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Pinning of the domain walls of the cluster spin-glass phase in the low-temperature-tetragonal phas
of La2ÀxBaxCuO4
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Universitàdi Genova, Dipartimento di Chimica e Chimica Industriale,
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We compare the low frequency (;1 kHz) anelastic spectra of La22xSrxCuO4 and La22xBaxCuO4 at x
50.03 and 0.06 in the temperature region where the freezing into the cluster spin-glass~CSG! phase 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 walls~DW! in the CSG phase between
the Sr~Ba! pinning points. The LBCO sample atx50.06 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 between the Sr~Ba! pinning points down to
few K, but become static in the presence of LTT modulation also far from the conditionx5

1
8 for commensu-

rability between stripe and lattice periodicities.

DOI: 10.1103/PhysRevB.64.132501 PACS number~s!: 74.25.Ld, 62.40.1i, 74.72.Dn
n
a

e

o-
n
p

as
ed
en
of
th
w
he
bi
ls
t-
g
d
it

he
n

he

ds

re-
i-
ons
s.
ripe
ice

zes

y is
are

or
y-
fre-
en-
d
wer

ch
R
e

The charge/spin inhomogeneities in the high-Tc supercon-
ductors~HTS!, related oxides and more recently in manga
ites, have been arising ever growing interest. The HTS
composed of antiferromagnetic~AF! insulating CuO2 planes
that are made conducting by injecting holes through h
erovalent cation doping or introduction of excess O~for a
review see, e.g., Ref. 1!. Such mobile charges are not hom
geneously distributed; early nuclear quadrupole resona
~NQR! experiments suggested that in underdoped nonsu
conducting La22xSrxCuO4 ~LSCO! when x.0.02 the holes
segregate into domain walls for AF domains;2 below Tg(x)
.(0.2 K)/x these domains freeze into a cluster spin-gl
~CSG! state with random directions of the stagger
magnetization.1,3,4 This phenomenology has recently be
found in other HTS.5 On the other hand, on the basis
EXAFS and diffraction experiments, it was proposed that
CuO2 planes of the HTS are corrugated according to t
different patterns coexisting in a striped fashion, with t
mobile holes confined to the low-temperature orthorhom
~LTO! pattern.6 The stripelike ordering of the charge wal
separating AF domains3,4,7appears both in the magnetic sca
tering from the spin correlations and as weak Bra
reflections,7 when sufficient long-range order is establishe
In LSCO the ordering is dynamic and incommensurate w
the lattice, with a modulation wave vector shifted from t
AF wave vector byd.x. Such a linear relationship betwee
incommensurabilityd and doping is found to hold for 0.04
,x,1/8, whiled remains locked at;1/8 at higher doping.8
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The magnetic modulation is parallel to the modulation of t
CuO2 plane in the LTO structure~at 45° with the Cu-O
bonds! for x<0.05, but becomes parallel to the Cu-O bon
across the metal-insulator transitionx>0.06 ~Ref. 9!. These
magnetic neutron diffraction peaks have been recently
ported to be elastic,9 although they could actually be quas
elastic and therefore correspond to fluctuating correlati
which are observable only by fast probes such as neutron10

The correlations are considered to be static when the st
modulation is parallel and commensurate with the latt
modulation;7,11 this occurs around the dopingx51/8 in the
low-temperature tetragonal~LTT! structure, which is stabi-
lized in samples with large enough disorder of the ion si
in the La sublattice (La22x2yNdySrxCuO4 or
La22xBaxCuO4).

The relation between the stripes and superconductivit
debated11 and it is not yet ascertained whether the stripes
an ingredient of HTS~Refs. 6,12,13! or compete against it.14

A closely related issue is whether they are static
dynamic,15,16 and, to our knowledge, their transversal d
namics has never been measured, especially at low
quency. The neutron spectroscopy probes very high frequ
cies (.1011 Hz) and can tell whether the observe
correlations are quasistatic over that frequency scale; lo
frequencies are indirectly probed by NQR ormSR experi-
ments, e.g., through the fraction of NQR signal whi
is lost when fluctuations of the order of the NQ
frequency (107 Hz) make the signal to decay too fast to b
©2001 The American Physical Society01-1
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measured.17,18 The fact that slower probes indicate low
freezing temperatures for the stripe correlations sugges
glassy dynamics,17,19 but in general it is not distinguishe
between the dynamics of the single spins or charges and
transversal motion of the stripes. The latter type of moti
which is characteristic of domain walls, can be effective
probed by low frequency susceptibilities,20,21 and the elastic
susceptibility has the advantage over the dielectric and m
netic ones of being practically insensitive to the dynam
of single charges and spins, which otherwise dominate
response.

In order to obtain further insight in this complex interpla
of dynamic magnetic and charge ordering and pinning by
lattice, we extended the acoustic spectroscopy measurem
of the CSG state in LSCO~Ref. 21! to La22xBaxCuO4

~LBCO!, which has greater tendency to form a stable L
phase. Two La22xBaxCuO4 samples and two La22xSrxCuO4

samples withx50.03 andx50.06 were prepared by stan
dard solid state reaction as described in Ref. 22 and cu
bars approximately 453530.6 mm3. The complex Young’s
modulus E(v)5E81 iE9, whose reciprocal is the elasti
compliances5E21, was measured as a function of tempe
ture by electrostatically exciting the lowest three odd flexu
modes and detecting the vibration amplitude by a freque
modulation technique. The vibration frequencyv/2p is pro-
portional toAE8, while the elastic energy loss coefficient~or
reciprocal of the mechanicalQ) is given by20 Q21(v,T)
5E9/E85s9/s8, and was measured by the decay of the f
oscillations or the width of the resonance peak. The ima
nary part of the dynamic susceptibilitys9 is related to the
spectral densityJ«(v,T)5*dt eivt^«(t)«(0)& of the macro-
scopic strain« through the fluctuation-dissipation theorem
s95(vV/2kBT)J« .

The spin dynamics can affectJ« through magnetoelasti
coupling,20 namely, an anisotropic strain with principal ax
oriented according to the spin orientation. Indeed, it has
cently been shown21 that in LSCO the freezing into the CSG
state is accompanied by a steplike increase of the aco
absorption and a rise of the elastic modulus; the data
La22xSrxCuO4 with x50.03 and 0.06 are shown in Figs.
and 2. The anomaly is observed around or slightly belowTg ,
as reported in the literature23 @Tg(x50.03).6.7 K and
Tg(x50.06).3.3 K# and deduced from the maxima in th
139La NQR relaxation rate measured on the sa
samples.21,24 The NQR andmSR experiments measure th
spectral densityJspin(v,T) of the spin fluctuations. If the
fluctuations occur with a ratet21(T), then Jspin}t/@1
1(vt)2# is peaked at the temperature at whichvt51, and
the sharp peaks in the NQR andmSR relaxation rates indi
cate the slowing of the spin fluctuations below the measu
angular frequencyv (;1072108 Hz in those experiments!.
The same peak, shifted to lower temperature because o
lower frequency (v;1032104 Hz), could in principle ap-
pear also inJ« thanks to the magnetoelastic coupling. Ho
ever, the steplikeQ21(T) curves of Fig. 1 cannot be easil
identified with the sharp peaks in the NQR rate,1,2,4,24 and
can be attributed to the movement of domain walls sepa
ing the antiferromagnetically correlated domains.21 In this
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case, the steep rise of the absorption with lowering temp
ture is determined by the formation of the clusters with fr
zen AF spin correlations, while the broader shape at low
temperature is due to the wide distribution of the relaxat
rates of domain walls with different lengths and mobilitie

The low-doping and low-temperature region of the ma
netic phase diagram of LBCO has not been investigated,
the close similarity between the anelastic spectra of LB
and LSCO in Figs. 1 and 2 indicate that also in LBCO t
spins undergo the same freezing processes at practically
same temperatures as in LSCO. The anomalies in the im
nary ~Fig. 1! and real parts~Fig. 2! of the dynamic elastic
response attributed to the appearance of the CSG state a
below 7 K for x50.03 in both samples and below 4 K~3 K!
for x50.06 in LSCO~LBCO!. The similarity between the
spectra atx50.03 is shown in Fig. 3, where both the absor
tion and real parts of the dynamic response of LSCO a

FIG. 1. Elastic energy loss coefficient of LSCO and LBCO
dopingx50.03 and 0.06, measured at;1.5 kHz.

FIG. 2. Relative variation of the Young’s modulus of th
samples of Fig. 1. The rise of the modulus below 40 K in LBC
x50.06 is attributed to the formation of LTT phase.
1-2
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LBCO are plotted together@in all the figures the Young’s
modulusE(T) is normalized to the extrapolatedE(0)#. The
data of LSCO practically overlap with those of LBCO
multiplied by 1.45, indicating that the rise of the elas
modulus is determined by the same mechanism produ
the absorption. The factor;1.5 can be ascribed to a great
magnetoelastic coupling in the Ba compound, possibly
sulting from the slightly different atomic sizes and distanc

We turn now to the dependence of the amplitude of
anelastic effect on doping. For LSCO, the amplitude is
decreasing function of doping, as shown by the open circ
of Fig. 4, which includes also data from Ref. 21. We want
show that this trend is in agreement with the propos
mechanism of dissipation~and consequent dispersion in th
real part of the modulus20! due to the stress-induced chan

FIG. 3. Comparison between the absorption and real part of
dynamic Young’s modulus of LSCO~1.7 kHz! and LBCO~1.2 kHz!
at x50.03 in the region of the freezing into the CSG state. T
curves of LSCO have been multiplied by 1.45.

FIG. 4. IntensityD of the elastic energy loss contribution of th
domain walls in the CSG state as a function of doping for LSC
and LBCO; the datum atx50.025 is from Ref. 21. The continuou
lines are obtained from the expression ofD(x) discussed in the text
The data and the curves are normalized atx50.03.
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of the sizes of domains with differently oriented axes of sta
gered magnetization.21 Since the Sr dopants act as pinnin
points for the DW, their concentration affects not only t
densityn of DW but also their mean lengthl between pin-
ning points. The relaxation strengthD is expected to be of
the form D}n la with a53, similarly to the case of the
motion of dislocations pinned by impurities,20 or with a
52, as proposed for the susceptibility due to the motion
DW between ferromagnetic domains.25

In Fig. 4 the relaxation strength measured with LSCO
compared withD(x)}n(x) l a(x) calculated assuming tha
the Sr atoms above and below a CuO2 plane form a square
lattice with spacingd51/Ax in units of the lattice constanta,
and that the DW form a square lattice passing through the
atoms; the mean number of free atoms along a DW segm
is then l 5d21, since the two extrema at the Sr pinnin
points are fixed. In this manner we obtainD}2x(1/Ax
21)a, which reproduces reasonably well the experimen
data of LSCO witha&3. If we assume that the DW run onl
parallel to one direction, as expected from parallel strip
then n(x) is halved, but the dependence onx remains the
same. We conclude that the dependence of the relaxa
magnitude on doping is in agreement with what expec
from the motion of DW pinned by the Sr atoms.

The case of LBCO atx50.06 is different, since the am
plitude of the step atTg;3.5 K is 4.8 times smaller than fo
LSCO ~both in the absorption and real parts!, and the onset
temperature is also slightly lower~Fig. 1!. Considering the
difference in magnetoelastic coupling, it turns out that t
amplitude of the effect in LBCO atx50.06 is 7 times
smaller than expected. This reduction appears clearly in
4, where all the data are normalized atx50.03. The depres-
sion of the absorption step in LBCO withx50.06 has to be
attributed to the transformation into the LTT structure belo
Tt.40 K, which is observed in the anelastic spectrum~Figs.
1 and 2!. The LTO-LTT transition has been mainly studie
on samples withx.0.12,26 in view of the strong decrease o
Tc around that doping. To our knowledge no data are av
able for 0.05<x<0.07 in LBCO, but our observation ofTt
.40 K at x50.06 is in agreement with the availab
data26,27 of Tt50 K for x<0.05 and Tt550 K for x
50.08. The effect of the LTO-LTT transition on the acous
properties of LBCO has been identified28 in a small sound
attenuation peak and lattice stiffening belowTt on LBCO
samples with 0.10<x<0.16. The amplitude of the stiffening
DE/E, belowTt is strongly doping dependent, with a max
mum of 0.05 aroundx50.12,28 and already lowered to 0.01
at x50.10; the value of 0.004 which we find atx50.06 is
consistent with this trend. Therefore, we identify the increa
of E8 below Tt;40 K with the onset of the transformatio
to the LTT structure. Also LSCO atx50.06 exhibits similar
weak anomalies, which suggest a tendency to the forma
of LTT domains also in LSCO, in accordance with the rece
high-resolution diffraction experiments.29 The difference be-
tween LSCO and LBCO~or LSCO codoped with Nd! is that
in LSCO such domains should be either confined to the t
boundaries or fluctuating, extremely small, and without lo
range correlation; instead, in LBCO and LSCO codoped w
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Nd the diffraction experiments reveal a stable phase w
long range order, which can provide a pinning potential
the stripes. Our experiments do not provide any direct in
mation on the extension or topology of the LTT domains, a
the elastic anomalies are likely connected with the dom
boundaries. It is therefore possible that narrow domains
minority LTT phase in LSCO, with a high perimeter to ar
ratio, and extended LTT domains in LBCO produce com
rable elastic anomalies.

The fact that the anelastic relaxation due to the DW m
tion in the LTT structure of LBCO is 7 times smaller than
the LTO one of LSCO is a clear indication of pinning of th
DW motion within the LTT phase. The pinning of the DW
can be attributed to the LTT lattice modulation, with rows
inequivalent O atoms in the CuO2 plane~within or out of the
plane! along the direction of the Cu-O bonds, irrespective
commensuration effects. Only the walls parallel or nea
parallel to this modulation should be clamped, and theref
from the reduction factor;7 we deduce that about 87% o
the DW are parallel to the direction of the Cu-O bonds in
LTT phase~in the assumption of a complete transition to t
LTT structure!, in agreement with the direction of the ma
netic modulation observed by neutron scattering forx
>0.055.9

The pinning of the DW of the CSG phase within the LT
structure is not unexpected, since the pinning of the dyna
charge and spin fluctuations into static stripe modulation
well documented for samples with Ba or mixed Nd and
substitution with x>0.12, with modulation wave vecto
close to the commensurate value1

8 and parallel to the LTT
lattice modulation.7,11 In the present case, however,x50.06
is far from the condition of commensurability betwee
stripes and lattice. Also, we emphasize that the suppres
of the acoustic absorption from the DW motion implies th
the pinned DW are static over a time scale longer th
13250
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v21;1023 s, which is a much more stringent conditio
than that for the observation of elastic/quasielastic neut
diffraction peaks.10 We did not address the frequency depe
dence of the anelastic spectra,19 but showed that the hole
stripes can be studied similar to other types of domain wa
in particular, their low frequency dynamics can be probed
low frequency susceptibilities. Further work on the same l
could provide important information on the dynamics a
pinning mechanisms of the stripes in HTS.

Summarizing, we compared the anelastic spectra of
and Ba-substituted La cuprate in the temperature reg
where the freezing into the cluster spin-glass phase is
served, at doping 0.03 and 0.06. The dependence of the m
nitude of the anelastic anomaly on the concentration of
has been quantitatively explained in terms of motion of D
which are pinned by the Sr substitutional atoms. The ane
tic spectra atx50.03, with both LSCO and LBCO having
LTO structure, completely overlap with a scaling factor
1.45, attributed to greater magnetoelastic coupling stren
with Ba substitution. Instead, atx50.06 LBCO transforms
into the LTT structure and the acoustic absorption due to
motion of the AF domain walls is strongly reduced, indica
ing their nearly complete pinning within the LTT structur
The DW between different AF spin clusters are identifi
with stripes of high hole density, and the rows of inequiv
lent O atoms in the LTT structure would provide a modulat
potential which pins the charge stripes parallel to this mo
lation. The present measurements show that this clamp
effect is strong also in the absence of commensuration
tween stripe and lattice periodicities~occurring atx5 1

8 ).
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