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XAFS study of the low-temperature tetragonal phase of La_,Ba,CuQ,:
Disorder, stripes, and T suppression atx=0.125

D. Haskef and E. A. Stern
Department of Physics, University of Washington, Seattle, Washington 98195-1560

F. Dogan
Department of Materials Science and Engineering, University of Washington, Seattle, Washington 98195-2120

A. R. Moodenbaugh
Division of Materials Science, Brookhaven National Laboratory, Upton, New York 11973
(Received 23 July 1999; revised manuscript received 14 October 1999

Angular dependent x-ray absorption fine structt(&FS) measurements of all La, Ba, and Cu sites deter-
mined the origin and nature of the intrinsic disorder present in the low temperature tetrdgbhpktructural
ground state of La ,Ba,CuQ, with x=0.125,0.15 aT =10 K. Ba doping induces major local distortions that
extend as far as 5 A from its lattice site. Despite the low Ba content the large distortions significantly affect the
XAFS of themajority La and Cu sites. The distribution of the local LTT tilt angle of Gu@tahedra was
directly determined from single and multiple scattering contributions to the XAFS of La and Cu sites. This
angle, which regulates the strength of electron-lattice and spin-spin coupling in this material, was found to
exhibit large, random fluctuations with rfig(8—( 8))2)]¥2~2(6), (6) being the average tilt angle deter-
mined by diffraction techniques. These fluctuations originate in the large, random, static disorder introduced
with Ba doping. Their presence has implications for the plausibility of a mobility gap catlisisgppression
atx=0.125 in only the LTT phase, and for the correlation length of the postulated charge and spin stripes.

. INTRODUCTION hole per Th atomin La,_,_,Th,Ba,CuQ, show that the

The low-temperature tetragon@lTT) structural ground sharp suppression of superconductivity depends on doping
state that occurs for most of thevalues at which high;  and is centered about the critical-hole concentratiorhof
superconductivity is observed in £aBaCuQ, has been =x-—2y=x—z~0.125%° Whereas it is clear from an ex-
the subject of many investigations since it was first describegerimental standpoint that bolfy~0.125 and an underlying
by Axe et al! The interest in obtaining detailed information | TT phase result in enhanced hole-lattice coupling and ef-
on this structural modification has recently grown, partly duefectively reduceT,, quite physically distinct mechanisms
to the strong E|eCtr0|(1h0|E)'|attice COUpIing that is eXperi- are Suggested to exp|ain the Obser\TQcBuppression_
mentally observed in thiébut no other structural modifica- One such model is based on local-density-functional
tion of La-based Cuprates. This Strong COUpling is manifeste@_DA) calculations by Pickett, Cohen and Krakdﬁer
for Lay g/4889124CUQ, as a clear upturn of the resistivity  (PCK), which show that in the LTT phase a gap occurs along
and anomalies in the Hall coefficient, thermoelectric power g Brillouin zone edgéthe M—A edge precisely at the Fermi
and magnetic susceptibilityhat coincide with the structural energy €g) for x~0.125, destroying much of the Fermi
phase transition into the LTT phaseTa+60 K. In addition  surface. This band splitting originates in the different elec-
to these normal state anomalies, hiihsuperconductivity is  tron (hole) energies associated with the two inequivalent,
strongly reduced at=0.125. The enhanced hole-lattice cou- jn-plane and out-of-plane, Q sites that result from the
pling could also be crucial for the formation of periodic, CuQ; octahedra tilts of the LTT phase (Q are oxygens
static, charge stripes, which are observed by neutronforming the basal plane of CyQctahedra The redistribu-
scattering studies in isostructural L@Nd, 4St 1CuQy, also  tion (in energy of electronic states due to band splitting
a suppressed superconductdin this compound, partial Nd reduces the density of staté®OS) at Er for x=0.125 by
substitution for La stabilizes the LTT phase, pinning theabout a factor of tw and splits a van Hove singularity
stripes as their period becomes commensurate with the latvVHS). Since doping with Ba tuneEg to the minimum in
tice modulation ax~1/8* the split VHS(in a rigid band picturgat x=0.125, a quali-

Pressure and doping experimérthave been instrumen- tative explanation for the observell suppression is ob-
tal in revealing the direct influence of the LTT phase on thetained.
electronic properties. Applying pressure to, or doping Srinto A related mechanism is proposed by Bariand Zelenko
Lay g74Bag 1,4CUQ,, stabilize the low-temperature orthorhom- (B&S),'* in which charge transfer between the inequivalent
bic (LTO) structure with a concomitant enhancement of theplanar oxygen sites leads to a charge density W&RW)
otherwise suppressed superconductivity. Oxygen reductioground state that stabilizes the LTT phase. In this scenario
(which removes two holes per oxygen atomn the resultant CDW competes with superconductivity for the
La, ,Ba,CuQ,_, and Thorium dopingwhich removes one Fermi surface. Whereas in B&S the instability is electronic
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in origin (Peierls-like, it is likely that an ionic instability nuclear quadrupole resonan¢BlQR) measurements. A
also contributes to stabilize the LTT phdSeas the Cu@Q  wipeout of the NQR intensity is observed below the LTO to
octahedra tilts of the LTT phase result in major changes irLTT structural phase boundary for both {LgBag 1o:CuO,
La-O, configuration (Q form the apices of Cufoctahedra and La ,gNd, 1Sty 1CuQ,, the wipeout fraction closely fol-
and reside in LgO, planes and inequivalent Q, sites that lowing the order parameter for charge stripe ordering found
promote charge transfer and CDW formation. in the neutron scattering studies of the latter compound. With

The plausibility of the PCK model has been questioned bynew evidence suggesting that disorder plays an important
Normanet al,'? as the magnitude of the LTT tilt angle of role in determining the topology of spin and charge stripe
CuQ; octahedra required to split the VHS is significantly ordering in La-cuprates, it is important to obtain detailed
larger (by about a factor of twpthan the experimental value structural information on the local scale to gain insight into
determined by diffraction techniqué¥:'® By using this ex-  the origin of such disorder.
perimental value in their linearized muffin-tin orbital calcu-  For charge stripes pinned by the latticexat0.125, local,
lations, Normanet al. show that the VHS remains nearly static, atomic displacements commensurate with the charge
intact in the LTT phase while it does split as per PCK whenordering occur. Assuming that these displacements involve
the larger tilt angles are introduced. Since the interactioronly breathing motions of Q, oxygens |n a direction per-
between octahedral tilts and electrons is quadratic in tilpendicular to the stripes, Tranquaeaal?* estimated the
angle!*"the occurrence of band splitting and related dip inamplitude of the ordered in-plane modulation to be
the DOS is very sensitive to its value. It is therefore impor-~0.004 A (rms  displacement 0.0028 )A in
tant, in order to assess the applicability of the PCK model, td-a; 4dNdy 4SIp 1 CuO,. Recent measurements on the same
obtain detailed experimental information on the magnitudemateriat® provide evidence that disorder is present in the
of CuQ; octahedra tilts. As we show in Secs. Ill B 1 and charge stripe spacing. Therefore the above estimate, which is
Il B 2, we were able to obtain the first and second momentdbased on the contribution of the ordered component of the
of the tilt-angle distribution from analysis of partial pair and lattice modulation to the charge order-superlattice peak in-
three-body correlations in atomic positions, which determindensity, is a lower limit for the amplitude of local displace-
single- and multiple-scattering XAFS signals. ments.

The segregation of doped holes into periodically spaced The ability of XAFS to detect local displacements that
charge stripes, which are antiphase boundaries for antiferra&ccompany charge ordering is, of course, dependent upon
magnetically ordered domains has been observed by neutrotheir magnitude. For in-plane displacements the distribution
scattering experimerftsn the LTT phase of the suppressed of planar Cu-Q, distances will broaden to reflect the vary-
superconductor La,dNd, 4Sip1CuQ,. Pinning of charge ing bond lengths that occur along the modulated charge den-
stripes by the LTT lattice modulation &t~ 1/8 is suggested sity. The XAFS signal at the Cu site is a weighted average
as the reason behirifl, suppressiod®®while dynamically  over all such sites and therefore includes sites in both the
fluctuating stripe$'®1° are suggested to coexist with bulk charge-stripes and the magnetic-stripes. As in all wave phe-
superconductivity in La-based cuprates away frem1/8.  nomena, the ability to resolve distances in XAf8. spatial
As indicated by Emery and Kivelsdft?! the ordered ar- resolution is determined by the maximum photoelectron
rangement of charge stripes is different from the Peierls-likédp.e) wavenumberk,,,,, available in the datgminimum
Fermi-surface instability that drives a CDW ground state.p.e. wavelength The smallest splitting in interatomic dis-
Stripe formation arises from frustrated phase separation du@nces that can beesolved(distinguished as two separate
to a competition between long-range Coulombic interactiondistancesis given by 8t ~ 7/2ka; 1.€., @ difference in p.e.
which tries to keep the holes uniformly distributed, andphase shift of~ 7 is neededin XAFS the p.e. travels twice
short-range interactions, which try to condense the dopethe interatomic distance between absorber and scatterer be-
holes into charge stripes allowing the preservation of thdore recombining with its outgoing part at the absojblef,.,
exchange energy in the antiferromagnetic arrangement of thie limited by both atom vibrations and the reduction in the
undoped systerff:? backscattering amplitude. For the La-cuprates at low tem-

In La, g;dBag 1,4CUO, the existence of charge and spin peratures, typicallkm.,~15 A ~! limiting the spatial reso-
stripes and, to what extent they spatially order has not beelution to aboutsr~0.1 A .
established. The unavailability of large single crystals of If charge-stripes form in Lgg;Bag 1,4Cu0, with atomic
La, ,BaCuO, has prevented the collection of reliable displacements similar in amplitude to those in the ordered
neutron-scattering data in this system. However, the obsecharge modulation of LagNd, 4Sry 12.Cu0, (therefore, be-
vation in zero-field muon-spin-rotation (ZF-uSR)  low the XAFS spatial resolutionthey will only manifest in
studie$*? of local magnetic order of Cu spins in XAFSas a slight increase in mean-squared relative displace-
Lay g7dB8y 126CUO, similar to that measured in striped ment(MSRD), o, of the distribution of Cu- -Qy bonds, of
Lay 4gNdo 4Sty 1,CuUQ, provides strong circumstantial evi- ~8x10 ¢ A2, We note that XAFS measures the MSRD in
dence in favor of spin stripe ordering in LgBay 1,:Cu0;. bond length while the estimates in Ref. 24 are for mean-
The size of the ordered local Cu moment derived from thesquared displacements in oxygen positions relative to the
SR studie® is about three times larger than the value ob-lattice sites,u?>. However, even assuming a similar magni-
tained in the neutron-scattering studfédikely indicating  tude for Cu displacements and complete anticorrelated mo-
the presence of disorder in the direction and/or phase of thiéon of Cu and O atoms the increase df would be only
spin modulatior>!® Disorder more strongly affects the 3x10°° A 225 Currently available theoretical standards
long-range neutron probe than theSR local probe. Addi- used in XAFS analysis have limited accuracy for calculating
tional evidence for local stripe order comes from rec®@u  XAFS amplitude$’ This introduces systematic errors in the
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derived, amplitude-related, structural parameters in addition 3F T T T T T =
to errors introduced by the analysis proced{s#ch as back- H i ,
ground subtraction For ordered structures this limits the 2.5 [ 400 mesh Al SAl %
accuracy in the measurement @f’ to about (1-5) ot C son . R
X104 A 2. The increased disorder is therefore expected to & 2 [ e et ot s g bt St
be undetected by XAFS. Even the much larger modulation£ f }
found in LaNiO, 1,5 (amplitude ~0.018 A)?® if ordered, 1.5 = Sedimentation
will be difficult to detect by XAFS. However, if a large com-
ponent of the atomic displacements is rand@ry., due to
disorder in the stripe spacihi may manifest itself in ther?
measured by XAFS$such random disorder may also be ob-
served in diffuse scattering experimentfkecent XAFS
measurement$ at the CuK-edge of powder samples of 20 25 30 35 40 45 50
La, - ySk(Eu,Nd),CuQ, found no detectable increase in 20(°)
Cu-Q,, disorder at the onset of the stripe ordering. This
indicates that, even if a random component of displacements FIG. 1. X-ray powder diffraction from random and aligned
exists, the above small estimates still hold fdtd, Eu)  Lais7Ba124CUO, at RT. Aluminum (Al) peaks(sample holder
doped cuprates. and (QOZ) reflection of graphite powdé€) also shown. Bragg
Here we report in Sec. IIl E oangular-dependerXAFS reflections are labeled within tH@f/mmm_tetra_gonaI space group;
measurements on magnetically aligned powders ofote enhancemept oh(l_<,0) reflections in aligned sample. O'nly”
La, ,BaCuQ, allowing us to separate the in-plane, partial allgnment is olbtalned for -400 mgsh powders due to signifi-
Cu-Q(,y, from the out-of-plane, Cu-Q pair correlations en- cant fraction of nonsingle crystalline grains.
hancing the sensitivity for detection of in-plane distortions. . _ _ A
The temperature dependence we obtain for the disorder iff€S SO that their easy axis of magnetlzatlon,déllm(ls in the
these pair correlations shows no detectable anoiveitpin ~ N°rmal, paramagnetic state of 13B8a,Cu0,,™ becomes
our uncertaintiesbelow the temperature of formation of the @ligned with the applied magnetic field. Based on the
LTT phase. From our results we are able to put an uppef~> “M grain size of sintered pellets and, assuming that
limit of ~0.017 A on the rms disorder in CuzQ distances grain boundarles'are weak links so that_pqucrystalllne
introduced by postulated stripes inJ.gBa,CuQ,, for both sa_lmpl_es p_refe_rennal_ly break along th_em, grinding, _together
x=0.125,0.15 samples. Since XAFS measures the instantyith size d|s_cr|m|nat_|on s_hould result in the vast majority of
neous atomic distribution around the absorbing atener- pow_der particles being sm_gle crystals.. .
aged over all such atoni® it cannot distinguish between F'F‘e POW.def was obtained by sedimentation of ground
static and dynamically fluctuating stripes. We discuss in SecSPecimens in dehydrated alcohol. The top layer composed
IV the implications of local structural disorder present in the®My Of small particles was then extractégarticle size

LTT phase, particularly the large, static, spatial variations it =3 pm obseryed un.der an optical microscppéhe fir\e
the tilt angle of CuQ octahedra. powder was mixed with about 20%by volume graphite

powder (2 um size prior to thoroughly mixing with the
Buehlef® thermoplastic cement used as the embedding me-
dium for alignment. Mixing in graphite helps prevent particle
A. Sample preparation: synthesis and magnetic agglomeration, which results from the large surface to vol-
alignment of powders ume ratio of the fine powder and related surface charging.
The mixture was cast into a disk in an aluminum frame,

Powders of La ,Ba,CuQ, (x=0.125,0.15) were syn- . : .
. . . ; . ealed with kapton tape and placed in a superconducting
thesized by the combustion technique to achieve a high gradrs%agnet withB=8 T parallel to the disk face. Heating to

g{ecﬁiﬂlgishg?qﬁg,egegfyénséagg]?,]i?artne?uvcgrsé tgiessiﬁ\%zpi?]ébout 120 °.C in the field causes thg cgmgnt to soften allow-
water along with the appropriate amount of sucrose to obtaifl"d the particles to rotate so that theiexis is parallel to the
a highly concentrated solution. The solution was first driedmagnetic field; within theb plane the orientation is random.
followed by a combustion reaction on a hot plate. The pre-Subsequent cooling to room temperature in the field hardens
cursor powders were then calcined at 900°C in air andhe cement and constrains the particles in the preferred ori-
pressed into cylindrical pellets abod g each. The melting entation.
temperature of the powders was 1180 °C, as determined by Figure 1 shows x-ray powder diffraction data of random
thermogravimetrical analysis. Sintering of samples tookdnd aligned powder. The scattering geometry is such that the
place in air at 1140 °C for 4 days in order to achieve a largeX-ray momentum transfer is perpendicular to the plane of the
grain size that facilitates the procedure of magnetic aligndisk (containing thec axis in the aligned samplend there-
ment of powders, as discussed below. The sintered samplésre only (h,k,0) reflections would contribute if alignment
were slowly cooled at a rate of 1°C/min to room tempera-was perfect. The relative enhancement/suppression of the
ture. Grain size in the sintered pellets, observed in a scannind 10/(103) peaks relative to random powder indicates the
electron microscope, was5 um. sample is very well aligned. We estimate the fraction of
For the oriented XAFS measurements we used magnetalignment fromratios of measured intensities in random and
cally aligned powder. Obtaining a high degree of alignmentaligned powders to bez95%. As we show later, a consis-
requires powder composed predominantly of single crystaltent, independent, estimate of the degree of alignment is ob-

units)

Intensity (arb
—
r
i
i
H
t
{
b
7

Random (103)] (110) (1) (200)

Il. EXPERIMENTAL DETAILS
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FIG. 2. (a)—(b) Room-temperature lattice parameters determined & _0.06
from refinements of x-ray powder diffractiofs) Bulk onsetT.'s = —0.08
determined from magnetization measurements. Representative va ’
i -0.10 ' : ’ '
ues from the literature also showRefs. 2, 14, and 34 0 20 40 60 30 100
H(G)

tained from fits to the CikK-edge XAFS data. We note that
the enhancement ofh(k,0) reflections in our samples is FIG. 3. Magnetization measurements of fine powders of
much smaller than what it would be for a single crystal, asLa,_,Ba,CuQ,: (8) ZFC magnetic susceptibilityb) Magnetization
the alignment procedure results ih,k,0) planes that are vs applied field curves used in estimating apparent superconducting
randomly orientecaroundthe ¢ axis. In addition, a measure volume fraction. Powdt_er pe_lrticle size i_s compar_able to _penetration
of the mosaic spread of aligned grains was obtained fronqepth ~1 wm) resulting |n.broad diamagnetic transitions and
rocking curves of botti110 and (200 peaks, which show a small apparent superconducting volumes.
full width at half maximum (using Cu K, radiation of
3.4(2)° and2.6(2)°, respectively. These values are similar values, defined as the temperature at which the normal state
to those reported by Hyun, Sanders, and Finnefidar  (practically zerd susceptibility intercepts the extrapolated
magnetically aligned powders of NgkCe, 1£CuO,. steepest slope of the transition, are also shown in Fig. 2 and
We emphasize the importance of having powder comcompared with values of other worker&3*
posed mostly of single crystallites in Fig. 1 where we show Both samples show a diamagnetic response startirig at
results obtained when ground specimens were sieved through30 K; the broad onset for=0.125 has been observed by
-400 mesh(opening 38 um) instead of using the sedimen- other worker$**and is attributed to a small fractidfew %)
tation method, resulting only in partial alignment. of the sample becoming superconducting at this temperature.
We also show in Fig. 3/H curves for both samples. The
o apparent superconducting volume fractions are given by the
_ B. Sample characterization: slopes of these curves at low magnetic fields. The ideal dia-
Lattice parameters and T, measurements magnetic response for a 100% superconducting volume is
Structural and superconducting information was obtainedjiven by xigea=M/H= —1/47p=—1.1x10"% emu/g, with
on the fine powders used for the XAFS measurements. Lap="7.06 g/cni. The slope ofM/H curves (at low fields
tice parameters were refined at room temperature by nonlirindicates an apparent superconducting volume fraction of
ear least-squares fitting of 15 reflections of tdédnmmte-  ~7% and 10% for x=0.125,0.15), respectivelyo correc-
tragonal space group. The refined values are shown in Fig. tons for demagnetization factors are applie@ihese low
and are in good agreement with values reported in théractions are due to the powder crystallite size being compa-
literature?1433 rable to the penetration depth(T). Similarly low apparent
Superconducting transition temperatures were obtainegduperconducting volume fractions were obtained by Nagano
from dc magnetic susceptibility measurements using a Quaret al®® using powders of~2 um of the closely related
tum Design MPM$ superconducting quantum interference La, ,Sr,CuQ, system; thera (0)~1 um.3>3¢From Fig. 3
device magnetometer. Samples were cooled in zero fielde find the lower critical fieldH.,(T), above which vortex
(ZFC) followed by heating in a nomindl =1 Gauss applied lines penetrate the sample reducing the superconducting vol-
field. Immediately after ZFC measurements, samples werame fraction, to beH (2 K)=<20 G (for x=0.125) and
measured on cooling in the same figldC). FC data are H¢ (5 K)=<30 G (for x=0.15). For additional discussion
within 5% (smaller diamagnetic responsef those of ZFC of apparent superconducting volume in related compounds,
so we only show the latter in Fig. 3. The lack of complex see Refs. 37 and 38.
topology in the fine powder sample composed mostly of The value ofT,~10 K for thex=0.125 sample is close
single crystalline grains explains the similarity of FC andto the higher end of T, values obtained for this
ZFC results; i.e., flux pinning is a small factor. Bulk ongt  compositior£**3*Often samples at this composition are de-



PRB 61 XAFS STUDY OF THE LOW-TEMPERATUEE . .. 7059

scribed as “suppressed superconductors” or “nonsuperconenergy** Premonochromator slits of 1 mm at a distance
ducting.” In fact all samples measured by us show a cleapf ~20 m from the source define an elevation anglejof
superconducting transition with onset above 2 K. The actual-0.025 mrad. At the Ci-edge, the intensity of the in-plane
onset temperature varies from a low #f2.5 K up to the  polarized component, integrated up t=0.025 mrad is
~10 K for the present sample. We have no direct evidence-97% of the total intensity. At the higher energies of Ba and
for why T, varies between samples. Since the LTT structurg g K-edges this percentage is even highand the radiation
appears to be influenced by microstructural feattitese  allowed by the angular aperture of the slits can be considered
suspect that grain size, twin and/or grain boundary configufully polarized in the plane of the orbit. During the measure-
ration may play a role. Itis also possible that ieis some-  ment the height of the beam before the premonochromator
what higher due to a slight deficiency in oxygen content, ofsjits is monitored by a position sensitive ion-chamber detec-
5<0.005 in La_,Ba,Cu0Q,_ 5.2 While we cannot rule out tor.

this possibility, the samples were cooled in air at a rate of Different amounts of sample material corresponding to
1 °C/min., slow enough to typically produce nominally fully thicknesses of=350, 98, and 16um for Ba, La, and Cu
oxidized samples. The minor effect that such oxygen reduck-edges, respectively, were used for the different absorption
tion would have on the structural propertiesxat0.125 is  edges to account for their different absorption lengths in
discussed by Takayane al* and includes a shift of about La, ,BaCuQ, (BaK-edge 250 um, LaK-edge 72um and

10 K- to higher temperature- of the LTT-LTO phase bound-Cu K-edge 6um). The particle size of the fine powder used
ary. The possibility of our nominat=0.125 sample being in our samples{ 1—3xm) is much smaller than the sample
fully oxygenated but having a slightly different Ba content thickness for all edges minimizing thickness distortiéhs.
was considere¢e.g., T,~10 K for x~0.11), but found less The variation in sample thickness over an area of several mm

likely due to the increased disagreement between the megs less than 10%, as verified from changes in the absorption
sured lattice parameters and those corresponding to a diffegdge step.
ent Ba content:*

To summarize, lattice parameters afig values are in IIl. DATA ANALYSIS AND RESULTS
good agreement with those of other workers and give an
upper limit to oxygen deficiency in ow=0.125 sample of A. General remarks
6=0.0050r an uncertainty in Ba conteréix=0.01. The cross section for photoelectric x-ray absorption past

an absorption edge of a deep core atomic state in condensed
matter exhibits energy dependent fine structure due to modi-
fication of the photoelectrofp.e) final state(at the position
XAFS measurements were performed in transmission abf the absorbing atojnintroduced by scattering from neigh-
beam line X-11A of the National Synchrotron Light Source boring atoms. FoK-edges (%) in single scatteringSS and
(NSLS) using Si111 (Cu K-edge and S{311) (La, Ba harmonic approximations, this fine structdAFS) is given
K-edge$ double crystal monochromators. Harmonics at theby*34
CuK-edge were rejected by detuning the second crystal so as

C. XAFS measurements

to reduce the intensity of the fundamental 420%; no B ~ . LSNJFj(m k)

detuning was applied for théBa, La) K-edges as the inten- x(k)= _; Slery) " —— 7

sity of the NSLS synchrotron radiation at the energy of their :

third harmonic,~120 KeV, is negligible. Samples were put Xe—Zkzofe—Zr,-/A(k)sir[2kr1+ si(krpl, (D)

in a gas tight copper cell with Kapton windows and indium , )
seals, filled with He gas for thermal exchange and attached t§ere k is th2e p.e. wavenumber measured relative to the
a displex refrigerator cold finger. Fermi level,SyN; an effeptlve coordination numbe'r that in-
Energy resolution was optimized at the different energie§|Ude3 changes in passive electrons wave functions due to
by limiting the vertical divergence of the beam before andth® presence of the core hofe; a curved wave backscatter-
after the double crystal monochromator. Premonochromatdfg @mplitude,o; the root mean-squared relative displace-
slits, about 20 m away from source, were set to 1 mm andnent in interatomic distance, an effective mean-free path,
0.5 mm for Cu andBa,La) K-edgeS, respective'y_ For the Cu which includes the finite lifetime of the core hOlBj, the
K-edge with Si111) crystals we estimatAE~2.5 eV; for interatomic distance); an overall scattering phase shift, and
the La K-edge with Si311) AE~16 eV. For comparison, € the x-rays polarization vector. The sum is over all possible
the core-hole lifetime broadenings of the Cu andd-adges single-scattering paths. The generalization of @gto mul-
are~2 and~20 eV, respectivel§® tiple scatteringMS) includes consideringffectivescattering
Angular dependent XAFS spectra were measured by roamplitudes and phaséshich depend on the geometry of the
tating the samples relative to the electric field vector of thescattering pathand an appropriate account of the polariza-
synchrotron radiation, which is nearly 100% linearly polar-tion dependenc&~*’ A Fourier transform ofy(k) in Eq. (1)
ized in the plane of the orbit. Special care was taken duringvith respect to R can be related to thpartial radial and
the measurements to ensure that the sample position remaiasgular atomic distribution function about the absorbing
in the plane of the orbit and that the acceptance angle deteatom. The ability of SS and MS XAFS to obtgbartial pair
mined by the slits’ apertures is such that no significant conand three-body correlations is particularly important for the
tribution is obtained from the out-of-plane component of po-case here, in which La and Ba occupy the same crystallo-
larization. The angular distribution of intensity with in-plane graphic site and yet their local environments were separately
and out-of-plane electric field components depends omletermined by tuning the x-ray energy to the characteristic
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015F T T T T T T T I where the sum is over all pairs of poir(tgal and imaginary
é| e gcwl — parts of the difference are evaluated the fitted region of
0.1 H Fourier transformed-space. HereN,=(2AkAr)/w+2 is
. the number of independent points in the fitted rediom,
= 005 H =N,—Np the degrees of freedom in the fit, ardr;) the
= evaluated uncertainty in the numerator’'s difference of Eq.
= 0 (2). An estimate fore is obtained from the rms value of
& X&¥P(r) in the range 15-25 A, where the XAFS is assumed
-0.05 | " to be indistinguishable from the random noise. This under-
estimates the uncertainty since it does not include systematic
0.1 errors in the dateand theory. Whereas a good fit should
TS S N A W S S result in y?~1+ \/2/»,*** the missevaluation of obscures
Scan 1 — the interpretation oﬁ(i for the goodness of fit, typically re-
L o eLe Scan 2 === ~ sulting in x2>1. To aid with this, a fractional misfiR is
evaluated?
—~ 005 ‘ 4
L | S e~
= 0 2:1 IX(r) = xR )[?
F | | R=— . €)
" | | 3, [x )
0.1 | , .
I I I I I I I I A small value ofR together withy?>1 indicates that

0 2 4 6 8 10 12 14 16 18 systematic errors dominate the uncertainty and rescaling
k(A1) — e(x?)Y? recovers theg?~1 criteria for a good fit. Uncer-

tainties in the parameters, which are calculated by the change
needed to increasgﬁ by 1/v from its minimum value(1
standard deviationand include the effect of correlations be-
fween fitting parameters, are rescaled )2 Two fits
with similar values ofv are significantly differen¢2 standard
deviations if the ratio x/x?=(1+2./2/v), the fit with the
threshold of each atom. In contrast, diffraction techniquedowest x5 being better. The fits presented here have
yield an average of the La/Ba environments, dominated by=0.03 and 16 y=<40. Assuming errors are randomly dis-
the La majority atoms. The anisotropic layered structure ofributed and therefore can be added in quadratefte;e?,
La, ,Ba,CuQ, results in large angular dependencexgk) — + e~ €5 o= €5y €ral Xo— 1) 2~ €ranx, indicating that
relative to the x-rays’ polarization, which is exploited here tosystematic errors are 3—6 times bigger than statistical er-
help resolve the local structure around all probed atoms. rors.

Figure 4 shows representatixgk) data(weighted byk) Coordination numbersy; , are set in the fits to the values
obtained at the LaK-edge of Lag/Ban124CUO,, for T of the average structure. Additional fitting parametersSgre
=10 K (LTT phase and electric field vector parallel and and an overalE, shift to adjust thek=0 reference between

FIG. 4. The XAFS, kx(k), of the La K-edge in
Lay g7Bay.124CUO, at T=10 K. Two scans are shown for each po-
larization. Statistical errors are sméils seen from the high repro-
ducibility); errors in the derived structural parameters are mostly o
systematic nature, as discussed below.

perpendicular to the axis. experiment and theory.
The data,x®***(k), were analyzed using the UWXAFS
analysis packag® XAFS data for electric field parallel and B. La K-edge results

perpendicular to the axis are analyzedoncomitantly This
allowed reducing the number of fitting parameters relative to
the number of independent points in the data, as fitted struc-
tural parameters of scattering paths that contribute in both The sensitivity of XAFS to changes in local tdirection
polarization conditions are constrained to be the sames mainly at the La site, as the distribution of Ld2D pla-
FEFF6 theoretical code, which includes multiple-scatteringhar, interatomic distances is strongly dependent on tilt direc-
contributions}’ was used to calculatg;(k), ;(k),A(k), and  tion (Fig. 5. The resultant splittings, whose average values
polarization dependence based on the known averagéetermined by diffractioh*'***are included in Table I, are
structure'>'* A theoreticaly"(k) is constructed whose ad- large enough to be resolved from our data. Since tilts are
justable structural parameters,o,a (« buckling angle of ~about Cu sites and almost rigid, Cu XAFS is nearly insensi-
nearly collinear MS pathsare refined against the experimen- tive to the orientation of tilts.

tal data by nonlinear least-squares minimization of a reduced It is evident from Table | that the complicated near-

1. Direction of local CuQ octahedra tilts in LTT phase and
first moment of tilt angle distribution

X statistic?® neighboring environment of the La site in the LTT ph&6e
La-O distancescannot be resolved by XAFS onrandomly
NN ~ex 2 oriented powder. The number of independent points in the
X2:_I 2 IX"(r) —x p(ri)|> 2) first “shell” region of a powder XAFS spectrum for such
7\ = €(ry) ’ structure is N;~(2X11x0.8)/m~6 (assuming a usable
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FIG. 5. Planar La-@) distances for Cu@octahedra tilts about sk | L L clla,ta, A
(110 (LTT, P4,/ncm), (100 (LTO, Bmab and for the high- FEFF6 ---
symmetry(HTT, 14/mmm) phases, left to right. Q) are apex to 071 7]
octahedra centered about Cu in the Gu®ighboring plane. Small . 0.6 |- -
correlated La displacements not shown. :’.; 05k cle i
— 1 . . % 04 B “| N
k-range of 3—14 A ! for the low-Z oxygens This is not = 03 i
enough to resolve the La-O environment as additiar| ) }
S, and E variables are neededngular-dependenXAFS 0.2 / \ 1
in this anisotropic structure allows for selectively probing 0.1} y -
different subsets of atoms, which for the two orientations 0 i TR £ R LA O T T
measured here doubles the amount of information. 0 1 2 38 4 5 6 7 8 9
For example, the planar La¢@) distances contribute in a r(A)

significant manneonly for eLc, the short La-@2) apical

distanceonly for .GHC and the La-@1, 1') distances in both usingk=3-15 A~! XAFS data at the L&-edge forx=0.125 at
polarizations. Since the spectra are refined . together, t =10 K. Data and fit shown for both polarizations; vertical lines
structural parameter_s Of_ the Iatte_r_ are Constralne_d to be ﬂ~\ﬁdicate fitting range. The degrees of freedom in the fits are
same for both polarization (Eopdlt|orﬁme polarization de- = (N, — Np) = 59— 25=34. Goodness of fit parameters afg=10.4
pendence of their amplitudes-(rj)2 in Eq. (1) is accounted andR=0.012.
for in the FEFF6 calculation

Fits were performed in the 1.7-5.3 A regionre$pace as a differenta? for the La-O(1,1) distances was highly
including both SS and MS contributions. The rotation of correlated withAO(1). This correlation is expected since the
CuQ; octahedra in the LTT phase displaceglDatoms  small splitting ofAO(1)~0.05 A found by diffraction can
above and below the Cy(lane by the same amount result- be approximated by an effective average distance together
ing in equally shortened and elongated LétOdistances with an increase ir? of ~2.5x107° A 2. BaK-edge mea-
relative to the La-O(1) ones(within 0.004 A due to small surements verified that Ba substitutes at the La €Sec.
off-center displacement of La atom&Ve therefore varied a 11l D) and therefore scattering paths involving La, Ba back-
central distancgr’'=La-O(1")] and a splittingAO(1) and  scatterers were weighted by theiominal concentrations
constrained the La-Q) distances to =r' £AO(1), respec- (1—x/2), (x/2), respectively.
tively. The two planar La-@) distances were varied inde- La K-edge fits(Fig. 6) verified that the local tilts are about
pendently. A singler? was varied for all the La-O distances, (110 axis (P4,/ncm notation in agreement with the dif-

FIG. 6. Magnitude of the complex Fourier transformksfy(k)

TABLE I. Planar La-@2) and La-G1) distances as determined by neutron-diffraction studfefs. 13,
14, and 33 The Q1) oxygens are those in the Cu-O planes; in the LTT phase crystallographically inequiva-
lent O(1) (out-of-plang and O(1) (in-plane sites are formed due to octahedral rotations about Cu-0O(1

bonds.
Pair LTT (A) LTO (A) HTT (A)
2.369 2.370 2.365
La-O(2) 2.616 (2x) 2.598
2.853 (2X) 2.731 (2¥) 2.739 (4x)
2.880
La-O(1) 2.587 2.607 (X)
La-O(1') 2.639 (2X)
La-O(1) 2.695 2.675(X) 2.649 (4x)
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TABLE IlI. Fit results for interatomic distanceén A) between La and neighboring atoms in
=0.125,0.15 samples dat=10 K as obtained from L&-edge polarized XAFS. Neutron-diffraction results
are from Ref. 14. Coordination numbers given in parenthesis; the polarization in which each particular
distance significantly contributes to the XAFS signal is also indicated. Nearly collinear multiple scattering
(MS) paths also contribute to the XAFS near theGand Lg,g distances.

Diffraction XAFS

x=0.125 x=0.125 x=0.15
0(2) (x1), ¢ 2.369 2.35814) 2.357115)
0(1) (x1), c,a 2.587 2.57812) 2.57411)
o(1") (x2), c,a 2.639 2.62408) 2.62510)
0(2) (x1), c,a 2.695 2.67812) 2.67612)
0(2) (x2), a 2.616 2.615610) 2.62610)
0(2) (x2), a 2.853 2.87712) 2.87313)
Cu (x2),c,a 3.229 3.23803) 3.23403)
Cu (x2), c,a 3.263 3.28003) 3.28103)
La (x1), ¢ 3.683 3.68005) 3.70106)
La (x1), a 3.723 3.74610) 3.74612)
La (x2), a 3.781 3.77€05) 3.76208)
La (x1), a 3.838 3.86610) 3.83313)
La (x4),c,a 3.969 3.97804) 3.96605)
Cuys (x1), ¢ 4.775 4.76715) 4.74817)
Lays (x4), c,a 5.278 5.26217) 5.26418)
Lays (x4), a 5.346 5.368L8) 5.33320)

fraction result$®'* and the pair distribution functiofPDF)  tances is coupled to that of LaP) distances and is therefore
analysis of neutron-scattering dafarhe refined planar La- quite different in the LTT and LTO phasé$We note that
O(2) distances are 2.615(10) A and 2.872(12) A, i.e., aour result for the fractional LTO content is independent of
splitting of AO(2)=0.252(16) A compared to the whether an LTT or LTO model is used for the LgXDand
0.237(11) A of the diffraction studié$ For the La-@1) | a-O(1') distances, as their differences are small and can be
distances, r'=2.624(8) A and AO(1)=0.050(12) A, approximated by an “effective” distribution of four La{@)
compared to 0.054(10) obtained by diffraction. The unceryistances centered at=2.64 A with ac2~2x10"3 A 2.
tainties in the3 diffraction results include variations found in The essential information that unequivocally distinguishes
the literature.>** between both phases is the planar L@Qdistances. We

Table 1l summarizes near-neighboring distances up tQqnciyde that the vast majority=(95%) of local tilts atT
~5 A as obtained from the LK-edge XAFS analysis. The —10 K are LTT-like for bothx=0.125,0.15 samples. A

high quality of fits together with the excellent agreementSimilar upper limit for the fraction of LTO phase af

between local and average structures at th&lexge gives . . !
confidence in the methods presented here, including sampl(;e10 K was obtained from both high-resolution x-ray

oreparation procedures and data analysis. iffractiorn? and PDF analysis of neutron-scattering (P&ta.

Attempts to model the local structure B=10 K within ~-'om the splitting in La-O distances we can obtain the
the LTO space group were unsuccessful. This is expecte@f'St moment of the local tilt angl_e distribution. The local tilt
based on the large differences in planar L@Qdistances —2angle,averaged over alla atomsis () =3.3(4)°, inexcel-
between the LTT and LTO phaséEable ). When the inter- lent agreement with the 33)° value determined by diffrac-
atomic distances are set to the values consistent with théon techniques®** Evidence of disorder in the La environ-
LTO configuration the quality of fitas determined by both ment, however, is seen by comparing #@in interatomic
x? andR facton is ~100% worse than the one obtained by distances involving oxygen atoms to those obtained in the
setting the distances to those in the LTT phase. closely related Sr-doped syst&hisee Table II). Most strik-

We determined an upper limit to the fractional, local, ing is the increased disorder in the Laygswistance € axis,
LTO content in the LTT phase by fitting the planar L&D r~4.77 A), which reflects the significant decrease of am-
XAFS signal with a mixture of LTT and LTO phases. A plitude in the Fourier transformed XAFS at=4.4 A, as
fractional LTO composition of 3.510% is obtained, with- shown in Fig. 7. Note that the “peaks” in thekzFourier
out any improvement in the fit relative to the pure LTT transform ofy(k) [Eq. (1)] are shifted to the left from the
phase. A similar resul{within uncertainties is obtained actual distances; due to scattering phase shifts in the p.e.
when such a mixture is allowed at the higheralues where final state; i.e.,dd;/dk<<0. Such a significant decrease in
the La-La(planaj pair correlations(~3.78 A) contribute amplitude in the Ba-doped sample compared to the Sr-doped
to the XAFS signal. The distribution of La-L@lana) dis- one is not expected based on the average structure results of
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TABLE Ill. o2 (in A ?) for different shell distances obtained from Kaedge XAFS in Ba-dopedx(
=0.125,T=10 K) and Sr-dopedRef. 53 (x=0.15, T=20 K) LaCu0,. S§=0.936),0.95(6) for Ba-
and Sr-doped samples, respectively, in agreement with the expectatitﬁ% tively depends on the absorbing

atom type.

(0] Cu La Cuyys
Sr 0.002010) 0.002@4) 0.00195) 0.003%10)
Ba 0.005811) 0.00193) 0.00232) 0.007820)

diffraction, as the LTO and LTT ground states of theseexcited La atom. DS and TS involves one and two scattering
samples differ mostly in thédirection of octahedral tilts but events, respectively, from the intervening, bridging(20

not in their magnitude rendering the contribution to the atom in addition to scattering from the Cu end atom. Due to
XAFS signal of nearly collinear, La-Q)-Cuys MS paths the small tilt angles of Cufoctahedra, DS and TS paths
essentially unchanged, as shown in the FEFF6 calculation afontribute to the XAFS signal at nearly the same distance as
Fig. 7. These MS paths, whose amplitudes are strongly senthe SS path(4.773, 4.777, 4.781 A for SS, DS, and TS
sitive to the degree of collinearity of the three atom arrangepaths, respectively® The total signal at this distance is de-
ment (buckling angl¢, contribute to the XAFS signal at termined by the sum over these scattering contributions, each
nearly the same distance as the Lgz©$S path. entering the sum with its own amplitude and phase.

As we show in the following sections, we are able to The sensitivity of La-@2)-Cu MS XAFS to changes in
determine these three-body correlations directly from thébuckling angleB is mostly due to the p.e. scattering ampli-
data and, together with information from Ba and K«dge tude at the intervening @) atoms being strongly peaked in
XAFS analysis, to conclude that the decrease in amplitude dhe forward direction and rapidily decreasing with scattering
the La-Cy,s distance is due to a broad distribution of local angle. This results, for collinear paths, in an enhancement of
tilt angles about the average val(8), disorder that origi- the p.e. wave function at the position of the end atoms as
nates in the large difference in ionic size between the Baompared to its value in the absence of the intervening, “fo-

dopant and La host atoms. cusing” atoms, enhancement that decreases as the deviation
from collinearity increase®>* The resultant three-particle
2. Second moment of local tilt angle distribution correlation determines direct(y32), which complements the
from La-O(2)-Cu MS paths indirect determination of 8) from the La-O distances, as

explained below.

The atomic arrangement that determines the (2-Qu . .
; . . Al Scatteringamplitudesof La-O(2)-Cu MS paths were pa-
MS XAFS signal and its relation to CyQpctahedra tilts is rametrized in terms of buckling angjé by computing the

schematlcally shown in Fig. 8. The p.€. wave excited at theeffective scattering amplitude for several angles using
La site undergoes, among others, single scatte(®8, FEFF6 theory and constructing a correction of the form
double scatteringDS), and triple scatteringTS) events from y 9

' . Fu(B)=F((B)) (vt {kB?). This functional form accu-
nearly collinear @) and Cu atoms before its scattered por-_ X : . .
; . g : " rately describes the buckling dependencefer20°, as di-
tion recombines with its outgoing part at the position of thereCtIy verified from fits of thed dependence of the theoret-

ical F (B)/F({B)) at several values df(see Ref. 55 Here

3 . . . .
| ¢ ' ' ' S dolped (B) is the average buckling angle found by diffraction tech-
€| C = —

2r A A Ba-doped --- ]
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FIG. 7. Real part of the complex Fourier transform of
c-polarized LaK-edge data in Srx=0.15, T=20 K) and Ba &
=0.125,T=10 K) doped cuprates. The large reduction in ampli-  FIG. 8. Schematic representation of the MS paths used in deter-
tude at the La-Cys distance(arrows in the Ba-doped sample i®t  mining tilt fluctuations about the axis andaa plane. La-@2)-Cu
due to the different structural ground states of these syste®  correlations are determined from both La and Kwedge XAFS,
vs LTT) as shown by the FEFFé-poIarized calculation of both Ba-Cu-Q2) correlations from BaK-edge XAFS(Sec. Il D) and
phases. Cu-Q(1)-Cu correlations from CiK-edge XAFS(Sec. Il B).
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TABLE IV. Einstein temperatures, static disordef; and zero point T=10 K) o2, (in A?) for
La-Cuys as obtained from L&K-edge XAFS in Sr-doped Ref. 5%€0.15) and Ba-dopedx& 0.125)
La,CuQy. (B)= 6.8°,6.9° afT=10 K for Sr-dopedRef. 57 and Ba-dopedRef. 13 samples, respectively.

B(deg) 0e(K) o oy
Sr 6.8 15620) 0.000110) 0.003510)
Ba 6.9 255%70) 0.006@20) 0.008420)
B(T) 15823) 0.001315) 0.003810)

niques andy,,{, are k-dependent coefficients obtained by =6.9° found by diffraction. Since the loctist moment(3)
fitting the B dependence oF(B8)/F.({B)) separately for agrees with the diffraction valugec. lll B 1), this results in
DS and TS pathand for each value ok. DS and TS half- a rms local fluctuation in buckling anglg 632)%2
path lengths were parametrized in terms@®fand the SS =2.0(4XB). The same ratio holds for fluctuations in tilt
half-path length at nearly the same distance, both of whiclangle, which is about twice smaller than the buckling angle
are varied in the fit in addition to a singte’. The effective  (not exactly twice due to small differences in Cy2Dand
scatteringphaseaused are those corresponding ), which  La-O(2) bond lengths and small relative displacements of
for the angles at hand results in systematic errors in distanc@u, La end atoms™ This result is, within uncertainties, the
determination 0f0.005 A, as verified in our fits, but does same at all temperatures and for bath0.125,0.15 samples.
not affect the measurement of the buckling angle. By assuming thag=0 (i.e., B=(B)) in the Sr-doped
Since XAFS measures the instantaneous distribution ofase k=0.15), we obtained a negligible static disorde}
atoms around the probe atonaseragedover all such atoms, (Table 1V) indicating that buckling angle fluctuations about
it gives(F(8))=F({8)) (7i+ {(B?)), where the brackets its average value are smalif present, these fluctuations
indicate average over all La atoms. For an instantaneous lavould reduce the XAFS amplitude, a reduction that can be
cal buckling angle thatandomly deviates from its average partially compensated for by an increaseg);). This result
value, B=(pB)+dJp, diffraction techniques measure also shows that theibrational contribution to deviations in
(B) ((68)=0 when averaged over long rangehereas local buckling angle from its first moment value is smtie
XAFS measures|8?)=(B)*+(5B%); i.e., XAFS can di- static offset giving an estimate for the size of this effect
rectly determine the second moment of the local tilt angle This result is expected since Sr-induced local distortions
distribution (88%)=((B—(B))?)=(B%)—(B)%. If local have a small spatial extefitbecoming noticeable in the
fluctuations in buckling angle exist XAFS necessarily yieldsXAFS of the majority La sites only for>0.15° Using 8
(B?)Y2>(B). As we show in Sec. Il D, this fluctuation is =(B) in the Ba-doped case, however, yields a largfg
expected due to the large, random, local distortions intro—0.006(2) A2 As we shall see in Sec. Il D, this value is
duced with Ba doping. too large to be accounted for by changes in half-path length
Since botho? and buckling angle §) fitting parameters  of La-O(2)-Cu SS and MS paths due to Ba-induced distor-
affect the La-@2)-Cu amplitude (although with different  tions of La, Cu, and @) atoms(weighted by the Ba con-
k-dependences cprrelauons betvyeen these parameters argenp, which is estimated atr;~1x10"% A 2. This large
expect(_ed_. In addltlon to accounting for_ these corrgl_auons N2 must therefore be compensating fonaccountexifluc-
determining uncertainties in the best fit vald€sdditional  tions in local buckling angle. When such fluctuations are
criteria are needed to assess the physical validity of a mOdeétllowed in the fits, we obtain a value oﬁﬁ consistent with

Here, such criteria include a physical temperature depen[he measured Ba-induced distortioff@ble 1V); in addition
dence of the vibrational disorder in interatomic distances e obtain avibrational behavior ofo-2 (6 an’d zero-point
. E -
self—ponsstency between La, Cu, and Ba XAFS probes anagotion) nearly identical to that of the Sr-doped case, indicat-
makmg_contact with the closely rel_ated Sr-doped system. ing that the effective local force constants determirtimey-
zogve f';tezcj?éhi IE)a-q)Z)-CEu XAFSﬂ;'gnT afl'lz 10{ 8]9’ 21?0 mal disorder in La-@2)-Cu configuration are about the same
» anad 2/ oy con(sg?ralnlng frationaipart ofo™ 10 3, hoth cases. We conclude that most of the static disorder in
follow ""2 Einstein modet but -allo.wmg for aT-anependeqt La-O(2)-Cu configuration is due to local deviations in buck-
O_ﬁSEt’ Toit» 10 @ccount forstatic disorder in the interatomic ling angle from its average value introduced with Ba-doping.
distances, i.e., A much smaller fraction of static disorder is of other origin,
52 0 and includes changes in Laf®-Cu SS and MS half-path
o?=———coth —| + o2 (4)  lengths due to Ba-induced distortions. A consistent result is
2M,Kgb 2T) o ; -
r"™BYE obtained from the measurement of C{2PLa/Ba configu-

with 6 the Einstein temperature aii, the reduced mass of ration in CuK-edge XAFS, Sec. IIl E.
La and Cu atomsa singleo? is fitted for the SS and MS
paths at nearly the same distapda addition we used the
B-parameterized form df,(B) and of MS half-path lengths.
Table IV compares fitting results obtained for Sr-dopeahd
Ba-doped samples, where for the latter we show the effect of It has been previously shown that the temperature-
fitting B instead of using its average structure value. Our besinduced structural phase transition from LTO to HTT in
fits give (B2)Y?=15.2-3° at T=10 K, compared td8)  La,_,SKCuQ, is of order-disorder character; i.e., the local

C. Temperature induced LTT — LTO — HTT structural
phase transitions
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FIG. 10. Magnitude of the complex Fourier transformkég (k)
usingk=3-14 A~! XAFS data at the L&-edge forx=0.125 at

ingk=3-14 A~ XAF he L&K- forx=0.12
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under same polarization conditions for the an struc ures:(Nl_NP):54_ 24=30. Goodness of fit parameters arg=9.5

(Ref. 13, bottom andR=0.02.

FIG. 9. Real part of the complex Fourier transformkdfy(k)

CuQ; octahedra tilts do not vanish at the structural phase

- 2 . .
boundary but become disordered relative to each other t§nPhysically larges® and planar La-@) distances, which
result in the zero tilt angle measured by diffraction &€ incompatible with the measured lattice paramdfeable

technique$®5° Similar order-disorder behavior was also re- V)- In particular the local tilt angle does not vanish at the
ported for the LTT— LTO — HTT phase transitions in LTO — HTT phase transition. These results are in agree-

La, ,Ba,CuO, based on PDF analysis of neutron—scatteringment with the'Pl'DF work, which found the LTT model'best
data®® It was found by Billinge, Kwei, and Takadithat the fits the dqtg within a=4 A scale at all temperatures, with a
CuQ; octahedra do not change thécal tilt direction from superposition _of cohere_nt local LTT variants giving a better
(110 to (100 at the LTT — LTO phase transitiorFig. 5 fit at longer d|stanc_es in the LTQ and HTT p_haéb_ﬂ'.he

but rather tilt in the(110) LTT direction at all temperatures. nearly temperature-independent fit values obtained in the re-

The LTO and HTT phases must therefore arise, it was arfinéments of buckling angled €)%, Secs. Il B 2, Il B are
gued, from superpositions of smal-(L0 A) domains with consistent with the order-disorder nature of these phase tran-

LTT symmetry. sitions.
Our XAFS results from LaK-edge measurements on

La,_,Ba,CuQ, are in good agreement with these findings. D. Ba K-edge results
The large rearrangement in planar L&D distances that _ S
would have resulted from a change in local tilt direction at 1. Ba-induced local lattice distortions

the LTT — LTO phase transition is not observed in our La  |n contrast to diffraction techniques, including the PDF

K-edge,a-polarized data, as shown in Fig. 9. Fitting resultsanalysis of neutron-scattering data, XAFS can distinguish the
at T=140 K, significantly above the=60 K LTT — LTO Ba environment from the La one as it measurespghsdial
transition, show that the local structure=5 A scal¢ of  radial and angular atomic distribution function about the ab-
both x=0.125,0.15 samples is well described by an LTTsorbing atom. If Ba substitutes at the La site without distort-
model with structural parameters nearly the same as thodsg its near-neighboring environmefgs commonly assumed
found atT=10 K (Fig. 10, Table V. An LTO model cannot based on diffraction resultsone expects their XAFS to be
describe the local structure within this length scale. A similamearly the saméhe absorbing atom’s phase shifts are about
result is obtained within the HTT crystallographic phasethe same due to their similar Z numbgerEigure 11 shows
(above about 200 K fox=0.125) for which a local HTT kyx(k) XAFS data obtained at the Ba and Kaedges forx
symmetry refinement yielded not only a bad fit but also an=0.125 atT=10 K. The large differences are due to severe
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TABLE V. La K-edge fit results fox=0.125 within the crystallographic LTOT= 140 K) and HTT
(T=270 K) phases. La-O distancéa A ) and theira? (in A 2) are shown for different models, together
with goodness of fit parametequz, andR.

PRB 61

T(K) 140 270 270
Model LTT LTT HTT
La-O(2) 2.35310) 2.35310) 2.36020)
La-O(1) 2.55(11) 2.53022)

La-O(1") 2.62010) (X 2) 2.61G20) (X 2) 2.61Q30) (x 4)
La-O(1) 2.69012) 2.70023)

La-O(2) 2.64013) (X 2) 2.63018) (X 2)

La-O(2) 2.87014) (X 2) 2.86(20) (X 2) 2.62G30) (X 4)
a? 0.005%14) 0.005916) 0.015620)
(X%, R) (9.5, 0.02 (12, 0.03 (21, 0.07

local distortions around the Ba sites originating in its differ- data(Fig. 12, we confirmed that Ba substitutes at the La site
ent charge state and much larger ionic size (1.47 A ionidut induces major distortions in its near-neighboring envi-
radius for Ba? versus 1.22 A for La% both ronment. These distortions are detectaléhin a sensitiv-
9-coordinatefl®® As revealed by our detailed analysis, theseity of ~0.01 A) up to a radial distance of at least 5 A
distortions can be represented as an expansion of the locikibm the Ba sites. Fit results are given in Tables VI and VII.
atomic environment around Ba, with the size of the distor-Since the undistorted structure is highly anisotropic, with
tion decreasing with distance from the Ba site, as expecteditomic “shells” consisting of more than one distance, atoms
The oxygen nearest neighbors are affected the most, which igithin such shells are affected differently. Though this re-
reflected in Fig. 11 by the most significant changes seen isults in an anisotropic expansion of the Ba surroundings
the lower frequency componentshorter distancesof the  (relative to the undistorted, average structuree illustrate
XAFS signal. the effect of Ba substitution by showing angular-averaged
Refinements were carried out simultaneously for both po<shell” distances and their radial displacements relative to
larizations, as described in Sec. Il A. From fits of Raedge

T T T 1 T T T T T
0.9 - Data —
I I 1 1 1 1 FEFF6 -——
, Ba-0.125, Scan 1 — 0.8 |- 6 -
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FIG. 12. Magnitude of the complex Fourier transforrmkdj (k)
FIG. 11. XAFS signaky(k) at the Ba and L&-edges forx usingk=3-14 A~1 XAFS data at the B&-edge forx=0.125 at
=0.125 afT=10 K. Reproducibility scans also shown for Ba data. T=10 K. Data and fit shown for both polarizations; vertical lines
The large differences, mostly at the lower frequenciistanceys indicate fitting range. The degrees of freedom in the fits are
indicate that Ba induces local distortions in its near-neighboring= (N, —Np) =54—24=30. Goodness of fit parameters qr,%ezl&l
environment. andR=0.029.
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TABLE VI. Fit results for interatomic distancé A ) between 0.2 — T I T I I

Ba and neighboring atoms =0.125,0.15 samples @=10 K as \‘ Data +o—
obtained from BaK-edge polarized XAFS. Coordination numbers \
given in parenthesis. Nearly collinear multiple scatterii\gS) 0.15 |\ .
paths also contribute to the XAFS near the,gwand Lg,g dis- ¢
tances. g % Cu

= 0.1 | \\\ \L La -

x=0.125 x=0.15 d T Cuws

0(2) apical 2.54013) 2.53010) 005F 0  F_ J’ ! -
0(1) (X2 2.78015) 2.76Q15) R
0(1) (X2 2.79715) 2.82415) . . . , '.§. ______
O(2) planar 2.62120) 2.64820) -y 3 3.5 4 45 5 5.5
O(2) planar (x 2) 2.87110) 2.88410) (r)(A)
O(2) planar 2.92(B0) 2.89526)
Cu (X2) 3.2785) 3.26715) FIG. 13. The effect of Ba substitution on its near-neighboring
Cu (X2) 3.3235) 3.3145) environment. Angular-averages of both “shell” distande$ and
La apical 3.71®) 3.7227) their radial atomic displacementar) (relative to the undistorted
La planar 3.78010) 3.78210) average structu)e.are.shown.. Data correspondste-0.125 atT
La planar (2) 3.78310) 3.7838) =10 K; dashed line is a guide to the eye.
La planar 3.91QL0) 3.9038) from 90°. Rigid tilts would have resulted icontraction of
La (x4) 3.9905) 3.981(5) Ba-O(2) planar distances, while the opposite is observed.
Clivs 4.79010) 4.78X10) The significant distortions found for (@)-planar, La-planar,
Lays (x4) 5.31620 5.31417) La-apical, and Cu atoms would introduce disorder in the
Lays (x4) 5.37120) 5.38118) buckling configuration of La-(®)-Cuys paths as well as in-

troduce disorder in their scattering path lengths. Even assum-

. N ing that the~0.05 A Cu displacements are fully alomg

the und|storteq structure in Fig. 13. .~ they will contract/expandequally La-O(2)-Cuys paths by
The Q(2) apical oxygen nearly along is displaced away  apout the same amount effectively introducing static disorder

from Ba by 0.17(1) A from its average position. Therefore, in their half-path lengths of about 261073 A 2. Each Ba

a weighted average dbcal Ba-O(2) [2.540(13) A] and  atom affects 4 Cu atoms, which, &t 1/8 represents about

La-O(2) [2.353(14) A] apical distances as obtained by 509 of their total, resulting in a weighted static disorder in

XAFS gives (1-x/2)-2.353+(x/2)-2.540=2.365(14) A, | 5.0(2)-Cuys half-path lengths of about 1.2510°3 A 2.

in excellent agreement with the 2.369(2) aﬁlerageL’a/B_a- This is likely overestimated since the Cu displacements are

0(2) d|stanc¢ of diffractiori*> Changes in Ba—Cl,_l ) dis- ot fully alongz. Other distortions contribute a much smaller

tances relative to the average s,truqture are in 040 565t of disorder in half-path length of these scattering

—0.18 A range. Assuming @, 1) displacements along paths. For example, the (®)-planar and La-planar distor-

the Ba-Q1, 1') directions[the strong Cu-@L, 1) bonds ;s would mostly contribute to disorder in the L4ZBCu
would rather buckle than compress/exphadd, since these 1, ,cyjing angle configuration since displacements are mostly

directions form~45° with thec axis, this introduces @ o hendicular ta, i.e., to the p.e. direction of propagation.
component of displacements ¢0.1 _A' These displace- The oy displacements will also contribute to disorder in this
ments significantly alter the corrugation of the Guianes buckling angle, as they alter the relative positions of Cu and
nearby a Ba dopant, as they introduce Q(tlisplacements | 5 end atoms.
from the CuQ planes and change the buckling pattern of the  ag neighboring octahedra are coupled by their vortexes,
already displaced @) atoms. For comparison, the dis- one expects that these local distortions will extend into
placements of the latter in the undistorted structure-are neighboring cells. Whereas XAFS cannot directly determine
+0.1 A B4 next-cell correlations due to the short p.e. mean-free path
The large oxygen displacements introduce local increases~5—10 A ), these will be short ranged as they are not
in the tilt angle of the Cu@ octahedra that neighbor Ba detected in diffraction experiments. In addition, since Ba
dopants. The distortions, however, are not consistent witlgubstitution is random, its distortions introduce random fluc-
increasedrigid tilts but rather with increased buckling with tuations in tilt angles about their average value. Since each
enhanced departures of thigCu-O(2), Cu-Q(1, 1') angles Ba dopant occupies a sphere of radifs~3.8% %3

TABLE VII. ¢ (in A ?) for different shell distances obtained from Baedge XAFS ofx=0.125, 0.15
samples alf =10 K; alsoS3=1.02+0.09.

O Cu La Cuys

0.125 0.004612) 0.00343) 0.00352) 0.0025%5)
0.15 0.004413) 0.00363) 0.00372) 0.00299)
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=97 A (385 A is a mean La-La distance and
=0.0625) and its distortions extend up to at least 5.5 A
(Fig. 13, a lower limit on the fractional volume that is af-
fected by the Ba distortions is given by (5.5/F#)18%.
Next-cell correlations will enhance this fraction. As dis-
cussed above, however, a much larger fractiosaaittering
pathsinvolving Cu and La atoms is affected by the Ba dis-
tortions. This large fraction is the reason behind our obser-
vation of significant disorder at theajority La and Cu sites.

%(r)I(A~%)

2. Ba-O(2)-Cu three-body correlations

The same modeling procedure described in Sec. Il B 2
was carried out here to determine the B&@Cu buckling
angle distribution from the three body correlations that de-
termine DS and TS paths. We fitted the B&2Cu XAFS
signal atT =10, 140, and 270 K simultaneously, constraining
the T-dependence ofr? to follow an Einstein model but
aHOWI_ng for static disorder in terms of an off_seﬁﬁ, a5 sound since Ba and Lis-edge XAFS are broadened by nearly the
c_jescrlbed pefore. We compare models for which the buc_:kéame core-hole lifetime effects. The signal shown by the arrow
ling angle is set to its average structure value or Otherwisgefiects the fit results showing that BAZDCu signal has less dis-
independently refined. In clear contrast to the results for Lag,qger (thermal and statjcthan the La-Q2)-Cu signal in the Ba-

O(2)-Cu in Sec. I B 2, we obtained no significant static goped samples and less thermal disorder compared to the La-
offset [ oo= — 0.0003(3) A?] by using the average value O(2)-Cu signal of a Sr-doped sample.

of B=6.9° determined by diffraction. When allowed to vary,

we obtained a smaller but consistent value(gf)§2=5.4 present that could correlate with the onset of spin/charge
+1.7° atT=10 K with ac34=0.0008(6) A2. Both mod-  stripe ordering at low temperatures. As previously discussed,
els yield an Einstein temperatur=204(10) K(giving a  the ability of XAFS to resolve atomic displacements com-
zero-point motiono2 , =0.0026(5) A? at T=10 K). mensurate with stripe ordering is dependent upon their mag-
The smallervibrational disorder in the Ba-@)-Cu con-  nitude. Since by all estimates these displacements are near
figuration compared to La4Q)-Cu (Table 1V) indicates a the detection limit of the XAFS technique, it is important to
more rigid configuration for the former. This is not surpris- enhance the sensitivity to the signal of interest. Here, angular
ing since Ba substitution pushésither due to electrostatic measurements on oriented powders allow us to separate in-
interaction, size effect, or botithe (2)-apical and Cuysg plane Cu-O(1,1) from out of plane Cu-@) correlations.
atoms away from i{Table VI), leaving less free space for the Although this does not improve the theoretical ultimate spa-

relative motions of Ba and Gy4 atoms along the axis. tial resolution(determined largely bkmax, Sec. ), it elimi-
Since we cannot separately determine the I¢@ak, as we hates background by isolating the planar and out-of-plane
did for ()4, our results for 82)g.=(B)5.+ (5B%)sa can-  Signals and increases the information content in the XAFS
not distinguish between, e.g., a buckling distribution withdata; therefore enhancing our ability to resolve the local
(B)ga=0, (8B)ga#0 or one with( B),#0, (5B8)ga=0. The  Structure. _
former case, however, will put ampper limiton the size of Cu K-edge data fox=0.125 atT=10 K is shown for
fluctuations in buckling angle in the Ba(®)-Cu configura- both conditions of polarization in Fig. 15. Due to the sim-
tion of <5,32>é/§: 5.4+1.7°=0.8(2)X 8)La. Since for La- plicity of the nearest-neighboring environment of Cu sites
0(2)-Cu we obtained 682)X2=2.0(4) 8).., we obtain that compared to that of La/Ba sites we used Kuedge XAFS
(5,32>1/2=0 4(1)<5/52>1/2' i g the rms buckling fluctuations for a cross-check of the degree of alignment of our oriented
Ba Las == powder. For this purpose, we fitted both polarizations simul-

in Ba-O(2)-Cu configuration is, at the most, half of its value ! . )
for La-O(2)-Cu, expected since Ba atoms are well separatec}aneousIy by assuming a fractionp of perfecily oriented
! yowder and a fractiop of misaligned powder. Irrespective

The significant differences between the more ordered BaP S
0(2)-Cu three body correlations compared to the LE@@Cu of the two extreme cases assumed for the angular distribution

ones can be directly seen by their contribution to the ampli-Of the latter relative to the polarization direction of the x-rays

. A i (random powder or “antialigned” powder, i.e., powder with
tude of the Fourier transform @Fpolarized(La, B3 K-edge its ¢ axis perpendicularto the c-axis orientation of fraction
data, as shown by the arrow in Fig. 14. Perp

1—p) adding the fractiorp in the r-space fits resulted in a

worse fit and a fitted valup=0.05(10), the uncertainty in-

E. Cu K-edge results cluding variations between the different angular distributions

assumed for fractiop. This is consistent with our estimates

based on intensity ratios of Bragg reflections, Sec. Il A, and

verifies the fraction of misoriented powder in our samples to
The Cu site is the most suitable for investigating the localbe <5%.

structure of the Cu@ planes; in particular to establish Fits were performed simultaneously for both orientations

whether anomalous behavior in their structural parameters iy constraining the structural parameters of those paths that

FIG. 14. Magnitude of the complex Fourier transforrkég (k)
using k=3-14 A~! data range for LaK-edge in (a
La1_858r0_15CUO4, T:20 K, (b) La1_87£%_125CUO4, T:].O K and
(c) BaK-edge in La g7Bay 1oCuQ,, T=10 K. The comparison is

1. Temperature dependence of in-plane and out-of plane
Cu-O correlations
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FIG. 15. CuK-edge XAFS kx(k), of La; g7Bag 1oCuO, at T . )
=10 K; two scans are shown for each polarization. FIG. 16. Magnitude of the complex Fourier transforrmkég (k)

usingk=3-14 A~! XAFS data at the Cik-edge forx=0.125 at

contribute in both polarizationg.g., Cu-La SS pathsThe T=10 K. Data and fit shown for both polarizations; vertical lines
average structul®®has two distinct Cu-O(’) and Cu-@1) indicate fitting range. The degrees of freedom in the fits are
planar distances at 1.8902 A and 1.8933 A, respectivelg (dNI'?iB'Fglzfg_ 16=32. Goodness of fit parameters arg=40
(LTT octahedral tilts are about the Cu-O{ldirection dis- naR=9.0%L
placing Q1) oxygens from the Cu®plane. Attempts to
vary these distances independently resulted in large correl&instein models as per E¢).
tions with theira? value and no improvement in the quality ~ Self-consistency requires that the Cu-La distancesceind
of fit as compared to using a single, double degenerate, digbtained from the CiK-edge analysis match the values ob-
tance. This is expected since such a small splitting cannot bi@ined for the La-Cu distances in the analysis ofd-&dge
resolved by XAFSSec. ) and can be effectively accounted data (Table Il), which is the case. For example, for
for by a negligible, static contribution~2.4x10° 6 A?)to  =0.125 atT=10 K the disorder in Cu-La/Ba bond lengths
the o2 of these bonds. A single CufD planar distance was is 0°=0.0022(3) A? compared tar®=0.0019(3) A? for
therefore varied, and any anomalous charfgéthin the the La-Cu bonds. The small differences are expected since
XAFS sensitivity in the planar distribution of distances Cu XAFS measures a weighted average of Cu-La/Ba corre-
should manifest itself in deviations of this single distancelations, while La XAFS determines La-Cu correlations only.
or/and itso? value from their expected temperature depen- In Fig. 18, the largerZ, in the Cu-@2) bond originates in
dencies. A different-? was refined for the Cu-Q@) and Cu- the Q2) and Cu local distortions that occur near a Ba dop-
0O(2) SS paths, as this significantly improved the fits. MSant, as described in Sec. lll D 1. The L&D and Ba-@2)
paths significantly contribute to the XAFS abowe  distances, as determined from La andiBadge XAFS, dif-
~3.78 A (@ polarization and r~4.77 A (@ polariza- fer _significantly [2.353(14) A, 2.540(13) A]. Since
tion) and their contributions were included. Data were re-L&/Ba-02)-Cuys configurations are nearly collinear, from
fined atT=10, 30, 50, 80, 140, and 240 K. In order not to the _measurements  of La-Gy [4.767(15) A] and
obscure any anomalouE-dependence of pair correlations, Ba-Clus [4.790(10) A] distances we can approximately
we initially fitted each temperature data set independentlydetermine Cu-Q@) distances near La and Ba atoms to be
without constraining their structural parameters to follow a~2-414(20) A and 2.250(16) A, respectivelyig. 8. An
predictated behavior(e.g., an Einstein model for the appropriate weighted average of these local configurations
T-dependence of?). Buckling angles of nearly collinear results in a Cu-@) distance of 2.4048) A in very good
MS paths were initially constrained to the values dictated byagreement with the 2.408(11) A obtained in theGedge
the average structure. analysis[at x=0.125 the relative weights of having only La
Fit results are shown in Fig. 16. Temperature dependenatoms at both ends#{(c) of Cu-O2) bonds is (1 x/2)?
cies of selected interatomic distances and théiare shown =0.879; one La and one Ba is 2¢k/2)(x/2)=0.117; only
in Figs. 17 and 18; the latter also includes fitssdfvalues to  Ba atoms is %/2)?=3.91x 10 %]. A similar weighted aver-
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FIG. 17. Selected interatomic distances as obtained from Cu FIG. 18. ¢ values for selected interatomic distances together
K-edge XAFS analysis. Correspondent neutron-diffraction valuesvith their fits to Einstein models using=0.125 data. Static disor-
(x=0.15) (Ref. 33 at T=10 K (shown at 5 K for clarityand 295  der o needed to well fit the data also included. Results xor
K also shown. Results for=0.15 are displacedyb2 K for clarity. =0.15 are displacedyb2 K for clarity. An S§=0.91(6) value was

) ) ) obtained in the simultaneous refinements of both orientations.
age can be done to estimate ttatic MSD in bond length

introduced by the different @) local configurations yieldin
! 2 _u ¥3 2' @ argurat yiecing =<0.005 A). On the other hand theZ; obtained for the
oo¢=1.5x10"% A2 As pointed out in Sec. llID 1, Cu at- | Cu-Cure dist Fio. 1 d f° the Cu-Lac di
oms neighboring Ba are locally displaced away from theP'anar “U-Chis IS ance(Fig. 18 and for the Cu-Lgs dis-
dopants by~0.05 A. Assuming these displacements aretance along (not shown are too large to be accounted for

N by the Ba distortions. This static disorder reflects the unac-
gj)sél(yz)a gg&;@%saglbsot&e%g?:tjefgg:r\]/%z%n;ﬁiﬂglé‘:lllgubst(r:ounted disorder in the buc_kling angle configuration of MS
tution is random. This introduces additional static disorder Opaths at nearly the same distances, as explained below.
~1.25x10 % A ? atx=0.125. Since the Cu and(® dis- ,
placements are uncorrelated, the expected static disorder if- CU-O(2)-(LaBa) and Cu-O(1,1)-Cu three body correlations
Cu-QO(2) distance is aaiﬁ%(l.5+ 1.25)x10 % A2~275 To determine the extent of buckling angle fluctuations we
x 1072 A2, in agreement with the result in Fig. 18. followed the procedure described in Sec. Il B 2. Since each

The good fit of the MSD in Cu-Q@) bonds to an Einstein of the MS signals of interest contributes in only one orienta-
model with a small static offset contributigRig. 18 is con-  tion direction we refined the structural parameters of Cu-
sistent with our conjecture in Sec. Il D 1 that the O(3,1 O(2)-La/Ba and Cu-O(1,)-Cu MS paths, including buck-
and Cu local displacements nearby Ba dopants result in ining angle fluctuations, by fitting each orientation direction
creased local buckling of the Cy@lanes without significant separately in the regions ofspace where these MS paths
changes in Cu-O(1/) bond lengths (estimated at contribute significantly (=3.7-5 A andr=3-4 A for
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TABLE VIII. Einstein temperaturest;. ; static disorder2, , and goodness-of-fit parameters obtained for
Cu-Cuyys and Cu-La/Bgs paths for different modelings of local buckling angles. Fit results correspond to
x=0.125 sample; results for=0.15 are same within reported uncertainties. The total number of independent
points in the data at six different temperatures is taken as six times the information content of each tempera-
ture data set.

Cu-O(1)-Cu

Model Oe(K) oer( A?) N, Np X
a=5.9° 35735 0.00183) 42 8 455
a=a(T) 296(14) 0.00027) 42 13 32.1
Cu-Q(2)-La

Model Oe(K) Ugﬁ( A?) N, Np XIZ,
B=6.9° 15816) 0.003@06) 55 8 33.9
B=p(T) 174(24) -0.000416) 55 13 23.58

e[ll,L]¢, respectively. Structural parameters of all other obtained in both models is(1+2/2/v) (2 standard devia-
paths were set to their values determined in the constraingibns apart, Sec. Ill A the fit with the Iowerx,z, being better.
fits of both orientations. Fit results in the region of-space including the Cu+@)-Cu

In contrast with the situation encountered at the La and Bsignal are shown for both models in Fig. 19. Our best fits
K-edges, additional nearly collinear MS paths contribute tagive (a?)Y?=13.1+2° and (8%)Y?=14.3+15° at T
the XAFS signal at about the same distance. These MS$10 K for Cu-Q1)-Cu and Cu-@2)-La/Ba, respectively.
paths, however, involve at least two backscattering event§he variations in these values with temperature or between
compared to just one in Cu{®-La/Ba and Cu-O(1,)-Cu  x=0.125,0.15 samples are small and within the reported un-
MS paths. Although the contributions from CuZpLa/Ba  certainties.
and Cu-O(1,1)-Cu SS, DS, and TS paths dominate the sig- Lack of significant temperature dependence in the buck-
nal, as verified by our FEFF6 calculatiotsall MS contri-  ling angle configuration of Cu-O(1’J-Cu has also been re-
butions were included in the fits. Distances antifor the  ported in the CuK-edge XAFS study of unoriented powder
additional, smaller, MS paths were related to those of S®f La; gBa, ;,CuQ, by Di Cicco and Sperandifif. This be-
paths without the need for additional structural paraméters. havior is expected from the order-disorder nature of the
The important point to emphasize is that the SS and M3emperature-induced phase transitié8sc. 1l C.
paths of interest dominate the signal and their structural pa- Our fits indicate that essentially all of the static disorder in
rameters are not affected by the contributions of any othethe three-body configurations can be accounted for by buck-
paths. ling angle fluctuations. However, one expects smaller contri-

Data at =10, 30, 50, 80, 140, 240 K were refined to- butions from other sources, e.g., disorder in SS and MS path
gether by constraining the temperature dependence’ ab
follow an Einstein model but allowing for static disorder, 3
o2, as in Eq.(4). As before, a singler? is refined for SS,
DS, and TS paths at nearly the same distance. Effective scal
tering amplitudesare parametrized in terms of buckling 1
angles while effective scatterimghasesare set to the values &
corresponding to the buckling angles of the average struc-"; 0
ture,(@)=5.9°,(B)=6.9° for Cu-31)-Cu and Cu-@2)-La/ =
Ba, respectively(Fig. 8). For the range of buckling angles &
considered here constraining the effective scattering phase®™ o
introduces systematic errors in distance determination of
=0.005 A but does not affect the measurement of buckling -3 y ==
angles, as directly verified in our fits. MS half-path lengths 4 A ; ; ; :
are parametrized in terms of buckling angles and the SS half- 39 3.3 3.4 35 3.6 3.7 3.8
pathzlengths, both of which are varied in the fits in addition r(A)
to o°.

Taple VIII compares.fit results obtained by either con- £ 19. Real part of the compléx(r) for CuK-edge,a polar-
straining the local buckling angles to their average structurgation. The region of-space including Cu-()-Cu MS contribu-
values or by allowing them to fluctuate. Similar to our find- tions is shown for fitting models with and without local buckling
ings in Sec. Ill B 2, while the former model results in too fluctuations. The MS signal peaks at3.5 A (instead of
large o values, their smaller values in the latter model are~3.78 A) due to phase-shift effects in the p.e. final stat&) in
within our expectations based on the size of Ba induced diskq. (1). Difference spectra also shown together with the level of
tortions. In addition, fit improvements by varying the buck- randomnoise in the datshorizontal line$, taken as the rms of(r)
ling angle are statistically significant as the ratiqnﬁfvalues in the range 15-25 A where the XAFS signal is negligible.

2\
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lengths due to Ba distortions, but our data in Table Vlllgood agreement with the results of diffraction
shows that their magnitude is hidden in the uncertainties ofechniques>'4®3As band-structure calculations by Norman
2. et al. clearly showed? this tilt angle is not large enough to
The slightly higher Einstein temperature obe  cause a significant effect on the density of sta@®9 at
=174(24) K obtained for Cu-La/Bg paths [zero-point  the Fermi energyEg) when going from the LTO to the LTT
motion of ¢Z,=0.0030(5) A%] compared to thef:  phase. The minor effect that the appearance of the LTT
=158(23) K of La-Cys paths from the LaK—edge[aﬁ_p_ phase has on the DOB{) for such magnitude of tilts is
=0.0038(10) A?] is expected since Cu-Rg distances confirmed by photoemission studies on single crystals of
[ 0=204(10) K], which have less thermal disorder than theLa, g,8Ba, ,,4Cu0, showing no significant change in the
Cu-Lays ones, contribute to the Cu-La/Rasignal but not DOS(Er) when cooling through the LTO to LTT
to the La-Cy;5 one. Based on the LE-edge result that the {ransition®*
local tilt angle, averaged over all majority atoms, agrees with  The splitting of the van Hove peak resulting in a decrease
its average structure value we obtain rms fluctuations in locghf the DOSE) (for x=0.125) by about a factor of 2 ini-
buckling - angles, (8a?)"*=((a—(a))?)"* of (sa?)' tially suggested by Pickett, Cohen, and Kraka(RE€K) (Ref.

—=2.0(3) ) and(8p%)"*=1.8(2)p) for Cu-O1)-Cu and 10) as the cause df. suppression appears at much larger tilt
Cu-O(2)-La/Ba, respectively. The disorder in buckling angle angles 2 times farggfls For sugrﬁ) larger angles, g gap

of Cu-O2)-La/Ba is consistent with that found for La- appears precisely @& for x=0.125 all along a Brillouin

0O(2)-Cu MS paths from L&K-edge XAFS although smaller o .
due to the contribution of the less statically disordered Cu_zqng(BZ) gdge(thg M'A edge. The band spl!ttlng, which
originates in the inequivalent O(I) atoms in the LTT

0O(2)-Ba configuration to the former. .
Since Cu-@1)-Cu and Cu-@2)-La/Ba signals contribute phase(those moving out of the CuOplanes compared to

in different orientations, information aboubrrelationsbe- ~ those staying in the plahereflects a strong hole-lattice in-
tween fluctuations abo@ta-plane and-axis (i.e., rigidity of teraction for these Fermi surface states, which increases qua-

CuQ; octahedra tilt fluctuationscannot be obtained from dratically with tilt anglé (and thus with buckling angle).
our measurements. Because of this hole-lattice interaction, the large disorder in

We note that in the modeling of Cu¢D-Cu correlations tilt angles causes a strong scattering of the Fermi su.rface
we assumed that O(] atoms remain in the CuCplanes as States along th&l-A edge of the BZ and not a gap, which
dictated by the average structure; i.e., that the CupQu  requires a periodic distortion. It is possible that these states
configuration is perfectly collinear. Ba-induced distortions,could become localized by the random disorder, producing a
however, affect both @, 1’) atoms. In particular O()  mobility gap along theV-A edge(other states aE¢ are not
atoms nearby Ba are displaced out of the Gpanes(Sec.  affected. The calculations of PCK suggest that as much as
11 D 1). Our fitting result therefore overestimates the disor-half of the states at the Fermi energy could be in this mobil-
der in buckling angle of Cu-Q)-Cu configuration since it ity gap. Such states would not contribute to superconductiv-
compensates for unaccounted disorder in Cu‘®pQu MS ity, leading to T, suppression. Despite both the locétis
paths. A better estimate can be obtained by allowing buckwork) and averageRef. 52 structures ofx=0.125,0.15
ling disorder in both Cu-Q)-Cu and Cu-O(1)-Cu MS  samples being very similgand therefore so are their rigid
paths. Since we cannot distinguish between these paths, ilnd electronic structuresdoping from x=0.125 to x
can only obtain an averaged disorder in Gusanar buck-  =0.15 moves the chemical potentiai a rigid band picturg
ling angle. By doing so we obtain a fit of the same quality asfrom the localized states in the mobility gap to the mobile
before (x§=32.5; we cannot distinguish between the two states outside.

models but now<a2>éf§ne= 8.7+ 2° resulting in rms buck- In this scenario the DO%() would not decrease at the
ling angle fluctuations of Cu planes of <50‘2>;1)|/§ne LTO to LTT transition (consistent with experimentbut
=1.4(3) ). rather the density ofmobile states aE (for x=0.125) will

Evidence for large disorder in the buckling angle of GuO be reduced when the long-range LTT order appears. This
planes is also found in Ref. 62, wheren@anbuckling angle  conjecture seems to be supported by the increase in electrical
of ~12°, with rms deviation of about 2°, is reported. As resistivity when cooling into the LTT phak@indicative of
noted by the authors, this largaeanangle is in disagree- enhanced scattering and possible localization of carriers, al-
ment with the results of crystallograptiy**[mean buckling though details on what type of activation process rules the
angle of CuQ planes~(5.9°/2)~3°]. Since the(nearly = conductivity are masked by the appearance of superconduc-
forward scattering amplitude at the O(1), kites is only sen- tivity at low temperatures. That bulk superconductivity is
sitive 10 (a?)pane, the XAFS measurement at the Cu site Observed ak=0.125, although with reduced; and super-
alone cannot distinguish between a large mean bucklingonducting volume fraction, is consistent with only a fraction
angle or large random fluctuations in its vali@ec. Il B 2. of the Fermi surface states becoming immobilized by disor-
The results of Ref. 62 yielda?)Y2 ~12+2°, in quite good der. Since DOS featuregncluding a mobility gap will be

plane .
agreement with our value dfx?) 2 =8.7+2°. broadened by disorder and by electron-phonon and electron-
P electron interactions, one would expect a broadened regime
IV. DISCUSSION of x values arounck=0.125 showing suppressed supercon-

o ) ) ductivity, in agreement with experimeﬁfr his model gives
A. On the plausibility of a denslty of states effect as the basis an explanation of whyT. suppression occurs only near
Of Tc suppression atx=0.125 =0.125 and for the LTT phase.
The first moment of thdocal LTT tilt angle of CuQ The question remains whether such a mechanism could
octahedra, as determined from La XAFS{#=3.3(4)° in  explain theT. suppression observed in other cupratex at
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~1/8 including La 4g\Ndg 4Stg 1 LCuQ,, which exhibits charge La; g;8a5.1,4Cu0,. For example, the average distance be-
and spin stripe orderifgand no bulk superconductivifff, tween randomly located Ba dopants in Qaplane, which
and La ggSr 1/CuQ, for which a small £10%) LTT frac-  determines the distance between severely distorted regions of
tional volume is observed to accompany a small CuO, planes, is~15 A . A theoretical discussion on the
suppressiofi®~¢” Whereas it seems unlikely that these sys-effect of disorder on striped phases can be found in Refs. 21
tems will all exhibit similarly large disordgthe mismatch of and 73.
ionic radii of Nd™® (1.16 A) and Sr? (1.31 A) with A study of the magnetic dynamics in j@uQ, and
La*3 (1.22 A) is smaller than for B& (1.47 A), Ref. Lay ofBa0sCUO, samples by inelastic neutron scattefihg
60], the similarly large thermal ellipsoids obtained fofXp  revealed, in addition to the presence of antiferromagnetic
atoms in the neutron-diffraction refinemefits of ~ (AFM) spin wave softening due to hole doping of the GuO
Lay 4gNdy 4Si 1.CUO, and La gBay1CUO, could indicate  planes(decrease in spin wave veloditthe presence of sub-
the presence of large intrinsic disorder also in the Nd-dope@tantial AFM spin wavedampingin the Ba-doped sample.
sample. The disorder observed in the stripe spacing of thighe large local fluctuations in buckling angle of Cu@anes
materiat® would be consistent with the presence of structuralintroduced with Ba doping will effectively scatter these spin
disorder, although the local, random, potential variations inwaves and could be responsible for their measured decay
. 74
troduced by a charged St dopant could also explain the rate!
disorder in the charge stripe spacifigwhile the extent of Evidence for local charge ordering in {gd43ag 124CUOy,
structural disorder induced by Sr substitution is, althoughwith a local charge distribution similar to that observed in
significant, much smaller than that induced by @&s work  Lay 4gNdg St 1.CuQ,, comes from recent®Cu nuclear
and Refs. 53 and 58a quantitative measure of the local quadrupole resonan¢®lQR) measurements. Based on the
disorder induced by Nd in Lad\Nd, .S, 1,CUQ, is currently — estimates from neutron-scattering measureniérits the
lacking to fully address this point. amplitude of local atomic displacements commensurate with
We note that the Anderson critical vafi€® of the  such charge ordering, we concluded in Sec. | that the XAFS
strength of the random component of the scattering potentiagignal will be almost unaffected by such ordering. Figures 17
V,, needed for localizationM,/B) i, WhereB is the band- and 18 support this conclusion as no significant anomaly is
width, would be reduced in the highly anisotropic cupratesdetected, within uncertainties, in the temperature dependen-
due to their smaller overlap energy integrals and narrovgies of the Cu-O(1,) distances and their mean-squared dis-
bandwidths’® placements,o?, below the appearance of the LTT phase
(=60 K). Although the data could be consistent with some
anomalous behavior, e.g., a slight expansiory01 A of
the Cu-O(1,1) distance below~80 K and/or a slight
Our findings indicate that the nature of disorder intro-broadening in the Cu-O(1’1 distribution by=<0.001 A? at
duced with Ba substitution goes well beyond the randomabout the same temperature, these deviations are not signifi-
variation in local potential due to the different charge statesant compared to the XAFS error and any such conclusion is
of Ba"2 and La"® ions. Ba doping introduces local structural highly speculative. The systematic increase, of about
distortions, which severely change the corrugation pattern 0§.0018 A2, in o of Cu-O(1,1) distances below about 80
CuG, planes and of octahedral tilts near a Ba dopant. Sinc& reported in theunorientedpowder XAFS study of Ref. 75,
both charge and spin degrees of freedom couple to octahés inconsistent with our data. Although the reason for this
dral tilts (the latter via spin-orbit interaction and superex- discrepancy is unclear at present, possible origins include the
change dependence on the buckling ang)é” " it is ex-  underestimation of uncertainties in structural parameters
pected that this intrinsic, random, disorder will frustrateand/or the neglect of the Cu¢® apical signal in the analy-
long-range ordering of charge and spih$® Short-range  sis of Cu-O(planaj correlations in Ref. 75. Our data on
charge and spin ordering, however, if energetically favor-oriented powder alleviates these shortcomings for the rea-
able, will persist even in the presence of disorder, althouglsons detailed in Sec. Il E 1.
correlation lengths will be largely determined by the nature Although our XAFS measurements cannot detect and,
of this disorder. It is not surprising, therefore, that strongthus, address the existence of charge stripe ordering in
evidence for spin and charge stripe ordering inLa,_,Ba,CuQ,, an upper limit on the extent of local atomic
La; g7B89.1o4CUO, has so far only been found by techniquesdisplacements commensurate with charge ordering can be
that probe local ordering, such SR (Refs. 22 and 28and  given from the size of the residuaf;=3(2)x10 % A ?in
NQR? It should be mentioned that the search for such orthe disorder of the Cu-@planaj distance after an Einstein
dering by neutron-scattering measurements has been limitatlodel fit to its temperature dependence resulting in an rms
by the lack of large single crystalline samples. The magnidisorder, averaged over all Cu atoms,s0.017 A . This
tude of the ordered Cu moment observed pgR below estimate holds whether the displacements are pinned by the
about 30 K in La g7dBay 1,4Cu0, and Lg 4dNdy 4Sio 1.CUQ,,  lattice atx=0.125 or dynamic atk=0.15, as the fast XAFS
~0.34ug, is about three times larger than the value obtainedechnique(characteristic time scate 10~ '° sec) cannot dis-
from neutron scattering measurements, consistent with thénguish between static and dynamic atomic displacements.
presence of disorder in the spin modulatfdi? Tranquada
et al18 estimated the correlation length of such spin ordering V. SUMMARY AND CONCLUSIONS
in Lay 4gN\dq 4Stp 1CUO, to be~200 A (below 30 K. The
large structural disorder introduced with Ba doping could Angular dependent XAFS measurements oriented
result in even shorter correlation lengths in powder of La_,Ba,CuQ, with x=0.125,0.15 aff=10 K

B. On the effect of disorder on charge and spin ordering
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show that local tilts of Cu@ octahedra are predominantly fifth shell of atoms. Since their average structures are also
LTT-like, with an upper limit for the fraction of LTO local nearly the sam& ! changes in structural properties are not
tilts within the LTT ground state of 10%. While the local ~ sufficient to explainT. suppression ax=0.125 and a sig-
symmetry afT=10 K is the same as that of the long-range nificant change in electronic structure with doping is re-
averaged structure, a large amount of intrinsic disorder igluired. We discussed our results in the context of two pos-
present in the LTT ground state. This disorder originates irsible such mechanisms, which may be relate@i:disorder
~5 A distorted regions around Ba dopant sites, which in-indUCEd localization of a Iarge fraction of Fermi surface
clude |arge local Changes in the Corrugation pattern ofpuostates that occurs only when the Fermi surface coincides with
planes. Despite the low Ba content, a significant fraction ofhe M-A zone edge of the BZ at=0.125 in the LTT phase
the lattice is affected by the large local distortions. The in-and(b) static stripe formation. It is reasonable to assume that
trinsic disorder manifests a random local fluctuation of thed common mechanism foF. suppression at~1/8 can be
LTT tilt angle of CuQ octahedra with an rms, averaged over found for all such suppressed superconducting cuprates. In
all La and Cu majority atoms, df{ 6—(6))2)*?~2(6), (¢)  this respectitis desirable to obtain information on the extent
being the tilt angle determined by diffraction studies. of local structural disorder introduced with Nd in
While indications of structural disorder in the LTT phase La1 4dNdo.sSl.12CUQ, to assess the validity d&). The mo-
of La,_,Ba,CuQ, have been previously reported, e.g., con-bility gap scenario, which results from combining the large
Vergent beam electron diffraction Studi%&at T=15 K local disorder found by XAFS with knOWledge from the
showed lattice parameter variations on=~al00—300 A LDA band-structure calculatiof$provides a natural expla-
scale, our measurements provide detailed information on theation for whyT. suppression occurs at=1/8 and only in
nature of intrinsic disorder at length scales comparable to th'e LTT phase of cuprates with an attendant increase in
superconducting coherence lengtihc~10 A . This infor- ~ carrier-lattice scattering.
mation should provide a more quantitative base for a better The large disorder of La ,Ba,CuQ, will frustrate charge
assessment of the role played by disorder in determining@nd spin stripe ordering over long range, although recent
normal and superconducting properties of, Li8a,CuO;. experimental evidence from local probes indicate that such
La K-edge measurements show that the local tilts do nordering exists locally. Our XAFS results are not inconsis-
change their orientation during the LTF LTO transition, tent with such ordering and put an upper limit of
but remain tilted as in the LTT configuration even at the=0.017 A, averaged over all Cu atoms, on the rms dis-
higher temperatures of the HTT phase. Temperature, ther@lacements of Cu-(lanaj distances commensurate with
fore, introduces extra disorder with the long-range LTO ancduch spin and charge ordering, whether statix=a0.125 or
HTT structures resulting from local LTT regions of interme- dynamic atx=0.15. We notice thata) and (b) are not ex-
diate size becoming uncorrelated in their tilts. This is inclusive mechanisms so that disorder could, in principle, con-
agreement with previous findings by PDF analysis oftribute to the pinning of static stripes at=0.125.
neutron-scattering dafa.The order-disorder nature of the
LTT — LTO — HTT phase transitions that follows from
these results is in agreement with the LDA energy surfaces
obtained for La_,Ba,CuQ, in Ref. 10. We acknowledge helpful discussions with J. Tranquada,
A direct comparison ofx=(0.125,0.15) samples af V. Emery, S. Billinge, T. Egami, S. Heald, and N. Sicron.
=10 K indicates no significant differences between their lo-The valuable help of F. Perez and M. Suenaga in orienting
cal structures£5 A scal@ beyond that expected from the the samples is greatly appreciated. Work at the University of
small changes in lattice parameters. Our measurements at tiéashington(D.H. and E.A.S). was done under auspices of
Cu K-edge put an upper limit ohr<0.005 A for the dif- DOE Grant No. DE-FG03-98ER45681 while work at BNL
ference in interatomic distances in the two samples, up to the/as supported by DOE Grant No. DE-AC02-98CH10886.
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