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Strong dependence on doping of a low-activation-energy relaxation process in YBauzOg ., «:
Possible polaron relaxation
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The elastic energy loss of YBEu;Og ., , is measured below room temperature witblose to the maximum
stoichiometry, where three low-activation-energy peaks are present. It is found that the intensity of the process
with the lowest activation energ)s~0.076 eV decreases very steeply wheris lowered just below its
maximum value; it becomes undetectable when the sample is still iff $#®0 K plateau and all the other
peaks are nearly unaffected. The possible mechanisms for this process are discussed, mainly in terms of
hopping of polarons or off-center atoms. The characteristics that these defects should possess in order to
produce anelastic relaxation are specified. The most natural way to interpret the peak is the assumption of the
formation and reorientation of bipolarons among orbitals which are occupied by holes only at the highest O
stoichiometries; according to Tolentirt al. [Physica C192 115 (1992], such holes could reside in thpg
orbitals of the apical O atom§S0163-182606)03545-X]

[. INTRODUCTION In another case, an elastic energy-loss peak in
c;(BazCuSOGH, here labeledP4, has been tentatively associ-
ated with the hopping of O between the off-center positions
in the zig-zag Cu-O chains in YBE&u;Og,,, Which have

) : _been revealed by x-ray and neutron diffractfa®n the other
now none of them has been ascribed to a mechanism wit o ) ! 2
. . . and, a similar AR peak is observed also in ¥8g,0g,
certainty. The proposed mechanisms involve off-center o : '
136 . _ . where it is not proved that the Cu-O chains have a zig-zag
atoms>® electrons or holes, i.e., polarofid twin ; : )
configuration. For the sake of completeness, we mention that

boundaries, and dislocations. the same mechanism has also been suggested for an AR pro-

These relaxathn processes are systematically obsgrved t()‘t%ss around 220 K, which is observed in both YBaOs. ,
various laboratories on samples prepared under differen nd YBaCu,0, 0
-8 -

conditions. Therefore, they must be due to some defec In order to find out an indication of the nature of these

vv_h|ch is _detectable also by other_types_ of experimental techéﬁcects in YBaCu,Os.,, AR measurements have been made
niques, like x-ray and neutron diffraction for off-center at-

oms, or various spectroscopies, NMR and NQR for polarons?n samples which were outgassed from Opr with Y par-

; 5,6 _
This circumstance has been verified in only one case: aHaIIy substituted by P(Ref. 4 or Ca>*" to change the con

; ] : ; ; centration of free holes. All of these peaks are more or less
ilglsé;cvsirgﬁ rgz E;?Vgﬁiﬁ |2nséerg1;cg;1 %uf T‘i?a\{g%?;&xe(g a affected by the above substitutions, and this is considered as
peak in the NQR rat@ It is not yet established whether the @n indication that the holes are responsible for them.
effect is due to the hopping of isolated O atoms in the cuo  In the present paper we will focus on the peak with the
plane® or to hopping of small polarorfsin the first hypoth-  lowest activation energy in YB&wOs .., here labeled1,
esis there is an excellent agreement between the concenti@?d we will show that it is strongly dependent on the O
tion of isolated hopping O atoms estimated by the intensitiegoncentration in the restricted range 085<1, disappear-
of both the AR and NQR processé) ®~107° per formula  ing below it. This also can be interpreted as due to polarons
unit);®° polaron hopping is also possible, but in this case theexisting only above a certain doping level, using existing
polaron concentration and local distortion are not determodels of the holes configurations in Y&aLOq, ,.
mined.

The Y-based oxide superconductors with both 123 an
214 structure present several anelastic relaxaiR) pro-
cesses with activation energies below 0.2%&%put up to
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FIG. 1. Elastic energy loss of YB&u;Og 93 measured on both

FIG. 2. Elastic energy los¢fifth flexural mode of a same
the first(1.7 kH2) and fifth (22 kH2) flexural vibration modes. ' gy lossfifth flexu ¢

sample of YBaCuOg., at three different O contents.

Il. EXPERIMENTAL AND RESULTS
annealing was milder, we conclude that when curve 2 of Fig.

The sample was a sintered bar of Y,BayOg ., with di-
) . . ; 2 was measured, the O content of the sample »a6.90
mensions 4%4.3x0.9 mnt. The starting material did noth +0.05; we will refer to this state as the=0.9 state. After

contain carbonates; it was calcined in air at 1233 K for 6 h, .~~~ : _1
sintered in fluent oxygen at 1253 K for 22 h and oxygenationthIS ghght reduction of the O content, t,@ (T) curve
was completed at 773 K for a few hours. The initial oxygen'¢mained unaffected, except for pek which was reduced
content was estimated as=0.93+0.03, and the resistivity PY 3—4 times(curve 2. The intensity ofP1 was further
displayed the superconducting transition at 90.3 K with aeduced in subsequent measurements during the following 15
width of 1.3 K and zero resistance at 88 K. We will refer to days, possibly due to some reordering of the O vacancies
this state of the sample as to the-0.93 state. (curve 3 being the last one

Figure 1 shows th@ ~1(T) measured on cooling exciting ~ The sample was again oxygenated in order to achieve a
the first (1.7 kH2 and fifth (22 kH2) flexural modes. The concentration of O as close as possible tx#1 statg. It
measurement was made six years after the sample prepamias heated up to 600 °C in a quartz tube connected with a
tion and oxygenatior(x=0.93. This long ageing at room UHYV system; at this temperature a static atmosphere of 1250
temperature in dry air did not affect the sample, since thenbar Q was established and the specimen was slowly
Q*(T) curves of a specimen from the same batch measuregboled to room temperature, where the @essure was re-
just after preparation are closely similar to those in Fig. 1.duced to 740 mbar. The cooling rate was 0.2 K/min except
These are also the typical curves measured by us in severigétween 490 and 300 °C, where it was reduced to 0.1 K/min
samples and by many other groups. The three peaks beloy order to maximize the O uptake. The oxygenation treat-
18Q K are labeled?1, P3, and_P4, and are all t_hermally ment raised the whol® Y(T) (curve 4, but the greatest
activated, as deduced from their temperature shift at the tWaffect was onP1, which was enhanced by about two times
vibration frequencies; thelr activation energies are 0.076yih respect to the height in the original stdie=0.93, and
0.16, and 0.19 eV, respectively. _more than eight times with respect to the last measurement

In what follows we will describe the effect of changing (x=0.9. The measurement was reproduced during subse-
the O content, remaining within thie,.=90 K plateau. Figure t cooling rungcurve 5
2 shows theQ ~}(T) curves with the sample in three differ- quen g runsc )

LT Lo ; . The reproducibility of the phenomenology was checked

ent conditions; the resonant vibration frequencies did not . ) .
change by more than 10% between the first and the last rufgain (results not shownwith the absence oP1 in the

It is apparent that the intensity &1 changes drastically by partially outgassed statex~0.87) and its recovery in the
changing little the O content, while those of the other twofUlly Oxygenated statéx~1). The sample was first outgassed

peaks remain nearly unaffected. Curve 1, with0.93, cor- N the UHV system and a known amount of @as admitted,
responds to Fig. 1. in order to obt'aln an equmblrlum pressure of 9.6 torr at

The sample was then aged for 20 h in a vacuum bettef60 °C. According to the@xT diagram of Ref. 13, the equi-
than ]_05 mbar at 470 K and cooled to room temperature atlibrium value ofx in such conditions |S(:085, the value
0.85 K/min. In order to estimate the possible O loss duringestimated by the amount of gas absorbed was-60884. In
vacuum annealing, we measured again the electrical resignis state, which we call X~0.87,” peakP1 was absent,
tance, which showe@,=92.0 K and zero resistance at 89.6 and its intensity was again recovered to 90% of its maximum
K. Comparing this value of . with the results of Ref. 11 we value after an additional oxygenation xe-1 in 1300 mbar
estimatex>0.85. Similar vacuum annealings at 590 K for 30 O, with cooling rates below 500 °C about twice higher than
h on sintered pellets witk=0.94 have been reported to yield during the preceding full oxygenation treatment. The fact
x=0.90? besides rising ', and narrowing the superconduct- thatP1 was not fully recovered is consistent with the faster
ing transition as in the present case. This is possible ibxygenation, which yields a slightly lower oxygen stoichi-
the sample was originally in an overdoped state. Since ouometry.



54 STRONG DEPENDENCE ON DOPING OF A LOW.. 15539

, . l , , relaxation time derived from the above condition at the two
Lo | vibration frequencies in Fig. 3 may be fitted with the usual
3% YBa2CuzOe.x Arrhenius law =me” EKT, with 7,=5x10"* s and E/k
=880 K. However, substituting thigT) in the expression of
Q }(T), one obtains a peak narrower than the experimental
one, indicating that there is either a distribution of relaxation
times, or a non-Debye relaxation. The single Debye process
is shown as a dashed line in Fig. 3. The effective activation
energy nhecessary to obtain the correct peak width is
Ew/k~350 K, and the ratiar '=E/E,~2.5 is a measure of
the width of the peak. Values af close to 1 indicate pro-
cesses with only one relaxation time, and can be found for
noninteracting and very diluted point defects, the typical ex-
ample being the hopping of interstital O, N, and C in bcc
metals (Snoek effedt’® In YBa,Cu0q, . the only peak
which approximates a Debye process with'~1.25 is the
one appearing at<0.3 with an activation energy of 0.1 &V,
FIG. 3. Normalized elastic energy loss at 1.7 and 22 kHz due tavhich we attribute to the hopping of isolated O atoms in the
P1, after subtraction of the background and the other p@a&kand CuQ, plane(see also the introductign
P4. Different symbols refer to different curves of Fig. 2: curve 1
with x=0.93 (triangles, curve 4 (squares and curve 5(circley
with x=1. The crosses are the difference between curve 4 and curve
2 of Fig. 2, without any background subtraction. The dotted line is The present value of the peak width with respect to a
the theoretical curve assuming single Debye relaxation, while thdebye processy 1~2.5, is characteristic of strongly inter-
continuous lines are obtained assuming the relaxation function praacting or disordered systems or of the relaxation of geometri-

A. Geometrical defects

posed by Jonscher, with a restricted number of parameters. cal defectgdislocations, domain boundaries .) whose mi-
croscopic configurations are distributed according to a broad
lll. DISCUSSION spectrum. On the other hand, the reproducibility of the peak

The main feature oP1 is the strong reduction of its in- shape is against an interpretation in terms of geometrical
gefects, which generally produce peaks whose temperature

tensity on lowering the O content in the restricted range 0.8 3 nd shape chanae with the samole conditions. Moreover. it is
<x<1, where most of the other physical properties aredoubtfuI?/vhethergthe expected I(fw densit and slow mobilit
nearly constant. Other features BfL are its stability over P y y

long times(at least six yeajs and the reproducible depen- gagt:sffgxotgsr’ncz?af&??n?jepe?aalk r\ggh :23;"”;5;58'%@23 at
dence of its intensity o, which exclude that it is due to P ’ y

some impurity phase at the grain boundaries. Finally, thdation peaks due to dislocation relaxation in deformed met-

temperature and shape Bi. are little or not affected by the zfr}wb:gst(flgs gfr']t}/z)ofﬂ'ss'sgﬂéogf d'gé'g;er;e; Ei‘tafggﬁlg\x/ver
oxygen stoichiometry, as demonstrated in Fig. 3. In this fig P ' 9

. . 0 2 DN "
ure the measurements in tke=0.93 andx=1 state are re- than in a deformed metdl0"’-10"* cm ); in addition, the

: .dislocation mobility is much lower than for a metal, as de-
ported after subtraction of the background and of the contnduced from plasticity studies at high temperatifre.

butions of the other peaks and after normalization of the The twin boundaries between the two possible orienta-
intensity. The normalized points fall on the same curve Withtions of the Cu-O chains in the Cl,gq»lanesp are certainly
excellent approximation, except for the lowest temperaturesmuch more mobile and abundant than dislocations, but again

where the effect of the background subtraction is stronger e would not expect a stable peak shape. and it would be
(since the actual background is unknown, a linear function O*(,jvifficult i0 ex Iair? s disa earr)ance aK%é when twin
temperature was chosen between 0 and 3ROiKorder to boundaries alroe still reser|1otIO We think tha;c fwin boundaries
check the validity of the subtraction of the other contribu- P :

tions, we also reported the difference between the expenWOUId rather produce Fhe .d|S.S|pat|on maximum often ob-
§erved near 220 K, which is little reproducible and accom-

mental curves 4 and 2 of Fig. 2; the two measurements differ ~ . : .
only in the height ofP1. After normalization, also these data panied by a hysteresis between heating and cooling of the
' ' elastic constant$’

fall on the same curve, confirming the consistency of the

procedure.
An analysis of the shape &1 shows that it is markedly B. Relaxation intensity and defect shape factor
broader than a Debye relaxation process. The elastic energy The other types of defects which can cause anelastic re-
loss of a process with a single relaxation timis** laxation with an activation energy as low as thatR#f are
polarons and off-center atoms. Before discussing the two
Ql-n 1 ) possibilities, we first point out what characteristics should
T ort(en) Y possess a point defect, in order to cause the observed anelas-

tic relaxation. The sample is polycrystalline and therefore
where w=27f is the angular vibration frequency of the nothing can be said on the symmetry of the point defect,
sample:Q~1(T) is maximum atwr=1 (neglecting the tem- except that its jumps must be accompanied by a reorientation
perature dependence of the relaxation stredgtiThe mean  or change of the local distortio@lastic dipole tensax;;). In
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fact, if a jump causes a changa,;; of theijth component of present. On the contrary, the same mechanism cannot be in-
the local distortion, thejth contribution to the relaxation voked forP1, due to its fast disappearance when lowening
strength in Eq(1) is** A~(c/T)(A\;;)% wherec is the con-  just below 1.
centration of hopping atom&\ is also called shape factor. Other off-center atomic positions can be supposed, al-
The distortion around the defect can be visualized as a straithough they have never been seen by diffraction methods,
ellipsoid with the principal axes given by the coordinate sys{possibly in correspondence to lattice imperfections like sub-
tem where the\;; tensor is diagondf* The hopping of the stitutional atoms or vacancies or interstitial impurities. In
defect causes a reorientation of the ellipsoid, when the podact, a small concentration of off-center positions associated
sible defect configurations are equivalent but with differentwith imperfections could be difficult to reveal by diffraction
possible orientations. Instead, hopping among nonequivalemixperiments. Again, one has to explain the strong depen-
configurations also causes a change of the ellipsoid. Thidence of the relaxation intensity ona possibility would be
case involves also a change of the defect energy, and tren unfavorable configuration of an oxygen near an imperfec-
relaxation strength becontés tion, which is occupied only at the highest valuescpfvhen

all the other positions are already occupied. If the concentra-

tion of these unknown off-center configurations is so small
(AN)?, (20 that they are not observed by diffraction, than the jump of
each off-center atom should produce a sizeable reorientation
of the elastic dipole; for example, hopping among four posi-

where ¢, and ¢, are the populations of the defect in the tions in square coordination, or six positions in octahedral
configurations 1 and 2, which differ in energy lye. The In sq . L P
coordination near an imperfection.

change in defect energy causes a reduction in the relaxation
strength and\ (T) becomes a strongly increasing function of _
T for KT<AE. In the present experiments, the ratio of the D. Hopping of polarons

peak values ofP1 at the two vibration frequenCieS is be- Another p|au5ib|e mechanism f&1 is the hopp|ng of a

tween 1 and the reciprocal of the ratio of the peak temperapolaron. Relaxation of electronic nature has been suggested
tures, and thereforAE/k must be of the order of 50 K or for the |0W_activation_energy processes in %83306+X!2_6

less. This means th&1 is I|k6|y caused by the reorientation and both the very low-activation energy Bl and its Strong

of a point defect among nearly equivalent configura-dependence on doping througtand through the ordering of
tions. In what follows we will discus®1 in terms of hop-  the O vacancies are indicative of polaronic relaxation.

ping of atoms among off-center positions and in terms of The elastic dipole associated with the polaron should be

am~82L et
(D~ = 7 (AN~ SRAEKT)

polaron hopping. nonisotropic and should change its orientation after a jump
of the polaron, as noted above for the case of an off-center
C. Atoms in off-center positions atom. Therefore, a hole residing on O atoms of the £uO

. o . planes could give rise to anelastic relaxation, because when
_ The splitting of an atomic site in several off-center posi-ihey jump from an O to another, the direction of the nearest
tions is common in perovskite-related materials, and the aGygighporing Cu atoms reorients itself by 90° together with
tivation energy for the atomic hopping among close positiongpe |ocal distortion. On the contrary, a hole residing on an
can be very low. In YBgCUOg,  the O atoms in the Cu-O  gppitg| of the Cu atom and possessing the whole symmetry of
chains occupy slightly ogfgr-]center positions in té})b plane,  that atomic site, would just translate its local distortion dur-
as deduced from neutrohand x-ray diffraction” experi- jng a jump, without affecting the overall strain of the crystal
ments, and it is debated whether also the apical oxygens fe&lne elastic dipole would not changeSuch a hole could
a double-well potential in the-axis direction. The short hroquce anelastic relaxation only if trapped by an imperfec-
jumps of the O atoms between the qff—centelzlp05|t|ons havgon, or if paired to another hole to form a bipolaron; in this
been proposed to cause the relaxation pBak: Note that 556 the local symmetry is lowered to that of the pair, and
hopping of an atom within a pair of off-center positions re- regrients itself during a jump. The case of a polaron which
lated to each other by inversion symmetry does not causgaxes transitions between two nonequivalent states can be
anelastic relaxation, because the strain tensor is centrosyrggnsidered only if such states differ in energy by no more
metric and does not change after an inversidre strain . than 50 K as discussed in Sec. Il B. Of course, it is possible
ellipsoid remains unchanged after a reorientation by 180° that the relaxation between strain-split equivalent states oc-
For this reason, the relaxation unit proposedRear (Ref. I ¢rs through an activated mobile state: in this case the acti-

was not a single O in the zig-zag chain, but a pair of adjacenfation energy is the energy necessary for reaching the mobile
oxygens bridged by a Cu atom. The elastic dipole of a paig;ate.

changes when its configuration passes from both oxygens on
the same side with respect to the chain to the configuration
with the oxygens on both sides. The atomic rearrangement
and the consequent change of the local distortion is small, To our knowledge, the best model for the holes configu-
but is compensated by the high concentration of relaxingation in YBaCusOg.  is that of Tolentincet al.?! based on
units. This case corresponds to a change of the shape of tispectroscopic observations on the valence of Cu and on the
strain ellipsoid, rather than to its reorientation. The graduatharacter of the holes. According to their model, starting
disappearance d?4 on lowering the O content can be ex- from YBa,Cu,Oy and adding &, the holes are first local-
plained by the gradual shortening and disappearance of theed in the Cu-O chains and start being pushed by the elec-
Cu-O chains, although nothing quantitative can be stated dtostatic repulsion to the CuOplanes forx>0.25, where

E. Possible polaron configuration
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they are localized on thp, , orbitals of the @2) and Q33) In a ceramic sample of YBEu;Og, ,, there are several
atoms. Atx>0.8 they observed also holes of charaqigr  causes of static disorder, like the O vacancies, the twin
possibly localized on the apical(9). boundaries, and the grain boundaries. In the assumption of

According to this model, thg, holes could be respon- static disorder, the broadening BfL can be reproduced by
sible for P1, but not through the hopping of single holes. In assuming a Gaussian distribution of activation energies with
fact, thep, orbitals are all equivalent and the simple transla-a width of the order of 10% of the mean activation energy,
tion of the strain associated with the hole does not produc&~880 K. Such a dispersion of activation energies seems
anelastic relaxation. Instead, the reorientation of a close pajustifiable by the highly disordered lattice of YB2,0¢. 4,
of holes(a bipolaron could well explain a process likel. and can be compared with the case of the hopping of hydro-
Moreover, it would also explain the steep increasePdf  gen trapped by substitutional Ti in NB.In that case the
with increasingx, because its intensity would be roughly disorder arises from a few at. % of substitutional Ti and the
proportional to the square of the concentration of fhe experimental dissipation peaks require distributions of the

holes. activation energies whose widths are even 30% of their mean
The polaron hopping rate (corresponding to the recipro- value.
cal correlation time of NQR and NMR experimenghould In the assumption of dynamic interaction between the re-

also be consistent with the relaxation rate ®f deduced laxing entities, the peak broadening cannot be treated in a
from the conditionwr=1 at the peak maximum at the standard way. There is a vast literature on non-Debye dielec-
two different vibration frequencies, i.e,»~7 1~5 tric and mechanical relaxation in disordered and correlated
x10 2 exp(—880/T) s %; the exact relation betweemand  systems like glasses or ionic conductors, but a coherent
7! depends on the number and geometry of the possibleodel has not been formulated yétlonscher proposed the
polaron configurations. It is clear that the hopping rate inphenomenological relaxation functin
volved in P1 is much slower than the mobility of the holes
involved in the electric conductiofiPl is observed while the “1_4 1
sample is superconductingndeed, thep, holes on the api- Q= (1) "+ (wr)t™ ™
cal O are expected to be far less mobile than the holes in the
planes, and the reorientation rate of a bipolaron may be muc i _ . : :
slower than the mobility of the individual polarons. It is also ollowing the Arrhenius law, Wh'Ch. describe the relaxation
possible that the bipolaron is formed in correspondence to aﬂf th? system at short and Iong times. Express@)ncan
imperfection, which tends to localize it and slow its mobility. well interpolate several27relax§1t|on phenomena n Cofnp'ex
It is worth noting that recently Bidault al?? found a  and correlated syster" but it has not been derived in a
dielectric relaxation in several perovskites, which has thd!90rous way. It becomes the Debye relaxation function
same activation energy &%, but a narrower distribution of €N 71=7, m=1 andn=0, and the Fuoss-Kirkwood ex-
relaxation times. The authors attribute such a relaxation t§"€ssion fom=1-n=a.

: . : o : . We attempted a fit of P1 with Eq. (3) with
polarons localized in nonidentified residual point defects, .
which are present in all their samples. 7= T1,= 7o EXP(E/KT), and obtained =945 K, m=0.41, and

n=0.67. The resulting theoretical curves are the solid lines in
Fig. 3. The satisfactory fit indicates thRtL can be treated
like other relaxation processes in strongly correlated or dis-
Peak P1 has also been observed by Gazetsal® in  ordered system.g., the ionic conductgs-aluming’), but
Y,-,Pr,Ba,Cu0_5, and it is gradually suppressed and re-it is difficult to assign a precise physical meaning to the fit.
placed by another process with an even lower activation en- On the other hand, when the intensities of these processes
ergy, when proceeding with Pr substitution. The sameare varied, generally also the shape and temperature of their
authors also observed the suppressionRf in Fe-doped relaxation functions change. This has also been observed by
samples with a Fe concentration as low as 1.75%. To ouNQR for the hole diffusion in the La oxid&and in Li-
knowledge there is no consensus on the effect of Fe dopindoped CuG? in that case the hole mobility is thermally
on the holes in YBfCwOq_ ., While it has been proposed activated through a gap between a localized and a mobile
that Pr localizes therft Therefore, we assume that these state of the hole, and the gap is observed to be a function of
results are not in contrast with the assumption that the interthe hole concentration. Instead, the shapePaf does not
sity of P1 is a strongly increasing function of the hole con- change much witlx, but this can be explained by the fact
centration, above a certain threshold which is close to thé&hat the interactions producing the peak broadening, whether
maximum value. In view of the strong dependence of thestatic or dynamic, do not occur between the relaxing po-
intensity of P1 on the O content, one should also considerarons, because their concentration is too low for a reciprocal
the possible effect of the substitution on the O stoichiometryinfluence among themselves. Each relaxing polaron interacts
with the other mobile charge carriers and the disordered en-
vironment, which are nearly constant in the range<x 1.

()

here 74(T) and 7,(T) are two relaxation times, possibly

F. Effect of cation substitution on P1

G. Hopping rate: disordered or correlated system

As noted at the beginning of this section, peRk is
about 2.5 times broader than a single Debye peak. This
broadening may result both from a static distributionEof We studied the dependence on the O stoichiometry of the
and/or of 1y, and from a dynamic interaction among the re- anelastic relaxation process with the lowest activation energy
laxing entities, but the distinction between the two contribu-in YBa,CusOg, «, E/k~880 K. The main characteristics of
tions is not obvious. this process ar6) its intensity is maximum at the maximum

IV. CONCLUSIONS
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O stoichiometry, and steeply decreases below it; the dissipasible for P1. In the case of hopping of an atom among off-
tion peak cannot be distinguished from the background fogenter positions, one should look for an unfavorable configu-

x<0.85; (ii) the process is about 2.5 times broader than gation of an oxygen near an imperfection, which is occupied

Debye relaxation, and can be fitted by the Jonscher rela@Nly at the highest values of. In the case of polaron hop-

ation function usually adopted for strongly disordered or corPNg, oné should look for bipolaron reorientation, or for or-

related systemsiii) the peak shape is nearly independent c)fbitals with at least two different orientations, so that the
y ’ P P y P ingle hole hopping causes a reorientation of the local strain.

the intensity, contrary to the usual disordered or correlateg ;g proposed thaP1 is due to the formation of bipolarons
systems. _ _ in the p, orbitals of the apical O atoms, where the holes are

Possible mechanisms fét1 have been discussed: geo- opserved only at the highest O stoichiometries; this would
metrical defects, off-center atoms and polarons. It is conexplain in a natural way the steep increase of the intensity of
cluded that the last two types of defects are likely responP1 in the restricted range 0.8%<1.
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