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Anelastic spectroscopy of the cluster spin-glass phase in La2ÀxSrxCuO4
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An increase of the acoustic absorption is found in La22xSrxCuO4 (x50.019, 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.
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I. INTRODUCTION

The low doping region of the phase diagram
La22xSrxCuO4 is attracting considerable interest, due to t
appearance of unconventional correlated spin dynamics
ordering processes~for a review see Ref. 1!. In undoped
La2CuO4 the Cu21 spins order into a 3D antiferromagnet
~AF! state with the staggered magnetization in theab plane.2

Doping by Sr rapidly destroys the long range AF order, w
TN passing from 315 K to practically 0 K aroundxc.0.02.
Above this critical value of the Sr content no long range A
order is experimentally observed at finite temperature. Th
are also indications that the holes are segregated into do
walls, sometimes identified as charge stripes, which sepa
hole-poor regions where the AF correlations build up.3,4 The
holes should be mobile along these ‘‘charge rivers,’’ but
low x they localize near the Sr atoms below;30 K, causing
a distortion of the spin texture of the surrounding Cu21

atoms.4 For x,xc the spin distortions around the localize
holes are decoupled from the AF background, and freeze
a spin-glass~SG! state belowTf(x).(815 K)x. Forx.xc a
cluster spin-glass~CSG! state is argued to freeze belo
Tg(x)}1/x and AF correlations develop within the domai
defined by the charge walls, with the easy axes of the s
gered magnetization uncorrelated between different clus
The formation of the SG and CSG states are inferred fr
sharp maxima in the139La NQR~Refs. 1,3,5! andmSR ~Ref.
6! relaxation rates, which indicate the slowing of the A
fluctuations below the measuring frequency (;1072108 Hz
in those experiments! on cooling, and from the observatio
of irreversibility, remnant magnetization, and scaling beh
ior in magnetic susceptibility experiments.7,8

Here we report the observation of a steplike increase
the low-frequency acoustic absorption close to the temp
ture at which the spin freezing process is detected in
NQR measurements. The absorption is ascribed to cha
of the sizes of the frozen clusters induced by the vibrat
stress through magnetoelastic coupling,9 or equivalently to
the motion of the walls between them.
PRB 620163-1829/2000/62~9!/5309~4!/$15.00
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II. EXPERIMENTAL AND RESULTS

The samples where prepared by standard solid state r
tion as described in Ref. 10 and cut in bars approximat
403430.6 mm3. The final Sr contents and homogeneiti
where checked from the temperature position and sharp
of the steps in the Young’s modulus and acoustic absorp
due to the tetragonal~HTT! to orthorhombic~LTO! transi-
tion, which occurs at a temperatureTt linearly decreasing
with doping.11 The transitions appear narrower in tempe
ture than the one of a Sr-free sample, indicating that
width was mostly intrinsic and not due to Sr inhomogenei
except for the sample at the lowest Sr content.12 The Sr
concentrations estimated in this way turned outx50.0185
60.0015, 0.031560.0015, and 0.064560.002, in good
agreement with the nominal compositions. In the followi
the samples will be referred asx50.019, 0.03, and 0.06.

The complex Young’s modulusE was measured by elec
trostatically exciting either of the lowest three flexural mod
and detecting the vibration amplitude by a frequency mo
lation technique. The elastic energy loss coefficient~or recip-
rocal of the mechanicalQ) is related to the imaginary par
E9 of E by Q21(v,T)5E9(v,T)/E8(v,T), and it was mea-
sured by the decay of the free oscillations or the width of
resonance peak.

In Fig. 1 the anelastic spectra of three samples withx
50.019, 0.03, 0.06 below 16 K measured exciting the fi
flexural mode are reported. A steplike increase of the abs
tion is observed around or slightly belowTg ~Ref. 11! The
gray arrows indicate the values ofTg in the magnetic phase
diagrams deduced from NQR~Ref. 3! ~lower values! and
mSR ~Ref. 6! ~higher values! experiments, which are in
agreement with the data in Ref. 11@for the sample withx
50.019 theTg(x50.02) values are indicated#. The black
arrows indicate the temperature of the maximum of the139La
NQR relaxation rate measured on the same samples
separate study,13 which indicate a freezing in the spin-glas
phase, as discussed later. The coincidence of the temp
tures of the absorption steps with those of freezing of
5309 ©2000 The American Physical Society
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spin fluctuations suggest a correlation between the two p
nomena.

The sample withx50.03 was outgassed from excess O
heating in vacuum up to 790 K, while the other two samp
where in the as-prepared state, therefore containing s
interstitial O. The concentrationd of excess O is a decreas
ing function of x ~Ref. 14! and should be negligible forx
50.06 but not forx50.019. This fact allowed us to observ
the absorption step singled out from the high-temperature
of an intense peak that occurs at lower temperature~see the
sharp rise of dissipation below 3 K for x50.019 in Fig. 1!.
Such a peak has been attributed to the tunneling-driven
motion of a fraction of the O octahedra.12,15 The LTO phase
is inhomogeneous on a local scale,15–18and a fraction of the
octahedra would be unstable between different tilt orien
tions, forming tunneling systems which cause the anela
relaxation process. The interstitial O atoms force the s
rounding octahedra into a fixed tilt orientation, resulting in
decrease of the fraction of mobile octahedra and therefor
a depression of the absorption peak. In addition, dop
shifts the peak to lower temperature at a very high rate,
to the coupling between the tilted octahedra and the h
excitations.12 Therefore, it is possible to reduce the weight
the low-temperature peak by introducing concentrations
interstitial O atoms that are so small that they do not cha
appreciably the doping level due to the Sr substitution
Figure 2 compares the absorption curves of thex50.019
sample in the as-prepared state with a concentratiod
.0.002 of excess O and after removing it in vacuum at h
temperature. The initial concentrationd has been estimate
from the intensity of the anelastic relaxation process due
the hopping of interstitial O,19 whose maximum occurs
slightly below room temperature at our measuring frequ
cies ~not shown here!. The presence of excess O indeed d
creases and shifts to lower temperature the tail of the pea
Fig. 2, while the effect on the absorption step is negligib
This justifies the comparison of the sample withx50.019
and d.0 together with the other samples withd.0, and

FIG. 1. Elastic energy loss coefficient of La22xSrxCuO4 with
x50.019 (1.3 kHz), x50.03 (1.7 kHz), x50.06 (0.43 kHz).
The gray arrows indicate the temperatureTg of freezing into the
cluster spin-glass state deduced from NQR~Ref. 3! ~lower values!
and mSR ~Ref. 6! ~higher values! experiments. The black arrow
indicate the temperature of the maximum of the139La NQR relax-
ation rate measured on the same sample~Ref. 13!.
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demonstrates that the nature of the low-temperature pea
different from that of the steplike absorption.

III. DISCUSSION

The present data show the presence of a step in the ac
tic absorption at the boundary of the spin-glass quasiorde
state in theT,x magnetic phase diagram. The case of thex
50.019 sample is less clear cut, since the step is ra
smooth. Furthermore, the Sr content is within the ran
0.018,x,0.02, at the boundary between the SG and
CSG phases, where the phase diagram is largely uncerta13

The Tf(x) line ends at 15 K forx.0.018, and the line
Tg(x) starts from 10–12 K atx.0.02 ~Refs. 8,11,13!. A
larger spread of experimental data11 ~from 7.8 to 12.5 K! is
actually observed just atx50.02.

A mechanism which in principle produces acoustic a
sorption is the slowing down of the magnetic fluctuatio
toward the spin-glass freezing. When measuring the spe
densityJspin(v,T) of the spin fluctuations~the Fourier trans-
form of the spin-spin correlation function!, e.g., through the
139La NQR relaxation rate, a peak inJspin is found at the
temperature at which the fluctuation ratet21(T) becomes
equal to the measuring angular frequencyv. This explains
why the maximum of themSR relaxation rate is at highe
temperature than that of NQR. Near the glass transition
magnetic fluctuation rate was found to approximately follo
the law3 t21}@(T2Tg)/Tg#2, and the temperature at whic
the conditionvt51 for the maximum of relaxation is satis
fied for v/2p512219 MHz is close toTg . A similar peak
would be observed in the spectral density of the lattice str
Jlatt(v,T), if the spin fluctuations cause strain fluctuatio
through magnetoelastic coupling. The acoustic absorptio
proportional to the spectral density of the strain and henc
Jlatt ; Q215vJstrain/T}vJlatt /T, and therefore at our fre
quencies (v<50 kHz) we should observe a narrow peak
a temperature slightly lower than the ones detected by N
relaxation. The absorption steps in Fig. 1 can hardly be id
tified in a strict way as due to the contribution from th

FIG. 2. Elastic energy loss coefficient of the sample withx
50.019 in the as prepared state~with interstitial O! and after out-
gassing the excess O measured at 1.3 kHz.
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freezing magnetic fluctuations because they appear as
instead of peaks. We propose that the main contribu
comes from the stress-induced movement of the bounda
between the clusters of quasifrozen antiferromagnetic
correlated spins. The mechanism is well known for fer
magnetic materials,9 but is possible also for an ordered A
state, if an anisotropic strain is coupled with the easy m
netization axis. In this case, the elastic energy of doma
with different orientations of the easy axis would be diffe
ently affected by a shear stress, and the lower energy
mains would grow at the expenses of the higher energy o
The dynamics of the domain boundaries is different fro
that of the critical or freezing fluctuations and generally p
duces broad peaks in the susceptibilities. An example is
structural HTT-LTO transformation in the same sampl
where the appearance of the orthorhombic domains is
companied by a steplike increase of the acou
absorption.20 We argue that the features in the anelastic sp
tra just belowTg are associated with the stress-induced m
tion of the walls enclosing the clusters of AF correlat
spins. More properly, the anelastic relaxation is attributed
the stress-induced changes of the sizes of the different
mains.

The x50.019 sample is at the borderxc.0.02 between
the SG and CSG states. The NQR measurements on the
sample13 indicate a spin-freezing temperature;9 K, closer
to the CSGTg(xc) rather then to the SGTf(xc), which is
consistent with the presence of moving walls, otherwise
sent in the SG state. Nonetheless, following the model p
posed by Goodinget al.21 we do not expect a sharp transitio
between the SG and the CSG states. According to
model, at low temperature the holes localize near the Sr d
ants, and in the ground state an isolated hole circulates cl
wise or anticlockwise over the four Cu atoms neighbors
Sr. Such a state induces a distortion of the surrounding
spins, otherwise aligned according to the prevalent AF or
parameter. The spin texture arising from the frustrated co
bination of the spin distortions from the various localiz
holes produces domains with differently oriented AF ord
parameters, which can be identified with the frozen AF s
clusters. The dissipative dynamics which we observe in
acoustic response should arise from the fact that the en
surface of the possible spin textures has many closely sp
minima21 and the vibration stress, through magnetoela
coupling, can favor jumps to different minima. In this pi
ture, one could argue that the random distribution of Sr
oms may cause the formation of spin clusters also fox
&xc and it is possible to justify the fact that forx50.019 the
absorption step does not start below the maximum of
139La NQR relaxation rate, which signals the freezing of t
spin clusters. Rather, the acoustic absorption slowly st
increasing slightly beforeTg determined by the NQR maxi
mum on the same sample is reached. This may indicate
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the spin dynamics is not only governed by cooperative fre
ing, but is also determined by the local interaction with t
holes localized at the surrounding Sr atoms. Then, the
gions in which the Sr atoms induce a particularly strong s
texture could freeze and cause anelastic relaxation before
cooperative transition to the glass state is completed. S
tematic measurements around thex50.02 doping range are
necessary to clarify this point.

The dependence of the intensity of the absorption step
x, which is sharper and most intense atx50.03, qualitatively
supports the above picture. In fact, at lower doping one
only few domains embedded in a long range ordered
background, while above 0.05 the fraction of walls of diso
dered spins connecting the Sr atoms increases at the
penses of the ordered domains, with a crossover to inc
mensurate spin correlations.21 The anelasticity due to the
stress-induced change of the domain sizes is expected t
strongest in correspondence to the greatest fraction of
dered spins, namely, between 0.03 and 0.05, in accorda
with the spectra in Fig. 1.

Finally we point out the insensitiveness of the absorpt
step to the presence of interstitial O~Fig. 2 and Ref. 12!, in
view of the marked effects that even small quantities of
cess O cause to the low-temperature peak~Fig. 2! and to the
rest of the anelastic spectrum.15,12 This is consistent with a
dissipation mechanism of magnetic rather than of structu
origin.

IV. CONCLUSION

The elastic energy loss coefficient of La22xSrxCuO4 ~pro-
portional to the imaginary part of the elastic susceptibili!
measured around 103 Hz in samples withx50.019, 0.032,
and 0.064 shows a steplike rise below the temperature of
transition to a quasifrozen cluster spin-glass state. The or
of the acoustic absorption is thought to be magnetoela
coupling, namely, anisotropic in-plane strain associated w
the direction of the local staggered magnetization. The
sorption is not peaked atTg and therefore does not directl
correspond to the peak in the dynamic spin susceptibility
to the spin freezing. Rather, it has been ascribed to the str
induced changes of the sizes of the spin clusters, or equ
lently to the motion of the walls. The phenomenology
qualitatively accounted for in the light of the model of Goo
ing et al.21 of magnetic correlations of the Cu21 spins in-
duced by the holes localized near the Sr dopants.
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