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Approach to the metal-insulator transition in La 1ÀxCaxMnO3 „0ÏxÏ0.2…:
Magnetic inhomogeneity and spin-wave anomaly
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We describe the evolution of the static and dynamic spin correlations of La12xCaxMnO3 for x50.1, 0.125,
and 0.2, where the system evolves from the canted magnetic state towards the insulating ferromagnetic state,
approaching the metallic transition (x50.22). In thex50.1 sample, the observation of two spin-wave branches
typical of two distinct types of magnetic coupling and of a modulation in the elastic diffuse-scattering char-
acteristic of ferromagnetic inhomogeneities confirms the static and dynamic inhomogeneous features previ-
ously observed atx,0.1. The anisotropicq dependence of the intensity of the low-energy spin wave suggests
a bidimensional character for the static inhomogeneities. Atx50.125, which corresponds to the occurrence of
a ferromagnetic and insulating state, one spin wave branch, anisotropic, is detected. At this concentration, an
anomaly appears atq05(1.25, 1.25, 0). Atx50.2, the spin-wave branch appears as isotropic. In addition to
the anomaly observed atq0, extra magnetic excitations are observed at largerq, forming an optical branch.

DOI: 10.1103/PhysRevB.64.104421 PACS number~s!: 75.30.Kz, 61.12.2q
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I. INTRODUCTION

The doped rare-earth manganites have now been stu
for several decades.1,2 They have raised a renewed intere
because of their colossal magnetoresistance observed be
a critical value of doping rate. However, the physics drivi
these properties are still unclear. At low doping, the nat
of the magnetic ground state is still a well-debated iss
From a theoretical point of view, depending on parame
values, the fundamental state can be either a homogen
canted antiferromagnetic state3,4 or an inhomogeneous sta
with a phase separation between hole-rich (Mn41) ferro-
magnetic regions and hole-poor (Mn31) antiferromagnetic
domains.4–9 At higher concentrations, the existence of a f
romagnetic and insulating phase is also very intriguing
stresses out that the double-exchange coupling alone, w
predicts a ferromagnetic and metallic state, is insufficien
explain the magnetic properties.10,11Around a doping rate of
x50.125, several works on the Sr-doped compounds h
reported anomalous structural and magnetic properties at
temperature,12,13 interpreted in terms of an orbital ordering14

in these systems. A comparison with Ca substitution
needed for a deeper understanding of these effects.

Neutron scattering is a very powerful technique to d
scribe, at an atomic scale, the evolution of a magnetic sys
from an insulating state to a metallic one. In previous pap
devoted to the x50, x50.05, and x50.08 of Ca
concentration15–18 several features have been established~i!
Bragg peaks, at low temperature, indicate a mean canted
tiferromagnetic state.~ii ! Diffuse scattering is observed, in
dicating ferromagnetic inhomogeneities of characteris
size, distributed in a quasiliquid order. These inhomoge
ities have been attributed to hole-rich regions, embedded
hole-poor medium.~iii ! The spin dynamics, where high
energy and low-energy spin-wave branches are observed
flects both the mean antiferromagnetic canted state and
0163-1829/2001/64~10!/104421~14!/$20.00 64 1044
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inhomogeneous features. The high-energy spin wave ca
described by a Heisenberg Hamiltonian with two neare
neighbor couplings, characteristic of theA-layered antiferro-
magnetic structure, as in pure LaMnO3. The low-energy
spin-wave branch is characteristic of an isotropic ferrom
netic coupling. Theq dependence of its susceptibility revea
a tight connection with the ferromagnetic inhomogeneiti
So, the Ca-doped compounds, at low values of doping,
hibit both homogeneous and inhomogeneous magnetic
tures. The same observations have been found in a Sr-d
compound,19 showing the general character of these obser
tions in low-doped manganites.

In this paper we present a neutron-scattering study
three concentrations, 0.1, 0.125, and 0.2, allowing a gen
survey of the concentration range where the system, stil
insulator, approaches the metallic state. The phase diag
established in the 0<x<0.2 range, is pecularly studied i
the 0.125<x<0.2 range, where, below the ferromagne
transition temperature, a structural transition appears.
spin dynamics is determined along the two relevantq direc-
tions for the A-type structure,@110# and @001#. In the x
50.10 compound, which exhibits many features similar
the 0,x,0.1 ones, we observe a strong anisotropy in thq
dependence of the low-energy spin-wave intensity that
relate to a two-dimensional character for the static ferrom
netic clusters. Atx50.125,an abrupt changeoccurs. We no
more observe a modulation in the diffuse scattering, sugg
ing a percolation of the ferromagnetic clusters. Moreov
one spin wave branch, anisotropic, is detected, with
anomaly at someq05(1.25,1.25,0). Atx50.2, the spin-
wave dispersion appears as isotropic. Whereas the mos
tense excitations allow us to define the dispersion curve
usual ferromagnet with an anomaly atq0 as for x50.125,
additional magnetic excitations are observed at largerq,
forming an optical branch. They reveal a more complex m
netic state, suggesting a high sensitivity of the magnons to
©2001 The American Physical Society21-1
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underlying structural periodicity.
The paper is organized as follows. Experimental det

are given below, in this introduction. The structural and m
netic phase diagram for the 0<x<0.2 concentration range i
presented in Sec. II. Diffuse-scattering experiments obtai
for x50.05, 0.08, 0.1, and 0.125 are reported in Sec. III. T
spin dynamics observed forx50.1, 0.125, and 0.2 is de
scribed in Sec. IV and, finally, Sec. V is devoted to a disc
sion and conclusion.

Single crystals of La0.9Ca0.1MnO3 were grown by a
floating-zone method associated with an image furnace a
Laboratoire de Physico-Chimie de l’e´tat Solide in Orsay,
France, with a volume of about 0.4 cm3. Samples with
higher Ca concentrations were grown by the same metho
the MISIS Institute of Moscow, with similar volumes. Pr
liminary results are also reported forx50.17. The mosaicity
of these samples is small: 0.6°, 0.5°, and 0.5° for thex
50.1, 0.125, 0.17, and 0.2 doped compounds, respectiv
The Ca concentration has been checked by comparing
lattice parameters with the previous determination
Matsumoto20 and, forx50.125 andx50.17, by performing
surface microscopy. A good agreement is also found with
phase diagram of Cheong, published in Ref. 21, except
the sample with nominal concentrationx50.2, which rather
corresponds tox50.19. Nevertheless, in the following w
keep the nominal concentration x50.2. All our samples are
twinned in three space directions, but forx50.1, 0.125, and
0.17, the orthorhombicity is large enough to allow the re
lution of the Bragg peaks corresponding to different d
mains.

Neutron-scattering experiments were performed on s
eral triple axis spectrometers installed either on therma
cold neutron sources at the Orphe´e reactor of Laboratoire
Léon Brillouin ~1T, 4F1, 4F2, G43! and at the reactor o
Institut Laue-Langevin~IN14!. Elastic spectra have been o
tained using a wave vector ofki5kf51.55 Å21 associated
with a berylium filter and tight 108-108 collimations. Energy
spectra were measured using various fixed outcoming w
vectorskf ~from 2.662 to 1.05 Å21) and pyrolytic graphite
or berylium as a filter. All the samples were oriented with
horizontal~001,110! scattering plane, defined inPbnmsym-
metry (c/A2,a,b) except for thex50.2 single crystal,
which was studied in allq directions.

Macroscopic magnetization measurements were
formed at Laboratoire de Physico-Chimie de l’e´tat Solide in
Orsay and at the SPEC~CEA-Saclay! with a superconduct-
ing quantum interference device magnetometer, for fields
to 5 T.

II. STRUCTURAL AND MAGNETIC PHASE DIAGRAM

Structural and magnetic transition temperatures have b
determined from Bragg-peak intensities using elastic neu
scattering and are reported in Fig. 1.

A. Structural transition

In Fig. 1, the solid line through the filled squares can
identified as the Jahn-Teller transition temperatureTOO8 .
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There, the system evolves from a pseudocubic phase w
dynamical Jahn-Teller effect to an orthorhombicPbnm
phase with a cooperative and static Jahn-Teller effect.
observe a strong decrease of the structural transition t
perature fromTOO85750 K in pure LaMnO3 ~Ref. 22! to
TOO85200 K at x50.2. Actually, TOO8 has been deter
mined from the increase of theq linewidth, which locates the
temperature where a single Bragg peak in theO phase splits
into two in theO8 phase due to twinning. Forx,0.2, the
experimentalq resolution allows a determination of the ce
parameters in the orthorhombic phase, as shown in Fig.~a!
and Fig. 2~b! for x50.1 andx50.125, respectively. Forx
50.2, the Bragg peaks are not resolved whatever the t
perature in theO8 phase located below 200 K. Atx>0.125,
a further decrease of the orthorhombicity is observed be
100 K, indicating a reentrance for the high-temperatu
pseudocubic phase. We callTB the temperature of the inflex
ion point of this variation. Very interestingly, a simila
anomaly has been observed in Sr-doped samples.12,13,23,24In
La0.875Sr0.125MnO3, whereTB is called TO8O9 , this variation
has been shown to correspond to a rapid change in two o
three Mn-O distances.13 Although the same evolution is ex
pected for these Ca-doped samples, such a structural stu
lacking. Moreover, in Sr-doped compounds, new Bragg
flections occur belowT5TO8O9 , namely, at (0,0,2l 11),
which are forbidden inPbnm symmetry, and at (0,0,l
10.5).12,13,25 They have been related either to a polar
ordering25 or to an orbital ordering.14 In the present study
nuclear (0,0,2l 11) peaks are actually detected atx50.2
only, in the whole studied temperature range (10 K<T
<300 K) without any temperature anomaly, whereas the
perstructures (0,0,l 10.5) have not been found in the prese
study, being likely short range or dynamic.

B. Magnetic structure

As reported in Fig. 1, belowTOO8 , two magnetic transi-
tions are observed.For x50.1, a ferromagnetic transition

FIG. 1. (T,x) phase diagram of La12xCaxMnO3, determined by
neutron-scattering measurements on single crystals.
1-2
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APPROACH TO THE METAL-INSULATOR TRANSITION . . . PHYSICAL REVIEW B64 104421
occurs atTC5138 K, and an antiferromagnetic ordering
spin components occurs atTCA5112 K. This succession o
phases has been predicted by de Gennes3 for some value of
the parameters of the mean-field model. Interestingly,
direction of the ferromagnetic spin component shows a co
plex evolution with temperature, reflected in thet5(001),
~002!, ~020!, and ~200! Bragg-peak intensities reported
Figs. 3~a!, 3~b!, and 3~c!, respectively. In the neutron cros
section, the geometrical factor implies that only spin com
nents perpendicular toQ can contribute to the scattering in
tensity. Therefore, betweenTC andTCA , the observation of a
constant intensity for the~020! Bragg peak@Fig. 3~c!# indi-
cates that spins are aligned along theb axis. At TCA ,
Rietveld refinements indicate that an antiferromagnetic co
ponent develops also alongb, keeping theAy-type structure
found for x,0.1. The concomitant decrease of the~002!
Bragg-peak intensity@Fig. 3~b!# reflects a rotation of the fer
romagnetic spin component from theb to c axis, as antifer-
romagnetism develops. This effect was not observed ax
50.08, whereTC andTCA are very close to each other, an
the ferromagnetic spin component is alongc at all tempera-
tures. Therefore, at low temperature, themeanspin compo-
nents deduced from Bragg peaks consist of an antiferrom
netic component along theb axis, a ferromagnetic one alon
thec axis, and another small ferromagnetic component al
the a axis. From this spin configuration, we define amean
canting angle~angle between the spin direction and the
rection b of the antiferromagnetism! equal to uc
5arccos(sinu sinf)561.5°65°.

FIG. 2. Cell parameters versus temperature~a! x50.1 and~b!
x50.125. (a,b)eq is deduced from the~110! Bragg-peak position
and defined by (a,b)eq5A2/A1/a211/b2.
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The concentration dependence of the canting angleuc de-
duced from observations in the 0,x<0.1 range is reported
in Fig. 4. A strong jump ofuc is observed betweenx50.08
and 0.1. This abrupt increase of the ferromagnetic com
nent is correlated with its rotation in the (c,a) plane. This
fast evolution beyondx50.08 departs from the smooth co
sine law predicted by de Gennes.3

At x50.125, TC5155 K. Below 110 K, a very smal
increase of the (0,0,2l 11) Bragg peaks indicates the occu
rence of a small antiferromagnetic spin component or a
sidual canting in this sample. Resistivity measurements
formed on this sample indicate a small decrease just be

FIG. 3. La0.9Ca0.1MnO3. Integrated intensities versus temper
ture ~a! of ~001!, ~b! ~002!, and~c! ~020! ~filled circles! and ~200!
~open circles! Bragg peaks.
1-3
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G. BIOTTEAU et al. PHYSICAL REVIEW B 64 104421
TC , with an upturn below 110 K where this compound b
comes insulating.26 Finally, we mention an anomalous in
crease in the temperature variation of some magnetic Br
peaks at the temperature calledTB'80 K @see the~112!
Bragg intensity in Fig. 5#, concomitant with the structura
transition temperatureTO8O9 @cf. Fig. 2~b!#.

At x50.2, TC is determined at 185 K~Fig. 6!. No in-
crease of intensity is detected in the temperature variatio
the odd-integer~0,0,2l11! Bragg peaks, so that this com
pound is fully ferromagnetic. The resistivity exhibits a dow
turn at TC but it still increases at lower temperature.26 Our
results agree with previous publications, where the me
insulator transition at TC has been observed a
xCa'0.22,27,28 as indicated by the hatched area in the ph
diagram~Fig. 1!.

As found forx50.125, a marked increase of some nucle
and ferromagnetic Bragg-peak intensity~110! or ~002!,
which are unresolved, is also observed at lower tempera
belowTB575 K. Actually, its amplitude depends on the ra
of cooling. At 50 K, measurements of the Bragg peak~002!
have been repeated during several hours. The intensity o
peak and its position are found to fluctuate between
close points~Fig. 6!. This behavior is typical of an instability
or a metastability with both magnetic and structural char

FIG. 4. Evolution of the canting angle with doping. The full lin
is a guide for the eye.

FIG. 5. La0.875Ca0.125MnO3. Integrated intensities of~110!,
~112!, and~002! Bragg reflections versus temperature.
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ter. Preliminary measurements atx50.17, where the resolu
tion is sufficient to detect the structural transition atTB
5TO8O95100 K, reveal a similar anomaly.

In conclusion, a transition lineTB(x) is defined forx
.0.1 as reported in Fig. 1. It corresponds to a ‘‘reentra
structural transition where the orthorhombicity is reduce
This line is qualitatively similar to that observed in S
substituted samples29 aroundx50.125, except that the cor
responding temperatures are larger in this latter case. Q
tative differences also appear in the temperature behavio
the (0,0,2l 11) Bragg peaks, which exist at all temperatur
in Ca-substituted samples. Moreover, the superstructure
the typeQ5(0,0,l 10.5), which occur below TO8O9 in Sr-
substituted samples,25 have not been studied enough in th
Ca-substituted ones for a clear conclusion. A more exten
structural study of the Ca-doped samples is planned fo
complete characterization.

C. Magnetization measurements

Magnetization measurements have been performed
function of temperature under a 100-Oe applied field and
10 K under large magnetic fields. Small slabs, cut from
four single crystals withx50.05, 0.08, 0.1, and 0.125 hav
been studied. The demagnetizing field, similar in all samp
has been minimized by allowing a free alignment of the s
along the field. Fits of magnetization with a Curie-Weiss la
x5C/(T2QP) show thatQP(x) strongly increases withx
and merges intoTC(x) at x50.125. The same variation with
x was found in a previous study.20

Zero-field magnetization can be obtained by extrapolat
of the high-field measurements toH50, assuming that the
volume consists of one domain~Fig. 7!. At x50.05 and 0.08,
a quantitative agreement is found with the variation of t
canting angle reported in Fig. 4. Atx50.1 the magnetization
is smaller than expected from the canting angle, which co
be explained by an inaccurate determination of the volu
due to twinning.

FIG. 6. La0.8Ca0.2MnO3. Integrated intensity of~110! or ~002!
Bragg peaks versus temperature. At 50 K, the various po
roughly determine two distinct values, observed as a function
time ~see the text!.
1-4
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APPROACH TO THE METAL-INSULATOR TRANSITION . . . PHYSICAL REVIEW B64 104421
An interesting evolution of the coercive field as a functi
of x is observed, as shown in Fig. 7 and its inset. The co
cive field first increases from pure LaMnO3 up tox50.1 and
reduces to a very small value atx50.125. Similar observa
tions were found in Sr-doped samples.30,31

Such a hysteresis cycle indicates a pinning of the m
netic domains to the lattice, which increases up tox50.1 and
disappears atx50.125. A relation of this evolution with the
growth of ferromagnetic clusters, expected to percolatex
50.125 where the antiferromagnetism disappears~cf. the
next section!, is suggested.

III. MAGNETIC DIFFUSE SCATTERING

For x50.08, a diffuse scattering, characteristic of sh
range ferromagnetic correlations, has been alre
reported.17 In this section, we present the evolution of th
diffuse scattering with the Ca concentration in the 0,x
<0.125 range, using two neutron techniques: one, with
energy analysis but aXY multidetector, and the other one
with an energy analysis.

A. Small-angle scattering with no energy analysis

Small-angle neutron-scattering~SANS! experiments, us-
ing a XY multidetector, have been carried out on samp
with x50, 0.05, 0.08, and 0.1 calcium concentrations at s
eral temperatures. The twinned samples were oriented so
the scattering plane is defined by the@110# and @001# direc-
tions. Spectra collected in all directions of this scatter
plane with the multidetector indicate that the intensity
nearly isotropic. This allows us to check that the vario
twinned domains have equal volumes. In Fig. 8, intensit
corrected for sample transmissions, are compared for sev
doping rates atT510 K and along the@110# direction. A
strong evolution is observed between pure LaMnO3 on the
one hand, showing a low and nearlyq-independent signal

FIG. 7. Magnetic-field dependence of magnetization atT
510 K for La12xCaxMnO3 ; x50.05, 0.08, 0.1, and 0.125. Inse
same measurements displayed for small field values.
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and the doped samples on the other hand, characterized
growingq-dependent modulation. This modulation is typic
of a characteristic distance between similar ferromagn
clusters. Interestingly, the same experiment using x-ray s
tering and a linear multidetector does not show any modu
tion ~see the inset of Fig. 8 atx50.08 andT5300 K). Since
x-ray scattering provides a good contrast between La and
ions, we are sure of the absence of any chemical clusterin
Ca impurities in the sameq range within these samples.

This modulation lies upon a steeplyq-decreasing intensity
which could be assigned to nuclear scattering~dislocations!.
In this diffraction experiment with no energy analysis, t
determination of this parasitic contribution at high tempe
ture cannot be subtracted due to the contamination of
paramagnetic excitations. Only the largeq range, attributed
to purely magnetic scattering, can be analyzed. A fit with
Gaussian function,I (q)}exp(2q2R2), indicates an increase
of ferromagnetic correlation length from 2R514 to 17 and
to 19 Å for x varying at 0.05, 0.08, and 0.1, respective
This is shown in Fig. 9, where ln(I) versusq2 has been
reported. We conclude that the ferromagnetic clusters
small and grow very slowly withx.

B. Small-angle scattering with energy analysis

In order to analyze the magnetic scattering in the wholq
range, elastic diffuse-scattering measurements (v50) have
been performed using a three-axis spectrometer. The 15<T
<300 K range has been studied along severalq directions,
usingki51.25 Å21. Intensities have been put on an abs
lute scale, using a vanadium sample and a transmission
rection. The temperature-independent scattering obse
aboveTC ~nuclear contribution! could be subtracted from th
low temperature scattering, determining the magnetic con
bution. This magnetic signal is reported in Fig. 10~a! for x
50.05 and 0.08 and Fig. 10~b! for x50.1 and 0.125 atT
515 K. Starting fromx50.05, the intensity of the modula

FIG. 8. Small-angle neutron-scattering~SANS! spectra mea-
sured with aXY multidetector along the@110# direction at T
510 K for La12xCaxMnO3 ; x50, 0.05, 0.08, and 0.1. Inset
small-angle x-ray measurements at room temperature forx50.08.
1-5
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G. BIOTTEAU et al. PHYSICAL REVIEW B 64 104421
tion rapidly increases up tox50.08 with a shift of q, at
maximum intensity, towards larger values. Then, atx50.1,
the intensity stays approximately at the same value, wit
broadening of the modulation indicating additional intens
at smallerq. At x50.125, we no longer observe any mod
lation but the intensity is much larger at very smallq and a
flat q dependence is observed at largeq.

A detailed analysis of thex50.08 sample has been prev
ously reported.17 In the picture where theq modulation re-
sults from a characteristic distance between small ‘‘fer
magnetic’’ clusters, the intensity can be expressed as

I ~q!}uDmzu2NVV2uF~qR!u2J~q!, ~1!

whereF(qR) is the form factor of one cluster, andJ(q) is a
function that characterizes the correlations in the spatial
tribution of the clusters~assimilated to a liquid distribution
function!. The densityNV and the volumeV are defined from
theq dependence ofI (q) through theJ(q) andF(qR) func-
tions. Such a model is based upon two assumptions:~i! The
diffuse-scattering intensity arises from the^Si

zSj
z& spin corre-

lations withOz//c. This assumption was actually checked
a previous study on anx50.06 Sr-doped sample, thanks
the absence of twinning.19 The ‘‘magnetic’’ contrastuDmzu is
defined as the difference between the average magnetiza
mz inside and outside the cluster.~ii ! The cluster picture is
isotropic~spherical shape and isotropic cluster distribution
all directions!. This latter assumption was found to be ina
curate in the twin-freex50.06 Sr-doped sample. Instead,
picture ofanisotropicplatelets, with a size within the ferro
magnetic layers about three times larger than perpendic
to them, could be determined. In the present case, Eq.~1!
provides a semiquantitative analysis with the three par
eters of the model: the size (2R), the mean distancedm, and
a minimal distance of approachdmin . The dot-dashed lines in
Fig. 10~a! are the best fit of the data in this model. Th
cluster size varies very slowly withx, from 14 Å for x
50.05 to 17 Å forx50.08. In this approach, the magnet

FIG. 9. Fits of ln(I) versusq2 obtained in the largeq range of
the SANS spectra for La12xCaxMnO3 , x50.05, 0.08, and 0.1.
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intensity is mainly proportional to the square of the clus
volume V and to the square of the magnetic contrastDmz.
Therefore, the increase of the diffuse scattering by a facto
'2 betweenx50.05 tox50.08 is mainly taken into accoun
by the increase of the cluster size from 14 Å to 17 Å , w
a magnetic contrast ofDmz'0.7mB . This is a small contrast
indicating a rather smooth picture. Of course, the assump
of isotropy leads to an overestimation of the volume or
underestimationof Dmz. We note that the volume ratio be
tween the clusters observed atx50.05 and atx50.08
roughly compares with the corresponding ratio of the h
concentrations.

At x50.1, the evolution is different from that betwee
0.05 and 0.08. An additional scattering intensity is observ
indicating new ferromagnetic correlations on a scale lar
than the intercluster distance. Therefore, the evolution
tween x50.08 and 0.1 can be characterized in terms o
coalescence of clusters, rather than in terms of a size va
tion, as it is for the evolution betweenx50.05 and 0.08.

At x50.125,I (q) shows a strongly increasing intensity
very smallq, whereas a flatq dependence persists at largeq.

FIG. 10. Magnetic scattering observed at a small angle
La12xCaxMnO3; ~a! x50.05 and 0.08 and~b! x50.1 and 0.15.
1-6
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APPROACH TO THE METAL-INSULATOR TRANSITION . . . PHYSICAL REVIEW B64 104421
This signal cannot be characterized further. This evolutio
likely related to the occurrence of the percolation of the f
romagnetic inhomogeneities.

At x50.2, a diffuse scattering of nuclear origin is o
served around~2.5,2,0! that is (0.25,2.25,0)cub and equiva-
lent points in reciprocal space in the cubic indexation. Thi
in perfect agreement with previous observations reporte
Ca-doped samples.32,33 Since this nuclear diffuse scatterin
indicating a short-range polaron ordering along the@100# di-
rection cannot be related to the spin correlations descr
above~static! and below~dynamic!, it is not described fur-
ther.

The temperature dependence of the magnetic diffuse s
tering observed atx<0.1 has been reported previously17

showing that the intensity disappears around the tempera
for the magnetic transitionTC .

The existence of ferromagnetic clusters could be the c
sequence of the polarization by a single mobile hole as
viously predicted.7 However, in the present case, the co
parison between the cluster density and the hole den
rather indicates that one ferromagnetic cluster contains
eral holes. In our first article,17 using the assumption of a
isotropic model~same distance between clusters whate
the q direction!, we have deduced a density of cluste
'1/60 times smaller than that of the holes. The anisotro
discovered in theI (q) function of a twin-free Sr-doped
sample indicates that this value has been overestimated
least a factor of 2. Anyway, this very aproximative evalu
tion confirms the picture of a charge segregation with ho
rich regions embedded in a Mn31 hole-poor network.

In conclusion, we get a picture of ‘‘ferromagnetic’’ clus
ters with a diameter of about 16 Å , in repulsive interactio
which grow very slightly and start to coalesce atx50.1.
They are observable as far as the long-range antiferrom
netic order exists (0,x,0.125). The observation of a cha
acteristic distance between the clusters, as well as the o
vation of a ferromagnetic Bragg peak, requires that the m
magnetization inside each cluster is parallel to the same
rection ~here thec axis!. This leads to a modulated cante
state picture instead of a true phase separation.

As shown below, the study of the spin dynamics will co
roborate and specify this picture.

IV. SPIN DYNAMICS

In Sec. IV A, spin dynamics of thex50.1 compound and
in Sec. IV B spin dynamics ofx50.125 andx50.20 are
reported along the two@001# and @110# directions of the
A-type magnetic structure. In Sec. IV C, the evolution withx
of the parameters determined from the spin dynamics is
played.

A. xÄ0.1: The approach to the ferromagnetic transition

1. Low-temperature spin dynamics: Comparison with xË0.1

a. The high-energy branch. As recalled in the introduc-
tion, in this low-doped regime, two spin-wave dispersi
curves are observed, characterized as high-energy and
energy branches. For the high-energy branch, the assign
of a dispersion to the@001# or the @110# direction is unam-
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biguous, in spite of twinning, because of the two distin
periodicities in the reciprocal space. Examples of spectra
tained along the@00z# direction, which determines the ant
ferromagnetic coupling, are reported in Fig. 11 up to t
antiferromagnetic zone boundary.

At Q5t5(0,0,1), a large gap value,V051.86 meV at
T518K, is obtained. By increasingq along @001# (q5Q
2t), the energy very weakly disperses as the intensity
creases whereas the damping, roughly twice larger tha
the undoped case, moderately increases. The energy satu
when approaching the zone boundaryQ5(0,0,1.5) and a
lower-energy mode belonging to the low-energy spin-wa
branch is observed. This high-energy branch has also b
measured along the direction of propagation@110# starting
from ~110!, which defines the ferromagnetic coupling. The
only spin waves withQ beyond~1.1,1.1,0! have a measur-
able intensity. Therefore, the smallq range along this direc-
tion has been studied starting from the antiferromagn
Bragg peak~111!. The dispersion curve of this high energ
branch is reported in Fig. 12 by empty triangles along
two symmetry directions. A fit of the dispersion using
Heisenberg model with four first in-plane neighbor couplin
J1, ferromagnetic andJ2, antiferromagnetic, along@001#,
and with an effective single-ion anisotropyC ~Refs. 15, 16
and 18! is also shown by a continuous line in Fig. 12. On t
same figure, results obtained forx,0.1 andx50 are also
reported for comparison. The variation ofJ1 and J2 with
doping is displayed in Fig. 13. It reveals a linear variation
the two effective couplings, showing the weakening ofJ2
and the strengthening ofJ1. This linear variationJ2(x)
agrees pretty well withJ250 atx50.125, where the antifer
romagnetic Bragg peak~001! disappears.

As a remarkable result, the gapV0 of this spin-wave
branch keeps the same value for all x~see Fig. 12 and Fig
14!. This value is also the same, within our experimen

FIG. 11. Energy spectra measured in the@00z# direction up to
the antiferromagnetic zone boundary, atT518 K. Fits correspond
to calculated intensities using Lorentzian functions convoluted w
the spectrometer resolution.
1-7
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accuracy, as that measured in Sr-doped samples,19,34 also re-
ported in Fig. 14.

b. The low-energy branch. For the case of the low-energ
branch, the assignment to the@110# or @001# directions is
more difficult, since the periodicities in theq space are the
same along the two directions~ferromagnetic character!. It

FIG. 12. Dispersion curves along@00z# from ~001! to ~002!
Bragg peaks~left panel! and along@zz0# from ~110! to ~1.5,1.5,0!
~right panel! for x50, 0.05, 0.08 and 0.1 compounds. Atx50.1,
along @zz0#, only the smallq excitations of the low-energy spin
wave branch~empty triangle! have measurable intensity. The sol
lines are fits~see the text!.

FIG. 13. Ferromagnetic couplingJ1 and antiferromagnetic cou
pling J2, associated with a superexchange type of coupling~see the
text! as a function of Ca concentration.
10442
can be solved, however, as long as the orthorhombicity of
structure is measurable. Inq//t experiments, where the
Bragg peaks~002! and ~110! are a center of symmetry fo
v(q), the assignment is made by performing1q and 2q
measurements. If the center of symmetry is~002! @resp.
~110!#, theq direction is@001# ~resp.@110#!. As shown in Fig.
15, all the1q and 2q magnons lie on a symmetric curv
with respect toq50, in the case where the~002! Bragg peak
is chosen as theq origin.

Examples of energy spectra are shown in Fig. 16, with
energy-integrated intensityS(q) reported in the inset. There
fore, the new feature, at this concentration, comes from
fact that spin waves propagating along@110# cannot be mea-

FIG. 14. Energy gaps corresponding to the two types of sp
wave branches, versus Ca and Sr concentrations. Filled sym
using the neutron technique~Refs. 15, 17 and 19! at T515 K and
~Ref. 35! at T58 K. Open symbols: Using the antiferromagnet
resonance technique~Ref. 34! at T,20 K.

FIG. 15. Filled and empty circles correspond to energy exc
tions of the low-energy spin-wave branch measured in two perp
dicular q directions, attributed to@110# and @001#, respectively, for
one domain. The two corresponding dispersions coincide if thq
origin is the ~002! Bragg peak whatever the domain.~1q! and
(2q) measurements are symmetric with respect to the~002! Bragg
peak~see the text!. At this x50.1 concentration, the~002! and~110!
Bragg-peaks positions are distant from 0.031 Å21.
1-8
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sured. Only propagation along@001# is clearly observed up
to the antiferromagnetic zone boundary~cf. Fig. 15!. The
difficulty in measuring a dispersion curve along@110# means
that the intensity of the corresponding excitations, super
posed to those propagating along@001#, exhibits a very fast
decrease with increasingq. Such a strong anisotropy of th
spin-wave intensity has already been observed in a Sr-do
sample, where, in the absence of twinning, both directi
could be unambiguously identified.19 Thanks to a quantita
tive correspondence between the correlation lengths ded
from the static and dynamic spin correlations, the relat
with the anisotropic shape of the static clusters has b
clearly established. In the same way, we can relate the
isotropy of the spin-wave intensityS(q), in this x50.1
sample, to the anisotropy of the shape of the static clus
hidden here because of twinning~cf. Sec. III!. Within this
picture, theq profile of the spin-wave intensityS(q) @S(q)
is proportional to the susceptibility#, reported in the inset o
Fig. 16, with two distinctq dependencies, can be interpret
as the superposition of the intensities of the spin wave pro
gating along both@110# and @001#, characterized by a stee
and a slowq dependence, respectively. The fit ofS(q) with a
sum of two Lorentzian functions gives two correlatio
lengths: z517 Å and z55 Å . This anisotropy is very
similar to the anisotropy of the spin-wave intensity observ
in the twin-free Sr-substituted sample, which, in this lat
case, could be quantitatively compared to the anisotrop
the cluster size.19

The wholeq range ofv(q) along@001# can be fitted by a
cosine law, and the smallq range, by av5Dq21v0 law as
in our previous studies. The fitted dispersion is reported
Fig. 12 with experimental data and compared with thex
50.05 and 0.08 cases. Values ofv0 and D are reported in
Fig. 14 and Fig. 17, respectively, showing the decrease ov0
and the increase ofD with x.

The comparison of the low-energy spin-wave branc
reported forx50.05, 0.08, and 0.1 in Fig. 12 reveals tha
along@001# where intensity is measurable whateverx, all the

FIG. 16. Energy spectra of the low-energy magnetic excitat
along @0,0,z#. The energy-integrated intensityS(q) of this spin-
wave branch is shown in the inset.
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dispersion curves bend at the zone boundaryQ5(0,0,1.5) or
q05(0,0,.5) with the same energy value v(q0)
'1.57 meV. This observation is the counterpart of the ot
remarkable observation concerning thex-independent gap
V0 of the high-energy branch, pointed out above, in the
scription of the high-energy branch~cf. Fig. 18!. Both fea-
tures reveal strongly nonlinear effects withx.

The two spin dynamics are tightly coupled. Along@001#
they spread into two adjacent energy ranges, defining a s
forbidden energy region~hatched area in Fig. 12!. As previ-
ously emphasized, they correspond totwo types of excita-
tions of a single magnetic ground state.

2. Temperature dependence of spin waves

The phase diagram reported in Fig. 1 has pointed out
existence of ferromagnetic and insulating phases betw
TC5138 K andTCA5112 K, with a spin direction alongb
at TC rotating towardsc belowTCA , where the antiferromag
netic long range order occurs. The temperature evolution

n
FIG. 17. Stiffness constant determined from the low-ene

spin-wave branch versus Ca concentration. The values atx50.17
and 0.18 are deduced from a preliminary study.

FIG. 18. Damping versusq of the magnetic excitation measure
at x50.2 along@001# or @110#.
1-9
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the spin dynamics provides the opportunity to probe m
deeply this ferromagnetic state. The temperature evolutio
the gap characteristic of the high-energy branch, measure
the antiferromagnetic Bragg peakt5(001), is shown by
filled circles in Fig. 19. It reveals a softening of this mo
with a complete renormalization atTCA . Above TCA , we
still observe antiferromagnetic~AF! quasielastic spin fluc-
tuations~energy spectra centered atv50). By contrast, the
magnetic excitations of the low-energy spin-wave bran
measured close to the ferromagnetic Bragg peak~002! are
still well defined atTCA and are fully renormalized atTC ,
without any anomaly atTCA . This is shown in the same
figure, where the temperature evolution of two modes, aq
5(002.1) and~002.3!, are reported by open circles and tr
angles, respectively. We conclude that the occurrence of
long-range ferromagnetic order atTC is driven by the ferro-
magnetic coupling revealed by the low-energy branch on

B. xÄ0.125 andxÄ0.2: The ferromagnetic and insulating
phases

The concentrationsx50.125 andx50.2 correspond to the
ferromagnetic and insulating states. Their spin dynamics
low temperature, is described successively.

1. xÄ0.125

The spin-wave dispersionsv(q) for q along @001# and
@110# are reported in the right panel of Fig. 20, and in F
21. The assignment of a dispersion curve to the@001# direc-
tion of propagation is unambiguous, in spite of twinning, a
uses the same arguments as forx50.1 ~cf. Fig. 15!. The
assignment of the other dispersion curve to the@110# direc-
tion is the consequence of the first deduction.

The main result is the observation of one spin wa
branch, within the exerpimental accuracy, as expected f
ferromagnetic state. The excitations defining the AF supe
change coupling along@001# at x,0.125 are not observed

FIG. 19. Temperature dependence of some magnetic excita
energies. The full circles correspond to the gap measured at~001!.
Empty circles correspond to excitations of the low-energy sp
wave branch measured at~002.1! and ~002.3!. The solid lines are
guides for the eye.
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This is what one could expect from the linear variation
J2(x), whereJ2'0 at this concentration~Fig. 13!. This spin-
wave branch exhibits the same gap as that of the low-ene
spin-wave branch in the canted state described above. Th
fore, a continuity betweenx,0.125 andx50.125 is ob-
served for the spin dynamics through the low-energy bran
This observation rules out the idea of a two-dimensio
magnetic state at the disappearance of the antiferrom
netism, which could be suggested when missing the lo
energy spin-wave branch.35 The dispersion curve differs
strongly along@001# and@110# and exhibits some anomaly i
both directions atq05@(0,0,1.5) or ~1.25,1.25,0!# as de-
scribed below.

Along @001#, the dispersion curve is very similar to th
low-energy spin-wave branch forx,0.125. It bends with
avanishing intensity atq05(0,0,0.5), the zone boundary o
the antiferromagnetic state, reaching the samex-independent
value defined forx,0.125~see the horizontal dotted line i

on

-
FIG. 20. Comparison of the dispersion curves measured a

the @00z# and @zz0# directions in x50.1 ~left panel! and x
50.125 ~right panel!. The two squared symbols in the left pan
recall that these excitations have been obtained around~111! instead
of ~110!, where they have no intensity. Continuous lines: see
text.

FIG. 21. Spin-wave dispersion along@110# for x50.125 ~full
circles! andx50.1 ~empty circles!.
1-10
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APPROACH TO THE METAL-INSULATOR TRANSITION . . . PHYSICAL REVIEW B64 104421
Fig. 20!. In spite of the disappearance of the antiferroma
netic coupling, the similarity withx,0.125 in the dynamic
susceptibility implies the persistence of some feature, rela
to the vicinity of the canted state. In the canted state, we h
outlined the tight connection between the dynamic susce
bility of the low-energy spin-wave branch and the static c
relations defining the ferromagnetic clusters, attributed t
charge segregation. Atx50.125, this persisting spin dynam
feature may reflect a persisting charge segregation a
@001#. The gap value and the stiffness constant determi
from a fit v5v01Dq2 are reported in Figs. 14 and 17
respectively.

Along @110#, v(q) can be measured up to the ferroma
netic zone boundary~1.5,1.5,0! as shown in Fig. 21. The
dispersion differs from that observed atx,0.125 especially
at smallq where only a spin-wave dispersion with a sm

FIG. 22. q dependence of the magnon energy linewidth
damping along@110# for x50.125.

FIG. 23. Spin-wave dispersions determined atx50.2 for q
along the@110# or @001# directions using the orthorhombic unit ce
~edge of the small perovskite cube!. The continuous line is a guide
for the eye. The splitting into two modes atq05(0,0,2.5) is sug-
gested by the jump in the energy linewidth at thisq value, reported
in Fig. 21.
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gap value is detected, within the experimental accuracy~see
comparison withx50.1 in Fig. 21!. This strong change a
small q suggests that, unlike the@001# direction, ferromag-
netic platelets have percolated within the ferromagnetic l
ers, in agreement with the observation of a strongly incre
ing intensity in diffuse scattering at very smallq @Fig. 10~b!#.
The whole dispersion cannot be fitted by a Heisenberg mo
with first-neighbor couplings only or a single cosine la
unlike the case of the high-energy branch at lower conc
trations. Instead it exhibits an ‘‘S’’ shape, suggesting tw
different behaviors depending on the lower or largerq ranges
considered. In addition, an anomaly appears at half the z
boundaryq05(1.25,1.25,0) as seen in Fig. 21. This anoma
can be understood as a small splitting in the dispersion
suggested from the energy linewidth of these magnetic e
tations, displayed in Fig. 22, where a discontinuity is o
served at thisq0 value.

We mention that a similar anomaly has been reported
La0.85Sr.15MnO3,23 at the sameq0 value, indexed as~0,0,2.5!,
however, and related to the occurence of the new periodi
indicated by the odd-integer superlattice peaks (0,0,2l 11).
However, the present observations are thought to be rel
to the@110# direction only, instead of@001#, so that it cannot
be explained by these superlattice peaks. Additional exc
tions have been also observed at higher energy. This
feature is discussed below forx50.2, where these excita
tions are more easily detected.

For q,q0, a quadratic law forv(q) determines a stiff-
ness constant with a much larger value than along@001#,out-
lining the anisotropic character of the ferromagnetic coupl
at this critical concentration.

2. La0.8Ca0.2MnO3

At x50.2, where the transition TOO8 occurs very close to
TC ~cf. Fig. 1!, the orthorhombicity is too small for the~110!

r

FIG. 24. Energy spectra measured atx50.2 along @110# or
@001#, showing two modes for eachq value. The dashed lines cor
respond to a fit with two Lorentzian functions convoluted with t
spectrometer resolution.
1-11
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and the~002! Bragg peaks to be resolved, and odd-integ
~0,0,2l11! Bragg peaks are observed~cf. Sec. II A!. How-
ever, for continuity with thex,0.2 concentration range, w
still keep thePbnm indexation. The spin-wave dispersio
obtained at 14 K is reported in Fig. 23 for the two superi
posed @001# and @110# directions, corresponding to th
@100#cub direction when indexed in the cubic cell.

At this concentration, we first notice the same anomaly
q05(0,0,2.5) or~1.25,1.25,0! in the q variation of the mag-
non energy linewidth~Fig. 18! as in thex50.125 sample. As
for x50.125, the jump of the energy linewidth at this val
suggests a splitting or a gap in the dispersion.

In addition, atq'q0 and beyond, extra excitations a
observed at higher energy ('22 meV), forming an optical
branch, with a growing intensity asq increases towards th
zone boundary. Concomitantly, the intensity of the low
energy excitation decreases. Corresponding energy sp
are shown in Fig. 24.

Excitations with the largest intensity allow to draw
‘‘main’’ dispersion curve up to the zone boundary, whic
unlike thex50.125 concentration, appears identical for t
@001# and @110# directions. This ‘‘main’’ spin-wave disper
sion cannot be fitted with a Heisenberg model using fi
neighbor coupling. As above, forx50.125, the dispersion
within theq,q0 range has been fitted using a quadratic la
determining a stiffness constant, and gap values reporte
Fig. 17 and Fig. 14, respectively.

C. Evolution of the dynamic parameters with x

We report the evolution with x of all the parameters d
fined from the spin dynamics.

1. Variation with x of the two energy gaps

In Fig. 14, the variation withx of the two gaps, the large
one V0, associated with the excitations of theA-type mag-
netic structure and of the small onev0, associated with the
low-energy spin-wave branch, are displayed. In the same
ure, measurements of both Ca- and Sr-doped samples
tained by neutron15,16,19,17,35~filled symbols! and by antifer-
romagnetic resonance34 ~empty symbols! are reported.
Except forx50 where a small discrepancy is observed b
tween neutron data35,15 and the AF resonance technique34

the agreement of the data is excellent, whatever the
doped or the Sr-doped samples. Actually, the low-energy
reported atx50 by antiferromagnetic resonance,34 unre-
solved by the neutron technique, cannot have the s
meaning asv0, related to the low-energy branch, which a
pears only by doping.

Beyond the very small concentration range (x'0.02)
where the large gapV0 decreases quickly, two regimes ma
be defined, the boundary being around the ferromagn
transition.~i! In the AF canted state~namely,x,0.125 for
the Ca substitution andx,0.1 for the Sr one!, V0 is found to
be x independent. The same observation is found for
Sr-doped samples, showing the same constant energy v
As outlined in Sec. IV A 1, this observation is associat
with the existence of a forbidden energy region~hatched
area! separating the energy range of the two spin wa
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branches along@001# ~cf. Fig. 12!. These nonlinear feature
with x, observed both atq50 and atqÞ0, disagree with the
usual picture of a mean-field canted state. Atq50, a mo-
notonous decrease of the large anisotropy gapV0, associated
with the antiferromagnetic structure, is expected,34 instead of
an x-independent behavior. Moreover, in such a model,
two spin-wave branches would cross each other along@001#
at q5(0,0,1.5), instead of keeping in the separated ene
range as shown in Fig. 12.

Concerningv0(x), it quickly decreases up tox50.1, and
very slowly beyond, in the ferromagnetic insulating sta
v0(x) is shifted at largerx for Ca doping compared to the S
one, in agreement with the experimental fact that Sr indu
a stronger ferromagnetic character than Ca. In our inhom
geneous picture, the origin ofv0(x) may be related to the
size of the platelets. Therefore, the ferromagnetic spin co
ponent inside the platelet rotates more easily as the plate
size increases withx.

2. Evolution of the stiffness constant D with x

In Fig. 17, we have reported the variationD(x), obtained
for seven single crystals (x50.05, 0.08, 0.1, 0.125, 0.17
0.18, and 0.2!, deduced from a fit with av(q)5Dq21v0
along@110# or @001# in the smallq range only.D reflects the
long-range ferromagnetic coupling. It shows three regime

For x,0.125, the fit corresponds to the smallq range of
the lower-energy branch, which is isotropic. Since the cor
sponding spin-wave susceptibility reflects the anisotro
form factor of the ferromagnetic clusters~platelets!, this isot-
ropy could appear surprising. Actually, the stiffness const
D, which reflects the long-range ferromagnetic couplin
may involve the magnetic coupling inside the cluste
~double exchange! and between the clusters through t
canted magnetic state of the AF matrix, reflecting the f
that the local magnetizations inside the clusters are cou
through the matrix.

At x50.125, where a single spin-wave branch is o
served, the dispersion differs along@001# and@110#. The step
increase observed along@110# corresponds to the collaps
between the two spin-wave branches into a single o
whereas the low value ofD along @001# is in perfect conti-
nuity with the evolution of the low-energy spin-wave branc
As discussed previously, the abrupt increase of this coup
along @110# and the absence of variation of this ferroma
netic coupling along@001# agree with a picture ofpercola-
tion of the platelets occurring in the ferromagnetic laye
only. This implies persisting inhomogeneous features alo
@001#.

At x50.175 and beyond,D appears isotropic within ou
accuracy level. Interestingly, the stiffness constant does
significantly vary between the value along@110# measured at
x50.125 and that, isotropic, found atx50.2. Apart from this
x range, a continuity ofD(x) between the smallestx values
and x50.2 can be suggested, when fitting the whole var
tion by a quadratic function ofx.

3. Evolution of the ‘‘effective’’ superexchange constants with x

In Fig. 13, the ‘‘effective’’ superexchange couplings, fe
romagnetic (J1), and antiferromagnetic (J2) deduced from
1-12
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APPROACH TO THE METAL-INSULATOR TRANSITION . . . PHYSICAL REVIEW B64 104421
the high-energy branch along@110# and@001# directions, re-
spectively, are reported up tox50.1. A linear variation is
observed withx. It yields J2'0 close tox50.125, in agree-
ment with the observation of a single ferromagnetic sp
wave branch at this concentration~cf. above!. The renormal-
ization of superexchange coupling by hole doping agr
rather well with the model of Feiner and Oles.36 However
this model does not take into account charge segregation
therefore cannot predict another spin-wave branch. Th
fore, it would lead to a two-dimensional~2D! ferromagnetic
behavior atx50.125 whereJ250. By contrast, we show the
continuous increase of the three-dimensional ferromagn
coupling with x, revealed by the ferromagnetic low-energ
branch. Atx>0.125, where several anomalies are obser
in the spin-wave dispersion, the ‘‘effective’’ superexchan
couplings can no longer be defined.

V. CONCLUSION

The three studied concentrationsx50.1, 0.125, and 0.2
described in this paper, characterize three distinct steps in
evolution of the magnetic ground state towards the insula
metal transition. Thex50.1 sample exhibits the same orig
nal properties reported in the very low-doping regimex
50.05 and 0.08!, i.e., an additional spin-wave branch of fe
romagnetic character and a static diffuse scattering, cha
teristic of ferromagnetic inhomogeneities in interaction. T
observation here is the strongly anisotropicq dependence o
the intensity of the low-energy spin-wave branch. This m
be related to the 2D character of the ferromagnetic cluster
platelets. This feature, readily observed in the diffuse sca
ing of a free-twin Sr-doped sample,19 is difficult to observe
in the static diffuse scattering reported here because of
twinning. These 2D ferromagnetic clusters are embedde
an average canted state. The proposed analysis of the di
scattering, which yields a density of clusters smaller than
density of holes, suggests a charge segregation. This ch
segregation picture differs from the phase-separation pict
with antiferromagnetic and ferromagnetic states, predic
by the theory.4–9 The fact that the ferromagnetic componen
inside the clusters point towards the same direction inst
of pointing up or down at random implies the role of a
additional coupling in the system not accounted for by us
theories. Dipole-dipole interaction between magnetic
larons has been previously suggested as a possible origi
this coupling.37 We outline the unusualq dependencies of the
spin waves along@001#, showing two distinct types of exci
tations in a separated energy range, which strongly dif
from what is expected for a canted state.3 Instead, they agree
10442
-

s

nd
e-

tic

d
e

he
r-

c-
e

y
or
r-

he
in
se
e
rge
e,
d

d

l
-
for

rs

with the inhomogeneous picture of ferromagnetic clust
coupled through the matrix.

The x50.125 sample is the limit corresponding to th
disappearance of theA-type antiferromagnetic structure. Th
ferromagnetic state results from two evolutions withx, oc-
curing concomitantly: a linear decrease of the antiferrom
netic coupling analyzed in terms of an effective super
change type,J2 where J2 '0 at x50.125 ~homogeneous
process! and, as revealed by the diffuse scattering,
growth of the ferromagnetic clusters, suggesting a kind
percolation of the hole-rich clusters at this concentration~in-
homogeneous process!. This magnetic percolation does no
coincide with the percolation for transport properties~metal-
lic state!, since an insulating behavior is still observed at lo
temperature. At this concentration, one spin wave branc
detected within the experimental accuracy, as expected f
ferromagnet, but with an anisotropic dispersion. From
inhomogeneous picture derived at smaller concentration,
anisotropy could be explained by the percolation of the pla
lets occuring in the basal plane only~2D percolation!. Such a
2D percolation has been actually predicted using a b
model for LaMnO3.38 Whatever the true picture, this aniso
ropy implies some persisting inhomogeneous features a
@001#. In addition, an anomaly is observed along@110# at q0
in the spin-wave dispersion, corresponding to half the zo
boundary.

In the x50.2 sample, the spin-wave dispersion is isot
pic within our accuracy. The anomaly observed atq0, as for
x50.125, is now assigned to the two superimposed@001#
and@110# directions. In addition, a magnetic optical branch
observed at largerq and larger energies. This feature cou
suggest that the magnon excitations are interacting w
other excitations, magnetic or not. A physical process
magnon-phonon coupling has been suggested by Furuka39

in these systems. Other authors40,41have proposed a couplin
between magnon and orbital excitations to explain
anomalous softening of magnons observed in the meta
state.42 The study of the spin dynamics with temperatu
especially belowTB where a reentrant structural transition
observed, will be important for a deeper understanding
this complex magnetic state. It will be reported in a fort
coming paper.
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