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We compare the low frequency~(l kHz) anelastic spectra of La,Sr,CuQ, and Lg ,BaCuQ, at x
=0.03 and 0.06 in the temperature region where the freezing into the cluster spirf@®3sphase occurs
and is accompanied by an increase of the acoustic absorption. The dependence of the amplitude of the anelastic
relaxation on doping is explained in terms of movement of the domain W2¥¢) in the CSG phase between
the Sr(Ba) pinning points. The LBCO sample &t 0.06 transforms into the LTT structure below 40 K and the
amplitude of the anelastic anomaly related to the CSG state is 7 times smaller than expected, indicating pinning
of the DW which run parallel to the LTT modulation. Such DW can be identified with the stripes of high hole
density, and the present measurements show that they are mobile betweeriBReganning points down to
few K, but become static in the presence of LTT modulation also far from the condiitighfor commensu-
rability between stripe and lattice periodicities.
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The charge/spin inhomogeneities in the hihsupercon-  The magnetic modulation is parallel to the modulation of the
ductors(HTS), related oxides and more recently in mangan-CuG, plane in the LTO structurdat 45° with the Cu-O
ites, have been arising ever growing interest. The HTS arbondg for x<0.05, but becomes parallel to the Cu-O bonds
composed of antiferromagneti&F) insulating CuQ planes  across the metal-insulator transitizg 0.06 (Ref. 9. These
that are made conducting by injecting holes through hetmagnetic neutron diffraction peaks have been recently re-
erovalent cation doping or introduction of excess(for a  ported to be elastitalthough they could actually be quasi-
review see, e.g., Ref)1Such mobile charges are not homo- elastic and therefore correspond to fluctuating correlations
geneously distributed; early nuclear quadrupole resonancghich are observable only by fast probes such as neutfons.
(NQR) experiments suggested that in underdoped nonsupeThe correlations are considered to be static when the stripe
conducting La_,Sr,CuQ, (LSCO whenx>0.02 the holes modulation is parallel and commensurate with the lattice
segregate into domain walls for AF domambglow Ty(x) ~ modulation{** this occurs around the doping=1/8 in the
=(0.2 K)/x these domains freeze into a cluster spin-glasdow-temperature tetragon@.TT) structure, which is stabi-
(CSG state with random directions of the staggeredlized in samples with large enough disorder of the ion sizes
magnetizatior:>* This phenomenology has recently beenin the La  sublattice (La x-yNd,Sr,CuQ, or
found in other HTS. On the other hand, on the basis of La,_,Ba,CuQ,).

EXAFS and diffraction experiments, it was proposed that the The relation between the stripes and superconductivity is
CuO, planes of the HTS are corrugated according to twodebated! and it is not yet ascertained whether the stripes are
different patterns coexisting in a striped fashion, with thean ingredient of HT§Refs. 6,12,1Bor compete against if.
mobile holes confined to the low-temperature orthorhombicA closely related issue is whether they are static or
(LTO) pattern® The stripelike ordering of the charge walls dynamic'>'® and, to our knowledge, their transversal dy-
separating AF domairi$'’ appears both in the magnetic scat- namics has never been measured, especially at low fre-
tering from the spin correlations and as weak Braggquency. The neutron spectroscopy probes very high frequen-
reflections, when sufficient long-range order is established.cies (>10'* Hz) and can tell whether the observed
In LSCO the ordering is dynamic and incommensurate withcorrelations are quasistatic over that frequency scale; lower
the lattice, with a modulation wave vector shifted from thefrequencies are indirectly probed by NQR @SR experi-

AF wave vector byd=x. Such a linear relationship between ments, e.g., through the fraction of NQR signal which
incommensurabilitys and doping is found to hold for 0.04 is lost when fluctuations of the order of the NQR
<x<1/8, while 6 remains locked at- 1/8 at higher dopin§.  frequency (10 Hz) make the signal to decay too fast to be
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measured’'® The fact that slower probes indicate lower 0* — ]
freezing temperatures for the stripe correlations suggests a 6 [Soe., ili((j)?)e ]
glassy dynamic$’!° but in general it is not distinguished LY o |
between the dynamics of the single spins or charges and the 4l * e w s 0 J
transversal motion of the stripes. The latter type of motion, \-\ ;
which is characteristic of domain walls, can be effectively w2t .°s\.\_ -
probed by low frequency susceptibiliti&&?! and the elastic L reee
susceptibility has the advantage over the dielectric and mag- . 0 : —T
netic ones of being practically insensitive to the dynamics x10™ “f‘x\“ LSCO } ]
of single charges and spins, which otherwise dominate the 20k ' Yy
response. l
In order to obtain further insight in this complex interplay ]
of dynamic magnetic and charge ordering and pinning by the 10F
lattice, we extended the acoustic spectroscopy measurements
of the CSG state in LSCQRef. 21 to La_,BaCuQ, 0

(LBCO), which has greater tendency to form a stable LTT
phase. Two La ,Ba,CuQ, samples and two La ,Sr,CuQ,
samples withx=0.03 andx=0.06 were prepared by stan-  FIG. 1. Elastic energy loss coefficient of LSCO and LBCO at
dard solid state reaction as described in Ref. 22 and cut idopingx=0.03 and 0.06, measured atl.5 kHz.
bars approximately 485x 0.6 mnt. The complex Young’s
modulus E(w) =E’+iE", whose reciprocal is the elastic case, the steep rise of the absorption with lowering tempera-
compliances=E~*, was measured as a function of tempera-ture is determined by the formation of the clusters with fro-
ture by electrostatically exciting the lowest three odd flexuralzen AF spin correlations, while the broader shape at lower
modes and detecting the vibration amplitude by a frequencyemperature is due to the wide distribution of the relaxation
modulation technique. The vibration frequens§2w is pro-  rates of domain walls with different lengths and mobilities.
portional to\E’, while the elastic energy loss coefficigior The low-doping and low-temperature region of the mag-
reciprocal of the mechanicaD) is given by’ Q *(w,T) netic phase diagram of LBCO has not been investigated, but
=E"/E'=9g"/s’, and was measured by the decay of the freethe close similarity between the anelastic spectra of LBCO
oscillations or the width of the resonance peak. The imagiand LSCO in Figs. 1 and 2 indicate that also in LBCO the
nary part of the dynamic susceptibility is related to the spins undergo the same freezing processes at practically the
spectral density,(w,T)= [dt €“e(t)e(0)) of the macro- same temperatures as in LSCO. The anomalies in the imagi-
scopic straine through the fluctuation-dissipation theorem, nary (Fig. 1) and real partgFig. 2) of the dynamic elastic
s"=(wVI2kgT)J, . response attributed to the appearance of the CSG state appear
The spin dynamics can affedt through magnetoelastic below 7 K for x=0.03 in both samples and below 4(R K)
coupling®® namely, an anisotropic strain with principal axes for x=0.06 in LSCO(LBCO). The similarity between the
oriented according to the spin orientation. Indeed, it has respectra ak=0.03 is shown in Fig. 3, where both the absorp-
cently been showfi that in LSCO the freezing into the CSG tion and real parts of the dynamic response of LSCO and
state is accompanied by a steplike increase of the acoustic
absorption and a rise of the elastic modulus; the data of 0

La,_,Sr,CuQ, with x=0.03 and 0.06 are shown in Figs. 1 - ?'\‘ LBCO ]
and 2. The anomaly is observed around or slightly belgw [ . x=0.06 ]
as reported in the literatui® [Ty(x=0.03)=6.7 K and 4 “---t.‘.\ U
T4(x=0.06)=3.3 K] and deduced from the maxima in the 6 '\t.,.\

3 a NOQR relaxation rate measured on the same [ oo ]

sample€}?* The NQR anduSR experiments measure the
spectral densityg,{w,T) of the spin fluctuations. If the
fluctuations occur with a rater }(T), then Jspin 7/[1
+(w7)?] is peaked at the temperature at whish=1, and
the sharp peaks in the NQR amtR relaxation rates indi- r P 000.03 000 cotm e
cate the slowing of the spin fluctuations below the measuring 2
angular frequencw (~10"—10° Hz in those experimenks

Lsco |

10° AEVE!

The same peak, shifted to lower temperature because of the I 0032

lower frequency @~10°—10* Hz), could in principle ap- A e st

pear also inJ, thanks to the magnetoelastic coupling. How- 1 5 (K1)° 20 50

ever, the steplik& ~1(T) curves of Fig. 1 cannot be easily

identified with the sharp peaks in the NQR rafe?* and FIG. 2. Relative variation of the Young’s modulus of the

can be attributed to the movement of domain walls separasamples of Fig. 1. The rise of the modulus below 40 K in LBCO
ing the antiferromagnetically correlated domathdn this  x=0.06 is attributed to the formation of LTT phase.
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0.00F ey T T T ' = of the sizes of domains with differently oriented axes of stag-
L o'&,% x = 0.03 . gered magnetizatioft. Since the Sr dopants act as pinning
o 002 2o - points for the DW, their concentration affects not only the
i i %2;. o LSCOx1.45 ] densityn of DW but also their mean lengthbetween pin-
< '0'04__ %% e [|BCO ] ning points. The relaxation strength is expected to be of
0061 | the form Ao«n|* with «=3, similarly to the case of the
I %--Wwﬂ motion of dislocations pinned by impuritié$,or with «

=2, as proposed for the susceptibility due to the motion of
DW between ferromagnetic domaifts.

In Fig. 4 the relaxation strength measured with LSCO is
compared withA(x)ocn(x)1“(x) calculated assuming that
the Sr atoms above and below a Gu@ane form a square
lattice with spacingl= 1//x in units of the lattice constast,
and that the DW form a square lattice passing through the Sr
atoms; the mean number of free atoms along a DW segment
is thenl=d—1, since the two extrema at the Sr pinning
goints are fixed. In this manner we obtaikoc 2x(1/y/x
=1)%, which reproduces reasonably well the experimental
data of LSCO witha<3. If we assume that the DW run only
parallel to one direction, as expected from parallel stripes,
then n(x) is halved, but the dependence riremains the

_ _ . same. We conclude that the dependence of the relaxation
LBCO are plotted togethefin all the figures the Young's magnitude on doping is in agreement with what expected
modulusE(T) is normalized to the extrapolaté(0)]. The  fom the motion of DW pinned by the Sr atoms.
data of LSCO practically overlap with those of LBCO if  The case of LBCO ax=0.06 is different. since the am-
multiplied by 1.45, indicating that the rise of the elastic plitude of the step aT,~3.5 K is 4.8 times smaller than for

modulus |s.determ|ned by the same meqhamsm producingsco (both in the absorption and real partand the onset
the absorption. The factor 1.5 can be ascribed to a greater gmperature is also slightly lowéFig. 1). Considering the
magnetoelastic coupling in the Ba compound, possibly regifference in magnetoelastic coupling, it turns out that the
sulting from the slightly different atomic sizes and d'Stancesamplitude of the effect in LBCO ak=0.06 is 7 times
We turn now to the dependence of the amplitude of thegmaier than expected. This reduction appears clearly in Fig.
anelastic effect on doping. For LSCO, the amplitude iS & \here all the data are normalizedxat 0.03. The depres-
decreasing function of doping, as shown by the open circlegjq, of the absorption step in LBCO with=0.06 has to be
of Fig. 4, which includes also data from Ref. 21. We want t0¢ihted to the transformation into the LTT structure below
show that this trend is in agreement with the propose =40 K, which is observed in the anelastic spectr(igs.
mechanism of dissipatiotand consequent dispersion in the 1 and 2. ,The LTO-LTT transition has been mainly studied
real part of the modul#9 due to the stress-induced changeOn samples wittx=0 1226 in view of the strong decrease of

T, around that doping. To our knowledge no data are avail-
able for 0.05xx=<0.07 in LBCO, but our observation df;
=40 K at x=0.06 is in agreement with the available
dat£%?” of T,=0 K for x<0.05 and T,=50 K for x
=0.08. The effect of the LTO-LTT transition on the acoustic
properties of LBCO has been identiff€dn a small sound
attenuation peak and lattice stiffening beldw on LBCO
samples with 0.18x=<0.16. The amplitude of the stiffening,
AE/E, belowT; is strongly doping dependent, with a maxi-
mum of 0.05 arounck=0.1228 and already lowered to 0.01
at x=0.10; the value of 0.004 which we find at=0.06 is
consistent with this trend. Therefore, we identify the increase
of E’ below T;~40 K with the onset of the transformation

FIG. 3. Comparison between the absorption and real part of th
dynamic Young’s modulus of LSC(Q..7 kH2 and LBCO(1.2 kH2
at x=0.03 in the region of the freezing into the CSG state. The
curves of LSCO have been multiplied by 1.45.

2.0

A(X)/A(0.03)

0.5

00l ! ) ! & ! L] to the LTT structure. Also LSCO at=0.06 exhibits similar
0.00 0.02 0.04 0.06 0.08 0.10 weak anomalies, which suggest a tendency to the formation
X of LTT domains also in LSCO, in accordance with the recent

FIG. 4. IntensityA of the elastic energy loss contribution of the high-resolution diffraction experiment§ The difference be-
domain walls in the CSG state as a function of doping for Lscotween LSCO and LBCQor LSCO codoped with Ndis that
and LBCO: the datum at=0.025 is from Ref. 21. The continuous in LSCO such domains should be either confined to the twin
lines are obtained from the expressionqfx) discussed in the text. boundaries or fluctuating, extremely small, and without long
The data and the curves are normalizecat0.03. range correlation; instead, in LBCO and LSCO codoped with
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Nd the diffraction experiments reveal a stable phase withy~1~10"2 s, which is a much more stringent condition
long range order, which can provide a pinning potential forthan that for the observation of elastic/quasielastic neutron
the stripes. Our experiments do not provide any direct inforjffraction peaks? We did not address the frequency depen-
mation on the extension or topology of the LTT domains, antjence of the anelastic spectfabut showed that the hole

the elastic anomalies are likely connected with the domaiRiines can be studied similar to other types of domain walls;

boundaries. It is therefore possible that narrow domains of, particular, their low frequency dynamics can be probed by
minority LTT phase in LSCO, with a high perimeter to area

. L low frequency susceptibilities. Further work on the same line
ratio, and extended LTT domains in LBCO produce compa- q y b

) . could provide important information on the dynamics and

rable elastic anomalies. inning mechanisms of the stripes in HTS

The fact that the anelastic relaxation due to the DW mo- g mech P i
tion in the LTT structure of LBCO is 7 times smaller than in Summar|2|r_1g, we compared the anelastic specira of _Sr—
the LTO one of LSCO is a clear indication of pinning of the and Ba-subsntu_ted .La cuprate in thg temperature region
DW motion within the LTT phase. The pinning of the DW where the fregzmg into the cluster spin-glass phase is ob-
can be attributed to the LTT lattice modulation, with rows of S€Tved, at doping 0.03 and 0.06. The dependence of the mag-
inequivalent O atoms in the Cy@lane(within or out of the nitude of the aqelgstlc anom_aly on the concentrgtlon of Sr
plane along the direction of the Cu-O bonds, irrespective ofhas been quantitatively explained in terms of motion of DW
commensuration effects. Only the walls parallel or nearlyWhich are pinned by the Sr substitutional atoms. The anelas-
parallel to this modulation should be clamped, and therefordéic spectra a=0.03, with both LSCO and LBCO having
from the reduction factor-7 we deduce that about 87% of LTO structure, completely overlap with a scaling factor of
the DW are parallel to the direction of the Cu-O bonds in thel.45, attributed to greater magnetoelastic coupling strength
LTT phase(in the assumption of a complete transition to thewith Ba substitution. Instead, at=0.06 LBCO transforms
LTT structure, in agreement with the direction of the mag- into the LTT structure and the acoustic absorption due to the
netic modulation observed by neutron scattering for motion of the AF domain walls is strongly reduced, indicat-
=0.055° ing their nearly complete pinning within the LTT structure.

The pinning of the DW of the CSG phase within the LTT The DW between different AF spin clusters are identified
structure is not unexpected, since the pinning of the dynamiwith stripes of high hole density, and the rows of inequiva-
charge and spin fluctuations into static stripe modulations isent O atoms in the LTT structure would provide a modulated
well documented for samples with Ba or mixed Nd and Srpotential which pins the charge stripes parallel to this modu-
substitution with x=0.12, with modulation wave vector lation. The present measurements show that this clamping
close to the commensurate valgeand parallel to the LTT effect is strong also in the absence of commensuration be-
lattice modulatior:*! In the present case, however=0.06  tween stripe and lattice periodiciti€ésccurring atx=3).
is far from the condition of commensurability between
stripes and lattice. Also, we emphasize that the suppression We thank R.S. Markiewicz for useful discussions. This
of the acoustic absorption from the DW motion implies thatwork has been carried out in the framework of the Progetto
the pinned DW are static over a time scale longer thardi Ricerca Avanzato INFM-SPIS.
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