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Anelastic spectroscopy of the cluster spin-glass phase in La,Sr,CuO,
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An increase of the acoustic absorption is found i L&r,CuQ, (x=0.019, 0.03, and 0.06) close to the
temperatures at which freezing of the spin fluctuations in antiferromagnetic-correlated clusters is expected to
occur. The acoustic absorption is attributed to changes of the sizes of the quasifrozen clusters induced by the
vibration stress through magnetoelastic coupling.

I. INTRODUCTION Il. EXPERIMENTAL AND RESULTS

The low doping region of the phase diagram of The samples where prepared by standard solid state reac-
La,_,Sr,CuQ, is attracting considerable interest, due to thetion as described in Ref. 10 and cut in bars approximately
appearance of unconventional correlated spin dynamics aDx 4x0.6 mn¥. The final Sr contents and homogeneities
ordering processeffor a review see Ref. )l In undoped where checked from the temperature position and sharpness
La,CuQ, the Cif* spins order into a 3D antiferromagnetic of the steps in the Young’s modulus and acoustic absorption
(AF) state with the staggered magnetization inalieplane®  due to the tetragondHTT) to orthorhombic(LTO) transi-
Doping by Sr rapidly destroys the long range AF order, withtion, which occurs at a temperatufg linearly decreasing
Ty passing from 315 K to practicgll0 K aroundx,~0.02.  with doping®* The transitions appear narrower in tempera-
Above this critical value of the Sr content no long range AFture than the one of a Sr-free sample, indicating that the
order is experimentally observed at finite temperature. Therwidth was mostly intrinsic and not due to Sr inhomogeneity,
are also indications that the holes are segregated into domagxcept for the sample at the lowest Sr conténThe Sr
walls, sometimes identified as charge stripes, which separat®ncentrations estimated in this way turned ®et0.0185
hole-poor regions where the AF correlations build®dprthe ~ +0.0015, 0.031%0.0015, and 0.06450.002, in good
holes should be mobile along these “charge rivers,” but atagreement with the nominal compositions. In the following
low x they localize near the Sr atoms belewB0O K, causing the samples will be referred as=0.019, 0.03, and 0.06.

a distortion of the spin texture of the surrounding?Cu The complex Young’s modulug was measured by elec-
atoms? For x<x, the spin distortions around the localized trostatically exciting either of the lowest three flexural modes
holes are decoupled from the AF background, and freeze intend detecting the vibration amplitude by a frequency modu-
a spin-glas¢SG) state belowT{(x)=(815 K)x. Forx>x.a lation technique. The elastic energy loss coefficientrecip-
cluster spin-glas§CSG state is argued to freeze below rocal of the mechanicaD) is related to the imaginary part
Ty(x)=1/x and AF correlations develop within the domains E” of E by Q Yw,T)=E"(w,T)/E'(w,T), and it was mea-
defined by the charge walls, with the easy axes of the stagsured by the decay of the free oscillations or the width of the
gered magnetization uncorrelated between different clustersesonance peak.

The formation of the SG and CSG states are inferred from In Fig. 1 the anelastic spectra of three samples with
sharp maxima in thé*La NQR (Refs. 1,3,5anduSR(Ref. = =0.019, 0.03, 0.06 below 16 K measured exciting the first
6) relaxation rates, which indicate the slowing of the AF flexural mode are reported. A steplike increase of the absorp-
fluctuations below the measuring frequeneyX0’—10° Hz  tion is observed around or slightly beloW, (Ref. 1) The

in those experimenton cooling, and from the observation gray arrows indicate the values of in the magnetic phase
of irreversibility, remnant magnetization, and scaling behav-diagrams deduced from NQRRef. 3 (lower valueg and

ior in magnetic susceptibility experimert§. uSR (Ref. 6 (higher values experiments, which are in

Here we report the observation of a steplike increase oagreement with the data in Ref. 1for the sample withx
the low-frequency acoustic absorption close to the tempera=0.019 theTy(x=0.02) values are indicat¢dThe black
ture at which the spin freezing process is detected in tharrows indicate the temperature of the maximum of tfea
NQR measurements. The absorption is ascribed to chang®QR relaxation rate measured on the same samples in a
of the sizes of the frozen clusters induced by the vibratiorseparate stud{® which indicate a freezing in the spin-glass
stress through magnetoelastic coupling; equivalently to  phase, as discussed later. The coincidence of the tempera-
the motion of the walls between them. tures of the absorption steps with those of freezing of the
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FIG. 1. Elastic energy loss coefficient of 415Sr,CuQ, with 0 2 5 10 20
x=0.019 (1.3 kHz),x=0.03 (1.7 kHz),x=0.06 (0.43 kHz). T (K)

The gray arrows indicate the temperatdig of freezing into the
cluster spin-glass state deduced from N@¥f. 3 (lower value$
and uSR (Ref. 6 (higher values experiments. The black arrows
indicate the temperature of the maximum of tHé.a NQR relax-
ation rate measured on the same saniRlef. 13.

FIG. 2. Elastic energy loss coefficient of the sample with
=0.019 in the as prepared stdteith interstitial O and after out-
gassing the excess O measured at 1.3 kHz.

demonstrates that the nature of the low-temperature peak is

spin fluctuations suggest a correlation between the two phéj_ifferent from that of the steplike absorption.

nomena.
The sample withx=0.03 was outgassed from excess O by IIl. DISCUSSION
heating in vacuum up to 790 K, while the other two samples
where in the as-prepared state, therefore containing some The present data show the presence of a step in the acous-
interstitial O. The concentratiod of excess O is a decreas- tic absorption at the boundary of the spin-glass quasiordered
ing function of x (Ref. 14 and should be negligible fox ~ State in theT,x magnetic phase diagram. The case of the
=0.06 but not forx=0.019. This fact allowed us to observe =0.019 sample is less clear cut, since the step is rather
the absorption step singled out from the high-temperature tagmooth. Furthermore, the Sr content is within the range
of an intense peak that occurs at lower temperatsee the 0.018<x<0.02, at the boundary between the SG and the
sharp rise of dissipation beto3 K for x=0.019 in Fig. . CSG phases, where the phase diagram is largely uncéttain.
Such a peak has been attributed to the tunneling-driven tifhe T¢(x) line ends at 15 K forx=0.018, and the line
motion of a fraction of the O octahedta!®The LTO phase Tg4(X) starts from 10-12 K ak=0.02 (Refs. 8,11,18 A
is inhomogeneous on a local sca¥e'®and a fraction of the larger spread of experimental dHtéfrom 7.8 to 12.5 K is
octahedra would be unstable between different tilt orientaactually observed just at=0.02.
tions, forming tunneling systems which cause the anelastic A mechanism which in principle produces acoustic ab-
relaxation process. The interstitial O atoms force the sursorption is the slowing down of the magnetic fluctuations
rounding octahedra into a fixed tilt orientation, resulting in atoward the spin-glass freezing. When measuring the spectral
decrease of the fraction of mobile octahedra and therefore idensityJq{,T) of the spin fluctuationgthe Fourier trans-
a depression of the absorption peak. In addition, dopindorm of the spin-spin correlation functipne.g., through the
shifts the peak to lower temperature at a very high rate, dué®_La NQR relaxation rate, a peak By, is found at the
to the coupling between the tilted octahedra and the holéemperature at which the fluctuation rate(T) becomes
excitations'? Therefore, it is possible to reduce the weight of equal to the measuring angular frequengy This explains
the low-temperature peak by introducing concentrations ofvhy the maximum of theuSR relaxation rate is at higher
interstitial O atoms that are so small that they do not changéemperature than that of NQR. Near the glass transition the
appreciably the doping level due to the Sr substitutionalsmagnetic fluctuation rate was found to approximately follow
Figure 2 compares the absorption curves of %7€0.019 the law’ T‘loc[(T—Tg)/Tg]z, and the temperature at which
sample in the as-prepared state with a concentraion the conditionwr=1 for the maximum of relaxation is satis-
=0.002 of excess O and after removing it in vacuum at highfied for w/27=12—19 MHz is close toT4. A similar peak
temperature. The initial concentratieghhas been estimated would be observed in the spectral density of the lattice strain
from the intensity of the anelastic relaxation process due td,,(w,T), if the spin fluctuations cause strain fluctuations
the hopping of interstitial G whose maximum occurs through magnetoelastic coupling. The acoustic absorption is
slightly below room temperature at our measuring frequenproportional to the spectral density of the strain and hence to
cies(not shown here The presence of excess O indeed de-Jy; Q 1= wlgyain/ T*wJia/T, and therefore at our fre-
creases and shifts to lower temperature the tail of the peak iguencies <50 kHz) we should observe a narrow peak at
Fig. 2, while the effect on the absorption step is negligible.a temperature slightly lower than the ones detected by NQR
This justifies the comparison of the sample witk-0.019  relaxation. The absorption steps in Fig. 1 can hardly be iden-
and 6>0 together with the other samples witi=0, and tified in a strict way as due to the contribution from the
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freezing magnetic fluctuations because they appear as stefhe spin dynamics is not only governed by cooperative freez-
instead of peaks. We propose that the main contributionng, but is also determined by the local interaction with the
comes from the stress-induced movement of the boundarid®les localized at the surrounding Sr atoms. Then, the re-
between the clusters of quasifrozen antiferromagneticallgions in which the Sr atoms induce a particularly strong spin
correlated spins. The mechanism is well known for ferro-texture could freeze and cause anelastic relaxation before the
magnetic material$,but is possible also for an ordered AF cooperative transition to the glass state is completed. Sys-
state, if an anisotropic strain is coupled with the easy magtematic measurements around the 0.02 doping range are
netization axis. In this case, the elastic energy of domainsecessary to clarify this point.
with different orientations of the easy axis would be differ- The dependence of the intensity of the absorption step on
ently affected by a shear stress, and the lower energy dog which is sharper and most intensexat0.03, qualitatively
mains would grow at the expenses of the higher energy onesupports the above picture. In fact, at lower doping one has
The dynamics of the domain boundaries is different fromonly few domains embedded in a long range ordered AF
that of the critical or freezing fluctuations and generally pro-background, while above 0.05 the fraction of walls of disor-
duces broad peaks in the susceptibilities. An example is thdered spins connecting the Sr atoms increases at the ex-
structural HTT-LTO transformation in the same samplespenses of the ordered domains, with a crossover to incom-
where the appearance of the orthorhombic domains is aenensurate spin correlatioR5.The anelasticity due to the
companied by a steplike increase of the acoustictress-induced change of the domain sizes is expected to be
absorptiort® We argue that the features in the anelastic specstrongest in correspondence to the greatest fraction of or-
tra just belowT, are associated with the stress-induced mo-dered spins, namely, between 0.03 and 0.05, in accordance
tion of the walls enclosing the clusters of AF correlatedwith the spectra in Fig. 1.
spins. More properly, the anelastic relaxation is attributed to Finally we point out the insensitiveness of the absorption
the stress-induced changes of the sizes of the different datep to the presence of interstitial Big. 2 and Ref. 1R in
mains. view of the marked effects that even small quantities of ex-
The x=0.019 sample is at the bordgg=0.02 between cess O cause to the low-temperature pgag. 2 and to the
the SG and CSG states. The NQR measurements on the sanest of the anelastic spectrum’? This is consistent with a
samplé® indicate a spin-freezing temperatured K, closer  dissipation mechanism of magnetic rather than of structural
to the CSGTy(x.) rather then to the SGQ¢(x.), which is  origin.
consistent with the presence of moving walls, otherwise ab-
sent in the SG state. Nonetheless, following the model pro-
posed by Goodingt al?! we do not expect a sharp transition
between the SG and the CSG states. According to that The elastic energy loss coefficient of LgSr,CuQ, (pro-
model, at low temperature the holes localize near the Sr dogsortional to the imaginary part of the elastic susceptibility
ants, and in the ground state an isolated hole circulates clockaeasured around $0Hz in samples withx=0.019, 0.032,
wise or anticlockwise over the four Cu atoms neighbors toand 0.064 shows a steplike rise below the temperature of the
Sr. Such a state induces a distortion of the surrounding Ctransition to a quasifrozen cluster spin-glass state. The origin
spins, otherwise aligned according to the prevalent AF ordeof the acoustic absorption is thought to be magnetoelastic
parameter. The spin texture arising from the frustrated comeoupling, namely, anisotropic in-plane strain associated with
bination of the spin distortions from the various localizedthe direction of the local staggered magnetization. The ab-
holes produces domains with differently oriented AF ordersorption is not peaked at, and therefore does not directly
parameters, which can be identified with the frozen AF spircorrespond to the peak in the dynamic spin susceptibility due
clusters. The dissipative dynamics which we observe in theo the spin freezing. Rather, it has been ascribed to the stress-
acoustic response should arise from the fact that the enerdggduced changes of the sizes of the spin clusters, or equiva-
surface of the possible spin textures has many closely spacéehtly to the motion of the walls. The phenomenology is
minim&* and the vibration stress, through magnetoelastiqualitatively accounted for in the light of the model of Good-
coupling, can favor jumps to different minima. In this pic- ing et al?* of magnetic correlations of the €U spins in-
ture, one could argue that the random distribution of Sr atduced by the holes localized near the Sr dopants.
oms may cause the formation of spin clusters alsoxor
=X, and it is possible to justify the fact that fgr=0.019 the
absorption step does not start below the maximum of the
139 a NQR relaxation rate, which signals the freezing of the The authors thank Professor A. Rigamonti for useful dis-
spin clusters. Rather, the acoustic absorption slowly startsussions and for a critical review of the manuscript. This
increasing slightly beford, determined by the NQR maxi- work has been done in the framework of the Advanced Re-
mum on the same sample is reached. This may indicate thaearch Project SPIS of INFM.

IV. CONCLUSION
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