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Anelastic relaxation process of polaronic origin in Lg_,Sr,CuQ,: Interaction between
charge stripes and pinning centers
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The evolution of an anelastic relaxation process occurring around 80 K.,in,§§CuQ, at a measuring
frequency of~1 kHz has been followed from=0.0075 to the overdoped regiar= 0.2, where it disappears.
The dependence of the peak intensity on doping is consistent with a polaronic mechanism, identified with the
disordered charge stripes overcoming pinning centers. A marked decrease of the peak amplitude and of the
effective energy barrier for relaxation occursxat 0.045, the same doping range where a change of the stripe
order from parallel to diagonal with respect to the Cu-O bonds has been observed by neutron diffraction. Both
the energy barrier and peak amplitude also exhibit a rise xedr/8.
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[. INTRODUCTION lastic but not by NQR relaxation, is that the latter is domi-
nated by the relaxation from the Cu spin fluctuations, while
Much evidence has been accumulated concerning the setjie anelastic spectroscopy is only indirectly sensitive to the
regation of charge carriers into fluctuating stripes in cupratépin fluctuations in the case of magnetoelastic coupling.
superconductors:® In La,_,Sr,Cu0, codoped with Nd the In what follows a study is presented of the anelastic re-
stripes are seen by neutron diffraction as a static latticéaxation process around 80 K in £8Sr,CuQ, over a wide
modulation coherent with the low-temperature tetragonafoRiNg range. It is shown that the process disappears in the
(LTT) modulation®?2 in the absence of a stable LTT phase, °verdoped state, as expected from a polaronlike phenom-
dynamic charge and magnetic correlations are observed witd"°n; @nd its dependence on doping is inconsistent with ex-
a spacing incommensurate with the lattice parameter, anala_nat_lons n terms. (.)f _unwanted_ Impurities - or off-
with the direction of the modulation which changes from _st0|ch|ometry defects; it is then discussed in terms of
diagonal to parallel with respect to the Cu-O bonds when
increasing doping above 6%4dn addition, there are several
other experimental indications that, although not providing a
spatial characterization as diffraction methods do, still are A series of ceramic samples of £aSr,CuQ,, with x
consistent with the segregation of the charge carriers inte<0.20, was prepared by conventional solid state reaction, as
stripes>~® In particular, anelastic spectroscopy recently putdescribed in Ref. 13. After sintering, the samples were cut in
in evidence a rise of the elastic energy loss in concomitancears approximately 404 0.6 mn¥. Interstitial O is always
with the freezing of C&i* spins into the cluster spin glass present in the as-prepared state of samples with low doping
phase, which has been interpreted as the motion of the stripég<0.045), as evidenced by the anelastic spettfain
between the pinning points constituted by the Sr dopatfts. these cases the excess O was outgassed by heating in vacuum
It has also been shown that the dynamics of such stripes igp to 830 K.
frozen by the LTT modulation in LBCO, also far from the  The complex Young’s modulu€(w)=E’+iE" was
conditionx= 1/8 for the commensuration between lattice andmeasured as a function of temperature by suspending the
stripe spacing® Recently, the issue was addressed ofbars on thin thermocouple wires and electrostatically excit-
whether it is possible to observe, at higher temperature, thig their flexural modes. The frequencieg/27 of the first
process of depinning of stripes from impuritiésin fact, three odd flexural modes are in the ratios 1:5.4:13.3 with
among some anelastic relaxation processes which are ol /27~1 kHz for the present samples. The elastic energy
served in La_,Sr,CuQ, between 50 and 100 K, there is one loss coefficient is commonly indicated as the reciprocal of
at 80 K (measured at 1 kHzhat also seemed to have!¥La  the mechanical quality factdP:Q *(w,T)=E"/E’, and was
nuclear quadrupolar relaxation counterpart at 15020  measured from the decay of the free oscillations or from the
MHz).!! The latter relaxation process was identified as magwidth of the resonance peak. T *(w,T) function is re-
netic, thereby providing evidence of simultaneous lattice andated to the imaginary part of the dynamic elastic suscepti-
magnetic relaxation, unless due to the nearbglN@nsition.  bility (compliance and therefore contains contributions from
Further measurements have confirmed the secondny process coupled to the measured steiand having
alternative'? but this does not exclude the assignment of thespectral weight ab. At such low frequencies only relaxation
anelastic relaxation to the stripe depinning. The reason whyr diffusion processes are relevant; an elementary relaxation
such a process, together with others, would be seen by anprocess consisting of jumps or transitions with a rate

nteraction between charge stripes and pinning centers.

Il. EXPERIMENTAL
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FIG. 1. Elastic energy loss coefficient vs temperature of
La,_,Sr,CuQ, with x=0.015 (1.3 kH2, x=0.018 (1.0 kH2, x
=0.045(0.85 kH2, x=0.08(1.0 kH2), andx=0.20(2.7 kH2. The -
peak attributed to the interaction between stripes and pinning cen- 0 % 100 150 200 550
ters is indicated by an arrow. T (K)

between states which differ in anelastic strain&y®" con-
tributes with

Q HwT)=A—— (1)
’ 1+(wn)?’

where the relaxation strength 5= (A&3)?/T. The above

FIG. 2. Elastic energy loss coefficient vs temperature of
La,_Sr,CuO, with x=0.045(0.85 kH2, x=0.125 (1.5 kH2), x
=0.15(1.7 kH2 andx=0.20(2.7 kH2. The peak attributed to the

interaction between stripes and pinning centers is indicated by an
arrow.

tilting dynamics of the O octahedra in local multiwell poten-
tials, describable as solitonlike tilt wav&sThe depression
of the peak intensity and perhaps also the shift to higher

expression is peaked atr=1, and since the measurementstemperature with increasing doping are connected with the

are made at resonance frequencaigsas a function of tem-

perature, one finds peaks at the temperatdresuch that

lattice disorder introduced by Sr, which hinders the collec-
tive tilt modes; this process will not be considered further

w;7(T;)=1. Therefore, measurements at different frequenhere. Another minor peak may appear near 50 K, whose be-

cies provide the temperature dependence of therrateT),
which generally follows the Arrhenius law

7 Y(T) =175 ‘exp — E/kgT). 2)

havior as a function of Sr and O doping is less regular than
that of the other two processes, and this peak also will not be
considered further. The interest will be focused on the peak
near 80 K, indicated by an arrow; its intensity becomes
rather small forx=0.08 and completely disappears in the
overdoped stat&=0.20. The spectra at optimal and higher

A process characterized by a spectrum of relaxation timeaoping are shown separately in Fig. 2; the step above 220,

may be described by the phenomenological expression

1
-1 —
QHoM=a 3

which is the Fuoss-Kirkwood expression 6= a<1,'° and
reduces to the Debye formu[&q. (1)], for a=B8=1. The

170, and 50 K in th& ~%(T) curves ax=12.5, 15, and 0.20

is due to the tetragonal/orthorhomkid TT/LTO) structural
transformatiort? which shifts to lower temperature with in-
creasing doping. The curve for=0.045 has also been in-
cluded, in order to render the peak near 80 K more recogniz-
able(indicated by an arroyv The dependence of the intensity
of the 80 K maximum on dopind,,*(x), is shown in Fig.

3 on a logarithmic scale, together with other concentrations

parametera controls the peak broadening in the low tem- not reported in Figs. 1 and 2.

perature region, where 7<<1, andg in the high temperature
region.

Ill. RESULTS

Figure 1 presents the anelastic spectra of L&r,CuQO,

Figure 4 shows a fit of the spectra of thke 0.015 sample
measured at three frequencies. All the peaks are fitted with
expressiong3) and (2); for the 50- and 150-K peaks, an
additional temperature dependence of the relaxation strength
had to be introduced. The analysis of the 80-K peak, like in
Fig. 4, can be properly carried out up xe=0.045, while at

at various dopings, measured exciting the first flexural modehigher doping the peak becomes rather small and masked by
at ~1 kHz. The peak around 150 K becomes much morehe HTT/LTO structural transition and the other peak near 50

intense in LaCuQ, free of interstitial Ot* where it can also

K, so that only its height can be extracted without an appre-

be observed as a maximum in th&La nuclear quadrupolar ciable error. The peak is rather broad, with a width parameter
relaxation raté® It has been associated with the collective of the Fuoss-Kirkwood distribution= 8=0.6—0.7. The up-
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o500F 7T T ] IV. DISCUSSION
. Before discussing the 80-K relaxation process in terms of
X 2000 . stripes, the possibility should be considered that it is due to
© [ ] some impurities or off stoichiometry defects. The explana-
= 1500f . tion in terms of foreign impurities is very unlikely in view of
n - the dependence of the peak intensfty;*(x) on doping(see
1000 ] Fig. 3. If the cause were an impurity in the starting CuO
1072 peak at ~80 K powder, like Fe, the effect should be independent of doping,

or possibly depend in a monotonic way gnneither can a

2. correlation be found between th@,,*(x) and x or 1—x,
c 10 which might justify an impurity in the starting La or Sr ox-
E ides. The O off-stoichiometry also has to be considered,
5 10% R since it is certainly present. Interstitial O cannot be the cause
g \ of the 80-K peak, which is even suppressed at high enough O
Y -[ content(oxygenated or as-prepared state at lowot shown
0% e L e e b herg. Regarding the O vacancies in the Guflanes, they
0 5 10 15 20 may certainly be present in some of the outgassed satfiples

(%) Sr doping x with x<0.045, but the other samples have not been out-

FIG. 3. Lower panel: intensity of the elastic energy loss peak ag@Ssed because no traces of interstitial O were found in the
~80 K as a function of Sr doping. Upper panel: apparent activatior?S-Prepared state. Therefore, we conclude that no impurity or
energy of the peak. The continuous lines are guides for the eye. defect connected with off-stoichiometry can account for the

Qu'(x) dependence in Fig. 3.
. _— Instead, the dependence of the intensity of the 80-K peak
per panel of F'g'. 3 shows the d(_apendence of the activatiog, doping is fully Eonsistent with a polarorilic origin. In fapct,
energyE, on doping; the most reliable data, based on analyshe process should be absent in the undoped state, and indeed
ses like that in Fig. 4, show a decrease frigikg=1700 K 5 gteep decrease of the intensity occurs below 1.8% doping.
to 1100 K wherx passes from 0.015 to 0.08, while the pre-|; should also disappear in the overdoped state, where the
exponential factorr, passes from 1410 *¥to 10 '%s, so charge carriers are in a uniform metallic state, and in fact the
that the temperature of the peak measured around 1 kHz dog@ak is undetectable at=0.20, after passing through a
not Change much; for this reason we will refer to the "80 K maximum aroundx~0.02 and a Secondary maximum near
peak,” but it is understood that the peak temperature is difx=1/8. A truly undoped state is difficult to obtain, due to the
ferent at different frequencies. The dataxat0.0075 andx  presence of both interstitial O and O vacancies. The first is
>0.08 have larger error bars, but sufficient to reveal a rereadily detected by the inteng®@ *(T) peaks due to its
markable resemblance of thg,(x) curve with lodQ,*(x)]  hopping***® The typical content of interstitial O at=0
in the lower panetl! including a peak aroung=1/8. after sintering i <0.005, and causes a doping s10.01;
as mentioned above, the samples wits0.045 were sub-
jected to an outgassing treatment, buxatO it is difficult to
completely eliminate interstitial O without also creating O
] vacancies in the Cuplanes'® To our knowledge, the effect
17 kHz . . . .
. of these vacancies on the electric and magnetic properties
/6.9 kHz T has not been studied, but the anelastic spectra depend criti-
| cally on the presence of such O defects in the 50—-250-K
range. For this reason, we could not obtain a sample with
_ =0 which is at the same time completely undoped and with-
- out a peak around 80 K.
. Regarding the nature of the process, if the peak were only
N observed at very low doping, it might be associated with a
localized defect, like a small polaron hopping around a par-
ticular type of impurity, but the persistence of the peak at
o doping levels as high as 0.15 excludes this possibility. At
high doping the only reasonable possibility of a polaronic
50 100 150T (K)200 250 300 relaxation is connected with the charge stripes, and, since
thermal activation over a barrier &,=0.1 eV is required,

FIG. 4. Anelastic spectrum of La,SrCuQ, with x=0.015 the process must be connected to the presence of pinning
measured on the first, second, and third flexural modes at the freenters. In fact, although the dynamics of the stripes has
quencies indicated in the figure. The continuous lines are fits agever been measured precisely, their motion far from pinning
described in the text. The peak attributed to the interaction betweegenters must be much faster than the average of the
stripes and pinning centers is indicated with an arrow. 80-K relaxation process: the anelastic spectra at liquid He

15|||||||||||||||||||||||||||

x10°[ ) 3CO

10 |
1.3 kHz
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temperatures'® indicate that the mean fluctuation frequency 751:1010_1013 s 1, may seem too small for a polaronic

passes through the kHz range close to Téx)=0.2 K/X  relaxation, but are reasonable for an extended entity like the
temperature for freezing into the cluster spin glass stategharge stripe. The most striking observation is the close simi-
Probes with higher characteristic frequencies, like NQR andarity between theE,(x) and the |0@Qn7|1(x)] curves, with a
#SR, detect onset temperatures for the stripe ordering witBharp peak centred at=0.13, neax=1/8, out of a general
progressively higher temperatures, up+@0 K for the neu-  decrease with increasing doping. The activation endtgy
tron scattering experimentsand the effective energy barri- can be identified with the barrier for depinning or overcom-
ers for such fluctuations are in the range=20-60 K, as ing the pinning center and must therefore depend on the
discussed in Ref. 20. nature of this defect. Two possibilities are the Sr dopants or
Therefore, the proposed picture is that the charge stripee twin boundaries between the two variants of the LTO
may fluctuate very fast far from the pinning centers, as itdomains; the latter are immobile at 80 K, since the motions
appears from most experimerits?'%?°pbut the process of Of the twin walls and of the tilt waves are observed in the
depinning or overcoming the pinning centers requires th@nelastic spectra just below the HTT/LTO transition and at

energyE,=0.1 eV deduced from the 80-K peak. The regu-190 K, respectively! _ L
larly spaced arrays of stripes are observed by diffraction well The hypothesis that pinning is due to irregularities in the
below 80 K% but around this temperature the stripes wouldSN€"9Y landscape resulting from the octahedral tilts, e.g., the

already exist in a disordered state, which can be identifieﬁtjwin walls and/or the substitutional disorder in the La/Sr sub-
with the nematic stripe phase devised by Kivelstral 2! attice, provides an explanation f&,(x) being a generally

: . . decreasing function ok. In fact, the decrease of the tilt
The task of discussing the doping dependence of the re- L L . .

. . - . angles® (x) implies closer minima in the multiwell potential
laxation strength of this depinning process in terms of som

isti del. like th y ing dislocati d "Sor the octahedral tilts, smaller barriers, and therefore a
existing mode’, fike those of a moving disiocation or domaiNg 5 other gverall potential. The rather broad distribution of
wall, is not obvious. In fact, such models are appropriatge|ayation rates«=0.6-0.7 instead of 1 in Eq3)] is also
when mter_pretlng the ane_last|c relaxation at liquid H_e tem-,nderstandable in this picture, since the pinning energy
peratures in the cluster spin glass phgd%‘*?ﬂhefe the stripes  \yould depend on the particular geometry of the local tilts.
act as walls between domains with antiferromagnetic correThe  close relationship between th&.,(x) and the
lations, and the stripe motion is associated with a variation ir?Og[Q,]l(X)] curves can also be understoodpin this framework
the sizes of the adjacent domains. If an anisotropic strain igj, .o stripes that are more defined and associated with larger

associated with the staggered magnetization within each d%ftomic displacements must result both in a larger relaxation

main, then the change of the sizes of domains with differeng
orientations causes a change of the anelastic stfeirSimi- both neax=1/8 is consistent with the tendency of the lattice

larly, the movement of a dislocation is associated with the[0 develop an LTT modulation commensurate with the
shift of a part of the crystal, and again is a source of anelastigtripesl,z which makes them more well defined but also
strain. Instead, a charge stripe at 80 K does not separafg, g t’o pin them

domains with different anelastic strains, since at these tem-
peratures the Cu spins are fluctuating much faster than the

sample vibration frequencytherefore, it is no longer appro- V. CONCLUSION

priate to associate an anelastic strain proportional to the area

swept by the stripe, as in the above models. In the present The anelastic ~relaxation process occurring in
case,=2" should be associated with the different configura-Laz-xSCuQ, around 80 K forw/27~1 kHz has been stud-
tion of the stripe in the pinned or unpinned state, or on eitheted over a wide doping range. All the features of this relax-
side of the pinning center. It is likely tha”, like the dis- ation process, and notably the dependence of its intensity and
tortion coupled to the presence of hofeis mainly con- activation energy on doping, confirm the earlier proposal that
nected with the in-plane shear also associated with the tilts df iS associated with disordered charge stripes interacting
the octahedra. Then it is reasonable to assumesi#tids an ~ With pinning centers. Within this interpretation, the activa-
increasing function of the local degree of tilting of the octa-tion energy measured from the dependence of the anelastic
hedra. This would partly explain the general reduction of theSpectra on frequency,~0.1-0.18 eV, represents the en-
relaxation strength with increasing doping, because both thergy necessary for the stripes to overcome the pinning cen-
in-plane shear strain and tilt anglds of the octahedra are ters, and is enhanced in correspondence with the daping
decreasing functions of dopirfg.Note, however, that other ~1/8, at which the stripe and lattice modulations become
ingredients must also determine the relaxation strength, sinc€@mmensurate. The pinning potential can be associated with

the marked decrease Qf,\_/ll(x) betweenx=0.05 and 0.08, irregularities in the ordered pattern of the octahedral tilts due
would not be justified by the smooth(x) function? Inter- to the Sr dopants and/or other defects that are frozen below

estingly, the jump of;,1(x) occurs in the doping region of 100 K. like the twin walls.
the crossover from parallel to diagonal strifgzoviding an

trength and a larger pinning energy; in particular, the rise of

additional indication that the 80 K peak is indeed associated ACKNOWLEDGMENT
with the stripes.
Regarding the relaxation rates }(T) deduced from fits The authors thank Professor A. Rigamonti for useful

like that in Fig. 4, the values of the preexponential factorsdiscussions.
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