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Freezing of anisotropic spin clusters in La1.98Sr0.02CuO4
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A spin-glass compound, La1.98Sr0.02CuO4, shows quasi-three-dimensional magnetic ordering below
;40 K. A remarkable feature is that the magnetic correlation length along the orthorhombicaortho axis is
much longer than that along thebortho axis, suggesting that the spin structure is closely related to the diagonal
stripe structure. The spin-glass state can be expressed as a random freezing of quasi-three-dimensional spin
clusters with anisotropic spin correlations (ja8;160 Å , jb8;25 Å , and jc8;4.7 Å at 1.6 K!. The new
magnetic state is important as an intermediate phase between the three-dimensional antiferromagnetic ordered
phase in La2CuO4 and the incommensurate phase in La1.95Sr0.05CuO4 in which the positions of the incommen-
surate peaks are rotated by 45° in reciprocal space about (p,p) from those observed in the superconducting
La2CuO4 compounds.
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I. INTRODUCTION

Extensive studies on the high-Tc superconducting coppe
oxides have revealed an intimate connection between
magnetism and the superconductivity.1 A detailed study of
the spin dynamics in the superconducting La22xSrxCuO4

system has been performed by Yamadaet al.2 The phase
diagram of La22xSrxCuO4 has been explored and it has be
shown that the magnetic properties evolve dramatically w
Sr doping. The parent material La2CuO4 shows three-
dimensional~3D! long-range antiferromagnetic ordering b
low ;325 K.3,4 When Sr is doped in the material, the 3
antiferromagnetic ordering quickly disappears and, as or
nally predicted by Aharonyet al.,5 the Néel state is replaced
by a spin-glass phase. In this phase elastic magnetic B
rods, originating from two-dimensional~2D! spin correla-
tions, develop gradually as shown by Sternliebet al.6 and
Keimer et al.7 In particular, Keimeret al. found that the
magnetic peaks are almost elastic and relatively sharp inQ in
La1.96Sr0.04CuO4. Very recently, Wakimotoet al. studied the
magnetic properties in the spin-glass phase (0.03<x
<0.05) in detail elucidating the hole concentration dep
dence of the transition temperature and the spin correlatio8

Most importantly, they found incommensurate spin corre
tions in the spin-glass La1.95Sr0.05CuO4 in which the posi-
tions of the incommensurate peaks were rotated by 45
PRB 610163-1829/2000/61~6!/4326~8!/$15.00
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reciprocal space about (p,p) from those observed in Sr
richer superconducting compounds.

On the other hand, static magnetic ordering has also b
observed in superconducting La22xSrxCuO4. Suzuki et al.9

and Kimuraet al.10 showed that sharp incommensurate ma
netic Bragg peaks develop at low temperatures in superc
ducting La1.88Sr0.12CuO4, in close analogy with the putative
stripe ordering of holes and spins found in th
La22y2xNdySrxCuO4 system.11 Very recently, quasi-3D
magnetic ordering has been observed in superconduc
La2CuO41d .12 Thus, magnetic ordering takes place in t
La22xSrxCuO4 system with various levels of hole doping.
is essential to clarify the nature of the static magnetic beh
ior in order to understand the relationship between the s
glass, the stripe, and the low-temperature magnetic phas
the superconducting samples.

In this paper, we report on high-resolution elastic a
inelastic neutron-scattering studies in La1.98Sr0.02CuO4. Pre-
viously, inelastic neutron-scattering measurements with m
dium resolution were performed on the same sample in o
to study the magnetic excitations.13 The main purpose of the
previous experiments was to compare the dynamic s
properties of the x50.02 sample with those in
La1.96Sr0.04CuO4, in which the integrated susceptibility scale
with E/T.7 Since the time that these experiments were p
formed, it has become evident that the static magnetic pr
4326 ©2000 The American Physical Society
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PRB 61 4327FREEZING OF ANISOTROPIC SPIN CLUSTERS IN . . .
erties are also important as mentioned above. Stimulate
those findings, we aimed to clarify the static magnetic pr
erties in the spin-glass phase of La1.98Sr0.02CuO4, in which
the 3D antiferromagnetic long-range ordering just dis
pears. The most interesting issue is how the long-range
antiferromagnetic ordering disappears and the spin-glass
havior appears with hole doping.

In this study we find that below;40 K quasielastic mag
netic peaks develop at the positions where magnetic Br
peaks exist in La2CuO4. This means that spin correlation
develop perpendicular to the CuO2 plane in addition to par-
allel to it, suggesting that the 2D spin fluctuations, whi
exist at high temperatures, at least in part freeze with fre
ing temperature enhanced due to the interplanar interac
Our most important findings are that the spin correlations
the CuO2 plane are anisotropic at low temperatures and t
the spin directions in the spin clusters differs from that
pure La2CuO4. The spin cluster dimension along theaortho
axis (;160 Å ) is;6 times longer than that along thebortho
axis (;25 Å ) at 1.6 K. From these results, it is conclud
that the spin-glass state can be described as a random f
ing of quasi-3D spin clusters with anisotropic spin corre
tions.

The format of this paper is as follows: The scatteri
geometry used in this study is summarized in Sec. II. Exp
mental details are described in Sec. III. The experime
results of the elastic neutron measurements are presente
the spin structure of the short-range ordered state is sum
rized in Sec. IV. The experimental results on the inelas
neutron measurements are presented in Sec. V. In Sec. V
discuss the magnetic properties of the spin-glass state.

II. SCATTERING GEOMETRY

Figure 1~a! shows the scattering geometry in the (H,H,0)
scattering plane in the high-temperature tetragonal ph
La1.98Sr0.02CuO4 undergoes a structural phase transition fro
tetragonal (I4/mmm) to orthorhombic (Bmab) structure at
485 K. Figure 1~b! shows the scattering geometry in th
(H,K,0) scattering plane in the low-temperature orthorho
bic phase. The structure is slightly distorted with theaortho
and bortho axes almost along the diagonal directions of t
atetra andbtetra axes. Ideally, the experiments should be p
formed with a single-domain crystal. However, four doma
are expected to exist in real crystals since a twin structur
energetically stable. For small rectangular samples it is p
sible to prepare a single-domain crystal by heating
sample above the transition temperature and then coolin
down while applying pressure along theaortho or bortho axis.
However, the heat treatment is not efficient for large crys
so that preparation of a single-domain sample is extrem
difficult in practice. Consequently in this experiment, w
were forced to use a four-domain crystal.

The scattering geometry for the four-domain crystal
shown in Fig. 1~c!. (H,K,L)ortho and (K,H,L)ortho nuclear
Bragg peaks are observed at nearby positions. As a re
four peaks are observed around (1,1,0)tetra and three peaks
are observed around (2,0,0)tetra in the (H,K,0) scattering
plane. Figure 2~a! shows an elastic scan@scan A as indicated
in Fig. 1~c!# at (2,0,0)tetra. The two side peaks at (2,0,0)tetra
originate from two of the domains and the central pe
by
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which is factor of;2 larger than each side peak, originat
from the other two domains. From these results, we estim
that the four domains are equally distributed. Due to the tw
structure, the (H,0,L)ortho and the (0,K,L)ortho scattering
planes are superposed upon each other as shown in Fig.~d!.
Scan B in Fig. 1~d! corresponds to scan C in Fig. 1~c!. Since
the vertical resolution is quite broad, the (2,0,0)ortho

@(0,2,0)ortho# peak shown in Fig. 2~b! actually originates
from two separate (2,0,0)ortho @(0,2,0)ortho# peaks from two
domains above and below the scattering plane.

There are two ways to express Miller indices; the hig
temperature tetragonal phase notation (H,K,L) tetra and the
low-temperature orthorhombic phase notation (H,K,L)ortho.
Since all of the results shown in this paper are observed

FIG. 1. Diagrams of the reciprocal lattice in the (H,K,0) scat-
tering zone in the tetragonal phase~a! and the orthorhombic phas
~b! for a single-domain crystal. The lower figures show diagrams
the reciprocal lattice in the (H,K,0) scattering zone~c! and in the
(H,0,L)ortho scattering zone~d! for a crystal with four domains.

FIG. 2. The results of elastic neutron scans A and B as show
Figs. 1~c! and 1~d!, respectively.
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4328 PRB 61M. MATSUDA et al.
the orthorhombic phase and also obtained in the (H,0,L)ortho
and (0,K,L)ortho scattering planes, (H,K,L)ortho will be used
to express Miller indices.

III. EXPERIMENTAL DETAILS

The single crystal of La1.98Sr0.02CuO4 was grown from a
nonstoichiometric CuO-rich solution.14 The dimensions of
the platelike-shaped crystal are about 2032033 mm3. The
effective mosaic of the single crystal is less than 0.5° f
width at half maximum. The Sr concentration was det
mined directly from an electron probe microanalysis m
surement and indirectly from neutron-scattering measu
ments of the structural phase transition temperature,Tst
5485 K. The lattice constants areaortho55.333 Å , bortho
55.414 Å , andc513.098 Å (b/a51.015) at 1.6 K. The
La1.98Sr0.02CuO4 crystal is the same one as used in Ref.
We observe that weak but sharp magnetic Bragg pe
gradually develop below;165 K at the positions where
magnetic Bragg peaks exist in La2CuO4. However, the vol-
ume fraction is estimated to be less than 10% if 0.3mB is
assumed for the Cu moment as in an oxygen-rich La2CuO4
(TN5185 K). We assume that the 3D magnetic peaks co
from a small fraction of the volume where the Sr and
oxygen concentration is below the critical value. Since
magnetic signals which are discussed in this paper origin
from diffuse scattering, the sharp peaks from the 3D N´el
phase can easily be separated from the 2D spin-glass sig
by avoiding the regions around (1,0,even)ortho and
(0,1,odd)ortho.

The neutron-scattering experiments were carried out
the three-axis spectrometers H7 and H8 at the Brookha
High-Flux Beam Reactor, on the three-axis spectrome
TASP at the cold neutron guide at the PSI-SINQ Facili
and on the three-axis spectrometer SPINS at the cold neu
guide at the NIST Center for Neutron Research. For mos
the elastic measurements, the horizontal collimator
quences were 408-408-S-408-808 and 328-408-S-408-2208
with a fixed incident neutron energy ofEi55 meV. For the
inelastic measurements, the horizontal collimator sequen
were 208-208-S-208-808 with Ei514.7 meV and
728-808-S-808-808 with Ef58 meV for lower energies (E
<4 meV) and 408-408-S-408-808 with Ef514.7 meV for
E510 meV. Pyrolytic graphite~002! was used as both
monochromator and analyzer. Contamination from high
order neutrons was effectively eliminated using Be filters
Ei55 meV and pyrolytic graphite filters for Ei
514.7 meV andEf514.7 meV. No filter was used fo
measurements withEf58 meV at TASP since the popula
tion of the higher-order beam is considerably reduced. T
single crystal was oriented in the (H,0,L)ortho and
(0,K,L)ortho scattering planes. For the elastic measureme
the sample was mounted in a helium pumped cryostat, w
for the inelastic measurements the sample was mounted
closed-cycle refrigerator.

IV. STATIC MAGNETIC PROPERTIES

A. Neutron elastic experiments

Figure 3~a! shows an elastic neutron scan at (H,0,20.3)
at 1.6 K. A sharp peak is observed atH51. If the magnetic
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correlations were isotropic in theab plane and the correla
tions were purely two dimensional, it would be expected t
two sharp equi-intense peaks would be observed atH
50.985 (K51) and 1.15 The data in Fig. 3~a! indicate that
there are spin correlations along thec axis and/or that spin
correlations are anisotropic. The temperature dependenc
the intensity at (1,0,20.3) is shown in Fig. 3~b!. The filled
circles represent data measured withEi55 meV (DE
50.25 meV); the intensity gradually develops belo
;40 K. The open circles represent the data measured
Ei514.7 meV (DE50.9 meV); the intensity starts to in
crease at;80 K and the development of the intensity
much broader. These results are consistent with those
served by Keimeret al. in La1.96Sr0.04CuO4.7 Specifically,
this means that the magnetic signal is quasielastic rather
truly elastic so that the temperature dependence of the in
sity depends on the energy window.

B. Spin structure

Figures 4~a! and 4~b! show theL dependence of the mag
netic elastic peaks at (1,0,L) and (0,1,L) at 1.6 K, respec-
tively. The background estimated from the high-temperat
data ~60 K! was subtracted so that the remaining signal
purely magnetic. Broad peaks are observed at~1,0,even!

FIG. 3. ~a! An elastic scan at (1,0,20.3) at 1.6 K. The solid line
is a guide to the eye. The broken lines show the centers of the p
(1,0,20.3) and (0,1,20.3) determined from the nuclear Brag
peaks~2,0,0! and ~0,2,0!. ~b! Temperature dependence of the pe
intensity at (1,0,20.3) measured with the two different inciden
neutron energies 5 meV (DE50.25 meV) and 14.7 meV (DE
50.9 meV). The two sets of the data are normalized at 1.6 K.
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where magnetic Bragg peaks exist in La2CuO4. There are
some characteristic features. First the peaks are broad,
cating that the spin correlations along thec axis are short
ranged. Second, the magnetic intensity at~1,0,even! initially
increases with increasingL, in contrast to the behavior foun
for the magnetic Bragg intensities in pure La2CuO4. Last, the
magnetic intensities at (1,0,L) are much larger than those
(0,1,L). From these results, one can deduce that spin clus
are formed in La1.98Sr0.02CuO4. However, the spin cluster
have a different geometrical structure from that in pu
La2CuO4.

The magnetic Bragg intensity is proportional to

FS' f ~Q!(
j

exp~ iQ•Rj !G2

, ~1!

where S' , f (Q), and Rj are the copper spin compone
perpendicular toQ, the magnetic form factor, and the copp
ion positions, respectively. In pure La2CuO4, the magnetic
intensities at~1,0,even! are just proportional tof (Q)2, which
is approximately constant for the range ofL ’s considered
here,16 since the copper spins point along theb axis perpen-
dicular to the (H0L) scatteing plane and(exp(iQ•Rj ) at
~1,0,even! is calculated to be constant from the 3D sp
structure with the antiferromagnetic propagation vec
t̂i âortho.

The simplest model to explain the increase of the inten
with increasingL along both (1,0,L) and (0,1,L) is that the
cluster antiferromagnetic spin is randomly directed with
the ab plane. In this case, the intensity would vary like

FIG. 4. Elastic scans along (1,0,L) ~a! and along (0,1,L) ~b! at
1.6 K. The background intensities measured at 60 K are subtra
The solid lines shows the results of calculations withja85160 Å ,
jb8525 Å , andjc854.7 Å . The inset shows the schematic co
figuration of the broad magnetic peaks. The arrows a and b s
scan trajectories in~a! and ~b!, respectively.
di-

rs

r

y

@S' f ~Q!#25
1

2
@11sin2u~L !#S2f ~Q!2, ~2!

whereu(L) is the angle that theQ vector of the (1,0,L) or
(0,1,L) reflection makes with theab plane. We will justify
this model after first discussing the spatial geometry of
frozen clusters. We should note that a result equivalen
Eq. ~2! is obtained by fixing the spin direction alon
(H,H,0) or by assuming equal admixtures of 3D correlat
phases where the spin vectorS is along or perpendicular to
t̂(i âortho).

C. Anisotropic spin correlations

Figures 5~a! and 5~b! show elastic neutron scans
(H,0,2.2) and (H,0,3.2) at 1.6 K, respectively. The back
ground estimated atT560 K was subtracted so the remai
ing scattering is entirely magnetic. A sharp and intense p
is observed at~1,0,2.2!, whereas, a broad peak is observed
~0,1,3.2! and a sharp peak with reduced integrated inten
is observed at~1,0,3.2!. These results strongly indicate th
the spin correlations are anisotropic in theab plane, that is,
the spin correlations are longer along theaortho axis than
along thebortho axis. If the magnetic correlations were iso
tropic in theab plane, it would be expected that two sha
peaks would be observed atH50.985 (K51) and 1. The
fact that the measured intensities at~1,0,even! are larger than
those at~0,1,odd! is a resolution effect arising from both th

d.

w

FIG. 5. Elastic scans along (H,0,2.2) ~a! and along (H,0,3.2)
~b! at 1.6 K. The background intensities measured at 60 K
subtracted. The broken lines show the centers of the peaks (1,L)
and (0,1,L) (L52.2 and 3.2! determined from the nuclear Brag
peak positions. The solid lines show the results of calculations w
ja85160 Å , jb8525 Å , and jc854.7 Å . The inset shows the
schematic configuration of the broad magnetic peaks. The arr
show scan trajectories.
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broadening alongbortho and the fact that the coarse vertic
resolution effectively integrates the peaks at~1,0,even!
which are elongated perpendicular to the scattering plan
shown in the inset of Fig. 4~b!.
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(H,1). On the other hand, the spectrum at 10 meV shows
as

The solid lines in Figs. 4~a!, 4~b!, 5~a!, and 5~b! are the
calculated profiles using as the intrinsic line shape
squared Lorentzians convoluted with the instrumental re
lution function:
sionally,
L~H,K,L,E!5 (
even, odd

F S 1

j8a
2~H21!21j8b

2K21j8c
2~L2even!211

D 2

1S 1

j8a
2H21j8b

2~K21!21j8c
2~L2odd!211

D 2G 1

E21G2
~3!

whereja8 , jb8 , jc8 , andG represent the elastic spin-correlation lengths or cluster sizes along theaortho axis,bortho axis, andc
axis and the energy width, respectively. In order to describe spin correlations which have finite lengths three dimen
one might instead have used 3D Lorentzians:

L~H,K,L,E!5 (
even, odd

S 1

j8a
2~H21!21j8b

2K21j8c
2~L2even!211

1
1

j8a
2H21j8b

2~K21!21j8c
2~L2odd!211

D
3

1

E21G2
. ~4!
ase
pin
ach

in
However, this function has long tails inQ space and does no
decay as rapidly as the observed data do. Equation~3! de-
scribes the observed data well so thatja8 , jb8 , andjc8 can be
estimated quite reliably. We note that the Lorentzian squa
form is the expected profile for frozen 3D random clust
with sharp boundaries.

In the calculation the spin structure models described
Sec. IV B, all of which give the sameL dependence of the
intensity, are assumed. The parameters used areja8
5160 Å , jb8525 Å , andjc854.7 Å . G is fixed at 0.01
meV which is determined experimentally. The calculati
describes the observed data at (1,0,L), (0,1,L), (H,0,2.2),
and (H,0,3.2) reasonably well. The small peaks at~1,0,odd!
and ~0,1,even! in Figs. 4~a! and 4~b! originate from the tails
of the broad~0,1,odd! and ~1,0,even! peaks, respectively
Surprisingly, it is found thatja8 is about six times longer tha
jb8 . The average distance between doped holes in the C2

plane is;30 Å in La1.98Sr0.02CuO4, which is similar tojb8
but much smaller thanja8 . jc854.7 Å indicates that the
cluster size perpendicular to the CuO2 plane is similar to the
distance between nearest-neighbor CuO2 planes. A sche-
matic figure of the spin configuration in theab plane at 1.6
K is shown in Fig. 6. As mentioned in Sec. IV B the sp
easy axis cannot be determined uniquely from this study,
the data are consistent with a model in which the clus
antiferromagnetic spin direction is random in theab plane.

V. MAGNETIC EXCITATIONS

Figure 7 shows neutron inelastic scans at the energie
4, and 10 meV measured at 35 K. The spectra at 2 an
meV show a peak atH51 and a broad tail at the left sid
d
s

n

O

ut
r

2,
4

a

FIG. 6. A possible spin structure model in the spin-glass ph
of La1.98Sr0.02CuO4. ~a! Spin easy axes are random between s
clusters. The arrows show the spin easy axis of a sublattice of e
antiferromagnetic cluster.~b! In-plane spin arrangement of the sp
cluster atT51.6 K with a spin easy axis along thebortho axis.
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broad and symmetric peak centered atH;0.99. From the
results shown in Sec. IV C, the peak profiles at 2 and 4 m
appear to reflect the static anisotropic spin correlatio
Therefore, the spectra can be described with one sharp
at H51 and one broad peak atH50.985 (K51). The sym-
metric peak profile at 10 meV, however, indicates that
dynamical spin correlations become isotropic at high en
gies.

Figure 8 shows the temperature dependence of the ine
tic neutron spectra at 1.5 meV. The spectrum at 35 K
consistent with that observed at 2 meV and 35 K. The sp
trum becomes more symmetric with increasing temperat
These results indicate that the dynamic spin correlation
the ab plane are anisotropic at both low energies and l
temperatures and become more isotropic at both high e
gies and high temperatures.

VI. DISCUSSION

The spin correlations in the spin-glass phase
La1.98Sr0.02CuO4 have been clarified in this study. The sta

FIG. 7. Inelastic scans along (H,0,20.6) at 35 K as a function
of energy. The solid lines are guides to the eye. The broken l
show the centers of the peaks (1,0,20.6) and (0,1,20.6) deter-
mined from the nuclear Bragg peak positions. The inset shows
schematic configuration of the broad magnetic peaks. The a
shows a scan trajectory.
V
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spin correlations are not simply finite-size versions of t
Néel state spin structure in pure La2CuO4. The characteristic
features are as follows:~i! The spin cluster dimensions in th
ab plane are highly anisotropic at low temperatures.~ii ! The
anisotropic behavior has both temperature and energy de
dences.~iii ! The cluster antiferromagnetic spin direction a
pears to be randomly oriented within theab plane.

The anisotropic spin correlations in theab plane are sug-
gestive of the stripe phase found in La22y2xNdySrxCuO4.11

However, the spin correlations in La1.98Sr0.02CuO4 are
different from those in La22y2xNdySrxCuO4. In
La22y2xNdySrxCuO4 the hole-spin stripes run along thebtetra
(atetra) axis so that the magnetic domains should be el
gated along theatetra (btetra) axis. These axes are rotated b
45° in the ab plane from theaortho axis along which spin
correlations are longer in La1.98Sr0.02CuO4. Interestingly, the
spin correlations in La1.98Sr0.02CuO4 have the same geometr
as those predicted theoretically for the low concentrat
hole-doped system. A Hubbard model calculation on a tw
dimensional square lattice has been performed by Schu17

and by Katoet al.18 They find that a diagonally modulate
spin-density-wave state~diagonal stripe state! is stable when
the electron density is close to half-filling. In the diagon

s

e
w

FIG. 8. Inelastic scans along (H,0,0.6) at 1.5 meV as a function
of temperature. The solid lines are guides to the eye. The bro
lines show the centers of the peaks~1,0,0.6! and ~0,1,0.6! deter-
mined from the nuclear Bragg peak positions.
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4332 PRB 61M. MATSUDA et al.
stripe state, the hole-spin stripes run along theaortho or bortho
axis, which is rotated by 45° in theab plane from theatetra
(btetra) axis along which the stripes run i
La22y2xNdySrxCuO4. Since the spin ordering observed
La1.98Sr0.02CuO4 is short ranged, the long-range diagon
stripe structure is not realized in this compound. Howev
short-range spin ordering with anisotropic spin correlatio
elongated along theaortho axis can be considered as a prec
sor phenomenon for the diagonal stripe ordering. It a
seems apparent that the anisotropic spin correlations
La1.98Sr0.02CuO4 are directly related to the incommensura
spin correlations observed in La1.95Sr0.05CuO4, in which the
incommensurate peaks are rotated by 45° in reciprocal s
about (p,p) from those observed in Sr-rich superconducti
compounds withx>0.06.8 The diagonal stripe state is ev
dently more stable in this compound.

The connection with the results in La1.95Sr0.05CuO4 can be
made quantitative. In the diagonal stripe phase, Wakim
et al. observe peaks displaced alongbortho by a distance6d
whered.2px/btetra with x the Sr21 concentration. Very re-
cently, Matsudaet al. have found thatd.2px/bortho in the
highly insulating spin-glass sample La1.976Sr0.024CuO4.19

Therefore, forx50.02, d.0.023 Å21. We tried to fit the
observed data in Figs. 4 and 5 with the diagonal stripe mo
with d fixed at 0.023 Å21. The data can be reasonably fi
ted with ja85160 Å , jb8545 Å , and jc854.7 Å . It is
noted thatjb8 is still short and the spin correlations a
slightly anisotropic in the CuO2 plane. Thus the measure
line shape in La1.98Sr0.02CuO4 is consistent with the diffrac-
tion profile expected from an array of disordered stripes
cally oriented alongaortho.

As mentioned in Sec. IV B theL dependence of the mag
netic intensities is well described by a model in which t
antiferromagnetic spin of a given cluster is randomly o
ented in theab plane. The equivalent result is obtained f
the cluster staggered spin alongatetra or btetra or randomly
along both aortho and bortho. In the Néel state of pure
La2CuO4 the spin is alongbortho while just above TN
5325 K, that is, at 328 K when the correlation length
about 800 Å~Ref. 4! the spin is randomly oriented in theab
plane. Because of the latter result it seems physically p
sible that in the frozen spin clusters below 40 K
La1.98Sr0.02CuO4 of dimensions 160 Å325 Å the spin di-
rection would also be random. This is consistent with the f
that the net Ising anisotropy favoring thebortho axis from the
Dzyaloshinsky-Moriya interaction is only about 0.1 K in e
ergy. We should note that in all cases we assume that
propagation vector of the antiferromagnetic order is alo
aortho in order to account for the pronounced peaks at (1,0L)
for L even alone.

One interesting and important question is why anisotro
but short-range correlations are achieved at low temperat
in our sample of La1.98Sr0.02CuO4 whereas long-range diag
l
r,
s
-
o
in

ce

to

el

-

-

u-

t

he
g

c
es

onal incommensurate order occurs in La1.95Sr0.05CuO4. Here,
we speculate that the primary difference is not the hole c
centration but rather the method of crystal growth. Thex
50.05 crystal studied by Wakimotoet al. was grown with
the traveling-solvent-floating-zone technique which is c
cible free whereas thex50.02 crystal studied here wa
grown in a platinum crucible. It is known that in the latt
case some platinum is incorporated into the crystal, tha
Pt21 replaces Cu21. In that case, the Pt21 impurities would
exert an effective random field on the incipient hole strip
there by destroying the long-range order and causing the
tem to break up into finite-size clusters20 as we indeed ob
serve experimentally. We need further studies using a Pt
crystal with a low hole concentration in order to che
whether the short-range correlations originate from Pt im
rities or not.

We now discuss the results of the inelastic measurem
In the previous study on La1.98Sr0.02CuO4,13 the scaling be-
havior with E/T of the integrated dynamical spin suscep
bility was observed in the energy range 3<E<9 meV. A
clear deviation from the scaling function was observed
low temperatures in the energy rangeE<2 meV. Similar
behavior was also observed in the crucible-gro
La1.96Sr0.04CuO4 crystal studied by Keimeret al.7 In Ref. 13
it was argued that the susceptibility is suppressed at
energies due to the out-of-plane anisotropy. From our
results, it also appears to be possible that the observed
ceptibility is suppressed at low energies and low temp
tures because the broad peak at (0,1,L), which originates
from the short correlation length along thebortho axis, was
not properly integrated in the experiments of Ref. 13. Furt
studies are needed in order to determine the important
tures determining the dynamical spin susceptibility at l
energies and low temperatures.
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