
0(2), 0.0541) 2.4619) 0.5342) —0.0117(40) 2.5081)
0(2), 2.58310) 0.14305) 0.5342) —0.0117(40) 2.6311)
0(2)s —2.738(10) 0.1436) 0.5382) —0.0117(40) 2.7821)
0(2), 0.0541) —2.888(10) 0.53@) —0.0117(40) 2.92a1)

contribute to the first oxygen shells, including they, andz  disorder. The vibrational motion at 10 K is zero-point motion
values, while keeping the parameters inthregion from 2.7 Which can be determined by requiring consistency with the
to 5.5 A fixed at their values determined by the fit of the datatémperature dependence that we discuss below and show in
within the full T range of 1.7-5.5 A. This effectively sub- Fig- 9, below. The LTO2 structure has thé value of the

tracts the contribution from the atoms beyond the first-2€ro-point motion while the LTT and LTO1 structures re-
neighbors that overlaps the first neighbor fitting range. Nonéluire an additional structural disorder to explain its value.
of the models fit well in theAr=0 columns. The LTO2 The question then arises whether the 0.0£3 dbr
model satisfies only the factor criterion, while the others 0.009 &) increase in structural disorder of thé2Dis due to
satisfy none. Thus, we find that a rigid tilt of the C{id® choice of the wrong model or reflects disorder caused by the
octahedral basal planes cannot fit the local structure as deteamndom occurrence of Sr and Nd on the La site inherent in
mined by the XAFS measurements. The LTT, LTO1, andthe structure. Assuming that the disorder occurs primarily at
LTO2 models exhaust all of the possible rigid basal plane tilnearest neighbor sites of Nd atohad taking into account
rotations about axes in theb plane. that only 20% of the sites have Nd nearest-neighborsgthe
We next relax the condition of a rigid tilt of the Cu¢Q  structural disorder at Q) is an order of magnitude greater
octahedral basal planes by adding, as done previously ovénan that induced by the difference between Nd and La radii
the full range, the variablesr; andAr, to the La-G1) and  of 0.07 A. Thus we conclude that the large structural disorder
La-O(2) distances, respectively, determined by thg, andz  for LTT and LTO1 structures is due to the choice of an in-
variables. The best fits are presented in Table | under thappropriate model, and only the modified LTO2 model fits
column Ar+#0. Here there is a significant improvement in the XAFS data for the first-shell La neighbors.
both Xﬁ and ther factor for all three structures: LTT, LTO1, Table Il presents thg, y, andz, andAr values from the
and LTO2. All three structures now satisfy théactor crite-  La-probe atom of its first three shells. The first shell consists
rion, and the LTO1 has g2 value only a standard deviation ©of the Q1) and G2) oxygens while the overlapping second
worse. However, note that the? of the Q(2) atoms is much and third shells(producing the second peak at abaut
larger for the LTT and LTO1 than for the LTO2 structure. =2.7 A in Fig. 5 consist of the Cu and La atoms, respec-
The o is a measure of both the vibrational and structuraltively. The x, y, and z values satisfy the symmetry of the
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LTO?2 structure while thé\r values weakly break this sym-

metry to obtain a best fit to the local structure. Theory pre-
dicts thatS(Z) is independent of temperature. This was verified S
by fitting the data measured at 13 temperatures from 10 tcg
300 K, giving an average value &=0.97+0.01. In the = 0197
subsequent fit§ was fixed at 0.97.

The LTO2 fits to the first-neighbor oxygens over the
range 1.7-2.7 A given in Table | used 9 parametersAfor
=0 and 11 forAr #0 with the origin at the probe La atom.
These parameters fohr=0 are E,, an energy shift of
~1 eV to correct the scattering phase shift from the nearest:
neighbor oxygen atoms; three?, one each for the Q)
atoms, the planar Q) atoms, and the apical(@) atom; the
X, Y, andz for the Q2) atoms; and one each for the QL)
and 1)’ atoms. Two more parameters were addedXor

#0: namely, oneAr each for the @) and Q2) atoms. In A
data of thex=0.12 samplddotted curvesfor el ¢ at 300 K, and

Table I.I the fit range of was 1.7-5.5 A’ increasinty, .by best fits(solid curve$ with different models, assuming modifica-
37, while the addition of the Qu and La atoms required 1955 as described in the text, of th® LTO2, (b) HTT, (c) LTOL,
more parameters for the best fit, namely, §, andzfor the  gnd(d) LTT structures.

La and Cu atoms; E,'s for the La and Cu atoms; 8 for

Fhe various scattering paths; and 3 significants. Thus, structure of the first neighbor(@) atoms(LTO2 modified by
including the nearest-neighbor oxygen shell of Table I, there

are 54 independent data poits and 30 parametef, giv Ar) is similar to the 10 K structure, within uncertainties.
ing 24 degrees of freedom in the fit that determines the We analyzed XAFS data of kgt 1Ny LCuC; in the

I listed in Table II. Th Gt h i Table II temperature range 10—300 K with the same procedure used
valueti Isted in ?h ef' .t i € quﬁn”' 'e? Ii OVZ_’n In ta' € ?hrefor the endpoints. Figure 9 shows parameters as a function of
gggres?c?xr;/egse:]n CE zlirr?d I\iv;asto;: o Fg. > containing etemperature. There being four separate distapegs Ya)]

P . ) . observed for planar oxygen throughout is consistent with

From thex, y, andz values in Table Il of the best fit of the v P Y9 ughout | ! w

i . LTO2; no structural transition is indicated. In Figb® the
modified LTO2 structure, the rotation of the COpper'oxygentemperature dependenf fits an Einstein modat with © .

octahedroh can be determined by calculating the positions_ : .
of the oxygens in the La plane relative to the position of the 450=16 K. The reduced mags, used in calculating)

“1_ -1, -1 ;
center Cu atori,as noted above and illustrated in Fig. 2. The V@3 the usuan, “=mgq"+m,, , wherem is the mass of

tilt angle of the octahedron relative to tkeaxis is found to 22n2)i(sytge?1rt1vz\3itt?1rgr?gg15|_gr:cszet2? (g?sisr?jeorfiﬁth)?jﬁ(tzgg.b-rgsstlrsuc-
be 4.6°:0.4° and the rotational axis of the octahedron is y

20.4°+5° from thea axis. The rotational axis found by the tural phase transitioany such mean-square disorder must

XAFS is that of the LTO2 structure and is about half way be|:<0'0015 R, thet_meﬁlsurzmenéuncertamty 4 CUO
between the LTO1 and LTT structures. They, andz values or near optimally doped LasSf.1gNdo.LCUO,,

: rientation-dependent XAFS measurements at th& kedge
employed satisfy the LTO2 crystal symmetry and represent 8
rigid tilt of the octahedra. Thar corrections are only of the Were also performed for the temperature range of 10-300 K.

. L At 10 K, a best fit to the XAFS data finds that the local
_ord_er .O.f 0.02 A, an_d thg mtroc_juced nonrigidity causes tructure fits the LTO2 crystalline structure throughout the
insignificant uncertainty in the tilt.

As discussed in Sec. IIl the small value of thdactor ~ Wholer range, in contrast to the=0.12 sample; i.e., the

indicates that a good fit has been achieved but the |ﬁﬁge structure is consistent With a rigid tilt. The tilt angle of the

indicates that systematic errors introduced by backgroun{u-© octahedron to theaxis is found to be 3.820.5° and

subtraction uncertainties, theory approximations, and med"€ rotational axis of the octahedron is 19:57.5° from the

surements are dominant. The quoted uncertainties of the p& @Xis. The tilt angle is marginally smaller than, while the

rameters in the tables and the text include the contribution of

the systematic errors. TABLE llI. Fits with different models at 300 K of the first shell
We analyzed the 300 K data with the same procedure aspnsisting of @1) and 42) nearest-neighbor atoms to the La probe

the 10 K data, except that we also considered the HTT strugtoms.

ture. Figure 8 shows the magnitude of the Fourier

N§ 0.30

IPT(k%)]

FIG. 8. Magnitude of Fourier-transformed L&edgek?y(k)

A A 2 2
transformed XAFS datédotted ling at 300 K forel ¢ with ~ Model  x,  rfactor o of planar oxygens A N v
best fits(solid lineg, simultaneous for both polarizations, for |To2 1190 0015 0.00761) 16 5
the four structures. The distinctions between the varioug;Tr 1306 0.019 0.02785) 16 7
models can be determined in the IGWFegion, <45 A, LTO1 16.80 0.020 0.01249) 16 5
where signal-to-noise ratio is favorable. Best fits are summa-TT 1026 0.012 0.01224) 16 5

rized in Table Ill. We conclude that the room-temperature
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Sr (x = 0.12), La—0(2) Sr (x = 0.18), La—0(2)
a' I I I ' I a' I I I ' I
3.01 (@) 1 3.01 (@)
1833328888 3 ¢ 3 3 s2g38%z382 ¢ 3 H z
— R.Bsfszisiiig 1 ; 3 z — R.8[ssgstigizs 5 1 T b1
= ¥ = 85338 3 ¥ 5 E
|s%25825%52 3 3 3 E RELL]
= 26 PEEPTITEEEIE BEPR H L R T :
24 (2235853338 § 3 3 H 24 [s233%33538 53 3 H g
0.010 t t t f t t 0.010
ooosl ® e, =450 x 16 K E ] ooosl ® e =47 : 15k } ]
g 0.006 g 0.006 E
S 0.004F ~ 0004@%/
0.002 0.002 ]
%50 100 150 200 250 300 %50 100 150 200 250 300
T (K) T (K)
FIG. 9. (a) The distances an@) o of the nearest () oxygens FIG. 10. The same results as in the previous figure but for the

from the La probe atom in the La{@) plane as a function of x=0.16 sample.

temperature fok=0.12. The top four plots iia) are for the planar

0O(2) oxygens and the bottom is for the apicalZDoxygen along

the ¢ direction. The solid line inb) is a best fit with an Einstein  the other structures. The fact that the modified LTO?2 struc-

model and and®g=450+16 K. ture also gave a good fit to the second peak in Fig. 5 con-
sisting of the second shell Cu and third shell La atoms, and
the modification needed for this best fit was less than

rotational axis angle is consistent with, those of the =0.01 A, justify using the crystal symmetry to distinguish

=0.12 material, though the uncertainties are somewhahe various La and Cu distances as listed in Table I1.

larger because the data had more noise. Figure 10 shows the Qur XAFS study found that the local structure is indepen-

same information as Fig. 9 does for the=0.12 sample. dent of temperature and does not fit any of the crystal struc-

Again, no structural transition was detected and the locajures found by diffraction; namely, LTT, LTO1, LTO2, or

structure remained LTO2 over the temperature range 10-30QTT. In all the tiltedcrystalline phasegLTT, LTO1, LTO2)

K. A best fit, solid line in(b), of an Einstein temperature of the octahedra rigidly rotate their basal planes consisting of

©g=470* 15 K gives a similars® temperature dependence the interior Cu atom surrounded by its four nearest-neighbor

as found in thex=0.12 doped material. O(1) atoms. As shown in Fig. 6, the octahedra share each of
their O(1) base atoms with a single neighboring octahedron,
IV. DISCUSSION and this coupling produces a periodicity in the C(tplane

of neighboring octahedra rotating in alternating sense to each

As pointed out in the Introduction, diffraction by x rdy8  other. The periodicity requires the rigid rotation of the Cu-
and neutron$'® found the crystalline structure of O(1) base. The axis of rotation of each octahedron passes
Lay 4651 1Ndy 4CuO, at low temperature to be LTT. XAFS through the Cu atoms so that for small rotations th@)O
measurements, which determine the local structure, have trioms move perpendicular to the plane of Fig. 6 and are
capability to determine with high resolution the relative dis-denoted by+ (—) signs for motion up(down) along thec
tances between the probe atom, La in this case, and its suaxis.
rounding atoms. Resolution is the ability to distinguish be- We find for thex=0.12 sample thalbcally the tilt angle
tween separate distances and a mean-squared disefder is 4.6°+0.4°; the rotation axis in tha-b plane of the local
about the average distance. It is given b§r,;,, structure makes an angle about halfway between the LTT and
=1/(2Kmay =0.11 A, wherekya,=14 A™1 in our mea- LTO1 phases and, thus, is closest to the LTO2 phase. How-
surements. This criterion is the condition that a beat occur irever, the rigidity of the octahedral basal planes is lost, so the
x(k) due to the separatiodr ,,;,, (Ref. 6, and is analogous LTO2 periodicity is not imposed. An local density approxi-
to the Rayleigh criterion for resolving two points with light. mation (LDA) calculatio¥® of the band structure of
When more than two distances are close together as is tHe,CuQ, found that the HTT phase with no tilt is unstable at
case here, then the resolution estimate for two distances isan energy maximum, consistent with the XAFS result of the
lower limit. The resolution realized bl,,,,=14 A~ is the  octahedra remaining tilted locally at all temperatures. Xhe
same as that by scattering of x rays or neutrons of wave=0.16 sample had a marginally smaller tilt angle of 3.8°
number transferg=2kn,,,=28 A"1. As can be noted in +0.5°, and within uncertainty had the periodicity of the
Table 1l the oxygen atoms are the ones that can be mo4fTO2 structure. Thus, there was some change in the local
clearly resolved by XAFS and it was this capability that structure betweer=0.12 and 0.16.
helped the XAFS to choose the LTO2 local structure from The apparent discrepancy between the XAFS and diffrac-
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tion results is related to the fact that diffraction and XAFS 0.010
measure different structures. Whereas XAFS measures the
local structure, i.e., the partial pair distribution functith,

diffraction measures the average periodic structure. These

0.008} ® =17 + 3K

La-La

two are not equivalent when local disorder is present. For the > 0.006¢
case at hand, the local structure can be disordered in such a -
manner that th@ andb axes randomly interchange with one © 0.004r
another, so that the local orthorhombic regions average to a

tetragonal LTT structure. Similarly, the LTO1 structure is ob- 0.002
tained from the local structure by a disordering such that the
Q(Z) gtom in Fig. 2 equally ocgupies the sites related by 0050 100 150 200 250 300
inversion symmetry about the axis of the LTO2 structure.
After this averaging only the component of the tilt angle
along the diagonal for LTT remains, while only the tilt angle ~ FIG. 11. Theo? of the La-La distances which define theand
along theb axis remains for LTO1. In both cases the sameb lattice constants in the crystalline structure, shown as a function
magnitude of tilt remains, namely, 4cos 22.5°) 4.2° of temperature. The solid line is a best fit with.=~176 K, using
+0.4°, in good agreement with the value of 4.4° found bya standard reduced mass equal to half of the La atom mass.
diffraction measurement§.Each local region must have di-
mensions in the nanometer range, too small to produce dif-
fraction peaks, so that diffraction measures only the averagductors La_,Sr,CuQ, (Ref. 2 and Lg ,Ba,CuQ, (Ref. 3.
LTT or LTO1 structure, respectively. In addition, significant order-disorder nature of structural
Such disordering of the tilt angle producing LTT can beferroelectric and antiferrodistortive rotational phase transi-
accomplished, for example, by the Cy-Octahedra tunnel- tions has been seen in other perovskitelike matetitis.
ing so that the @) oxygen atoms move to the equal energy Buchner et al?® showed from x-ray diffraction that the
site obtained by reflection about the diagonal of the LTO2maximum tilt angle of the octahedron for bulk superconduc-
square in Fig. 2. Similarly, octahedra tunneling or hoppingtivity is ~3.6°. TheT, of our x=0.16 sample is 14 K and
can occur so that the LTO1 average phase is produced. Fihex=0.12 sample does not have a bulk transition to PK.
nally, the HTT phase can be obtained at high temperatureghe tilt angles of the octahedra are #6.4° and 3.8
where the hopping can overcome all barriers so that all of the- 0.5° for thex=0.12 and 0.16 doped materials, respec-
eightfold equivalent @) sites of equal energ§of the LTO2 tively, qualitatively agreeing with Bzhneret al.
square in Fig. 2(found by reflection about the fourfold We next discuss whether our measurements detected any
equivalent axesare equally occupied. signature of the periodic distortions of static stripes for the
The LTO2 structure apparently found by diffraction be- x=0.12 sample that produce the superlattice peaks. To do
tween the LTT and LTO1 phases for a limited rangexof this we have determined as a function of temperaturesthe
values as a function of temperature is peculiar. This is irof La-La distances for the nearest-neighbor La atoms to the
violation of the usual behavior of the higher-temperaturecenter La in the La-@) plane shown in Fig. 6. These results
state being more symmetric. In our model more symmetryare plotted in Fig. 11. When there are a variety of such dis-
has more orientational disordering of the local order regionsances as in these Nd doped materials dfedetermined by
and thus more entropy as expected for higher temperatutAFS is a more sensitive measure of a change in distances
phases. As far as we could ascertain, the structure of thian the directly determined La-La distances. The data are fit
intermediate LTO2 phase has not been refined. It would bavell by a single®g =176 K, and we do not see any discon-
worthwhile to do more detailed measurements in this regiorinuity from a transition within uncertainties. With the fluc-
of phase diagram space to determine the tilt angle of théuations about the theoretical plot of 0.0002 Ahe rms
intermediate LTO2 phase. Because of the averaging, the titthange in these La-La distances is less than 0.014 A at the
angle decreases from the local value by about 0.4° in th&TT-LTO1 phase transition temperature 660 K, which is
LTT and LTOL1 structures. If the LTO2 phase is the same aglso the upper temperature region of static stripes in
our local structure, then our results would predict that its tiltLa; g ,SrNdy .CuO, (x=0.12). The stripes may be present
would be 0.4° greater than in the LTT and LTO1 phasesas dynamic ones in the LTO1 phase, explaining our lack of
However, accurate refinement is difficult since phase mix-detecting any discontinuity, but we suggest that XAFS does
tures are common and peak widths of LTO20Q)/(0kO0) not have the sensitivity to detect the distortions produced by
peaks are broadened relative to the rest of the pattern. stripes. Tranquadet al® estimated that the oxygen displace-
The XAFS results are experimental evidence that thement of Cu-O is about 0.004 A which is smaller than the
structural phase transformations occurring in0.014 A uncertainty of our XAFS measurements and thus
La; g SrNdy ,CuO, (x=0.12, 0.16 have a significant undetectable. Since the charged stripes are concentrated in
amount of order-disorder character and are not due simply tthe Cu-Q1) planes, the induced distortions are expected to
an instability of a soft mode as has been previouslybe largest there and thus even smaller in the 2)r@lane
suggested® Similar significant order-disorder nature of where our measurement focused, so that there is no surprise
structural phase transitions was also found from XAFS meathat we did not detect a signal from stripes. Using measure-
surements on the local structures of the highsupercon- ments with Cu as the probe atom one can focus in the Cu-

Sr(x = 0.12)
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O(1) plane where the distortions due to stripes are largesshow that the orientation of the octahedra is disordered, ei-
But even there the XAFS uncertainties are too large to detedher dynamically or spatially, any theory which accounts for

them if they are as small as estimafe@here have been the strong carrier and lattice coupling should investigate the
some previous claims that Cki-edge XAFS detected the importance of this disordering effect.

presence of stripes that produced lattice distortions of 0.04 A

in other LaCuQ, based materia® but subsequent more

sensitive XAFS measurements about the Cu atdrdo not V. CONCLUSIONS

support these early measurements, and it is now quite certain . |01 structure of Las Ndy ,SKCuQ, (x=0.12
0— X . X " ’

that the structural distortions induced by the stripes are Welb 16 for the temperature range of 10-300 K was determined
below the detection limit of XAFS in these materials, evenby orientation-dependent XAFS at the I edge. It was

about the Cu atoms. found to consist of tilts of the Cu-0octahedra, similar to the
In the above discussion we have assumed that though Icr_—.l.02 structure, with a tilt angle to the axis of 4.6 0.4°

cally the tilt angle of the Cu-goctahedra from the axis is for x=0.12 and 3.8% 0.5° forx=0.16, oriented about half-

constant in magnitude and makes a fixed angle tathgis, way between the LTO1 and LTT structures, independent of

ga(:rc::slzc;;z?”t%vg (tjri]sct)rﬁltlarci)r]: thoef ?ﬁéagﬁgﬁaﬂgen oorﬁzf?otcg?temperature. The rotations of the octahedra are not quite pe-
) 9 riodic for x=0.12 while they are more periodic fox

regions is necessary to explain the difference in _str_ucture: 0.16. The temperature independence of the local structure
Loeut?edr ﬁ%sd:g?:g::rya{:)dr g(a'?}gesth-;(: ;ngritsgr?o:r;;ésrzjiﬁis in contras.t tq the several different phase transitiorjs in the
the at;solute direction of theaxis for our sample which was gverage periodic structure as determlned by diffraction over
randomly oriented about theaxis. Remembering that if the the same temperature range. The dlﬁerence be.tween.average
Cu-0(1) basal plane of the octahedron filts rigidly, long- gnd local structures occurs because of orlentatlon_al disorder-
range orientational order occurs, and it follows fron71 conti- 9 betvyeen vanous r_eglqns_qf LTO2 local _order with & short
nuity that the greater the devia,tion from this rigidity, the correlation length. This S|gn|f|pant .orde_r-dlsorder character

. : . .. to the structural phase transitions is evidence that the struc-
shorter the orientational correlation length would be. Sinc ural phase transitions are not caused simply by soft phonon
tsm?)\?viv:ﬁt?:bﬁaow tr)l;?lflhlg :'Ssmsar}ﬁ;a;h;ﬂ ?.elliti/irqglfhaes mode instabilities as previously suggested. One result of the

rotational displacements. it is r nable to expect that thdisordering is that the averaged tilt angle of the diffraction
otational displacements, It 1S reasonable 1o expect thal g0 mined LTO1 and LTT phases is about 0.4° smaller than
orientational correlation length would be significantly more

than a single unit-cell dimension in theb plane (5.34 A) the local structure tilt. If the structure of the LTO2 diffraction

hase at an intermediate temperature between the LTT and

but W'.th g_r;fuprt)_er I'rg't less th‘;? aborl]Jt 100 AISO 1‘:’] noft to b‘{T01 phases can be refined, our model would predict that its
Seen In ditiraction. because the conherence fength of SUP€aqq it would be 0.4° larger, assuming it is the structure
conductivity in the Cu-@1) plane is about 20 A, one expects with Pccn symmetry,

that it would be of the order or less than the orientational One is tempted to suggest that the change in local struc-

gg:;elz;“\?v%i::?qng;%wggse\l/serf\l/::s rgg\r/ieattigune f;cgrrnm:r(i)ééiiit ture betweerx=0.12 and 0.16 is caused by the existence of
P P Y- static stripes in th&=0.12 sample. However, the change in

.Smcg the superconductmty.palrln_g mechanism is deter-Sr doping causes other effects that may affect the local struc-
mined in the volume of the dimensions of the coherenc

length, the local structure and not the average periodic strugyre' The higher doping increases the carrier concentration

. A -and changes the mix of Sr and La ions in the sample. This
ture as measured by diffraction is relevant for understandm_gnduces a change in the interaction between the carriers and

the mechanism. We have shown that the local structure 'E’;\ttice, and it would take a detailed theoretical investigation

independent of temperature, which predicts thatshould :
not be affected by the structural phase transitions found beetngi);]O;ndg;he scope of this study to understand the cause

diffraction. Ir_1.the materials investigated here the structura Because of the even shortesherencdength of the high-
phase transitions occur at temperatures well abbyend T, superconductor L, Nd ;St,Cu0, than thecorrelation
thus one cannot detect the lack of dependence on the Strufz“—_\'ngth, the local structure is the one relevant to the pairing

e e b oo Soes S0 mechanism and ot he ifacion srcture
e y It is suggested that any consideration of the strong carrier-

apfd HTT r;]assgs belgwc, ye:; theore ii no Evidﬁncz Olf any Jattice interaction involving the energetic optical breathing
efiect on thex dependence of ;. On the other hand, long- e in the Cu-Q@) plane of the octahedra include the ef-

range structure is relevant to properties that may glepend Fact of the disordering of the tilting orientation of the Cy-O
dimensions larger than the local structure correlation Iengt%ctahedra

such as carrier transport and strigesean free path for the
former and size of stripes for the latter
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