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We describe the evolution of the static and dynamic spin correlationsof,CaMnO; for x=0.1, 0.125,
and 0.2, where the system evolves from the canted magnetic state towards the insulating ferromagnetic state,
approaching the metallic transitior= 0.22). In thex=0.1 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 at<0.1. The anisotropiq dependence of the intensity of the low-energy spin wave suggests
a bidimensional character for the static inhomogeneitiex=A0.125, which corresponds to the occurrence of
a ferromagnetic and insulating state, one spin wave branch, anisotropic, is detected. At this concentration, an
anomaly appears af,=(1.25, 1.25, 0). Ax=0.2, the spin-wave branch appears as isotropic. In addition to
the anomaly observed g}, extra magnetic excitations are observed at laggéorming an optical branch.
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[. INTRODUCTION inhomogeneous features. The high-energy spin wave can be
described by a Heisenberg Hamiltonian with two nearest-
The doped rare-earth manganites have now been studiegtighbor couplings, characteristic of tAdayered antiferro-
for several decades’ They have raised a renewed interestmagnetic structure, as in pure LaMgOThe low-energy
because of their colossal magnetoresistance observed beyospin-wave branch is characteristic of an isotropic ferromag-
a critical value of doping rate. However, the physics drivingnetic coupling. The dependence of its susceptibility reveals
these properties are still unclear. At low doping, the naturea tight connection with the ferromagnetic inhomogeneities.
of the magnetic ground state is still a well-debated issueSo, the Ca-doped compounds, at low values of doping, ex-
From a theoretical point of view, depending on parametehibit both homogeneous and inhomogeneous magnetic fea-
values, the fundamental state can be either a homogeneotises. The same observations have been found in a Sr-doped
canted antiferromagnetic stifeor an inhomogeneous state compound;?® showing the general character of these observa-
with a phase separation between hole-rich {¥nferro-  tions in low-doped manganites.
magnetic regions and hole-poor (K1) antiferromagnetic In this paper we present a neutron-scattering study at
domains’~® At higher concentrations, the existence of a fer-three concentrations, 0.1, 0.125, and 0.2, allowing a general
romagnetic and insulating phase is also very intriguing. Itsurvey of the concentration range where the system, still an
stresses out that the double-exchange coupling alone, whighsulator, approaches the metallic state. The phase diagram,
predicts a ferromagnetic and metallic state, is insufficient teestablished in the €x=<0.2 range, is pecularly studied in
explain the magnetic propertié$* Around a doping rate of the 0.125x<0.2 range, where, below the ferromagnetic
x=0.125, several works on the Sr-doped compounds haviansition temperature, a structural transition appears. The
reported anomalous structural and magnetic properties at logpin dynamics is determined along the two relevguirec-
temperaturé?*3interpreted in terms of an orbital orderifg tions for the A-type structure[110] and [001]. In the X
in these systems. A comparison with Ca substitution is=0.10 compound, which exhibits many features similar to
needed for a deeper understanding of these effects. the 0<x<0.1 ones, we observe a strong anisotropy inghe
Neutron scattering is a very powerful technique to de-dependence of the low-energy spin-wave intensity that we
scribe, at an atomic scale, the evolution of a magnetic systenelate to a two-dimensional character for the static ferromag-
from an insulating state to a metallic one. In previous papergetic clusters. Ak=0.125,an abrupt changeccurs. We no
devoted to the x=0,x=0.05, and x=0.08 of Ca more observe a modulation in the diffuse scattering, suggest-
concentratiof? 8 several features have been establisligd. ing a percolation of the ferromagnetic clusters. Moreover,
Bragg peaks, at low temperature, indicate a mean canted apne spin wave branch, anisotropic, is detected, with an
tiferromagnetic state(ii) Diffuse scattering is observed, in- anomaly at somejy,=(1.25,1.25,0). Atx=0.2, the spin-
dicating ferromagnetic inhomogeneities of characteristiovave dispersion appears as isotropic. Whereas the most in-
size, distributed in a quasiliquid order. These inhomogenetense excitations allow us to define the dispersion curve of a
ities have been attributed to hole-rich regions, embedded in asual ferromagnet with an anomaly @ as for x=0.125,
hole-poor medium.(iii) The spin dynamics, where high- additional magnetic excitations are observed at larger
energy and low-energy spin-wave branches are observed, risrming an optical branch. They reveal a more complex mag-
flects both the mean antiferromagnetic canted state and theetic state, suggesting a high sensitivity of the magnons to an
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underlying structural periodicity. 800

The paper is organized as follows. Experimental details =
are given below, in this introduction. The structural and mag- 700
netic phase diagram for thesx=<0.2 concentration range is f
presented in Sec. Il. Diffuse-scattering experiments obtainec  €00r
for x=0.05, 0.08, 0.1, and 0.125 are reported in Sec. Ill. Theg - orthorhombic
spin dynamics observed for=0.1, 0.125, and 0.2 is de- 500
scribed in Sec. IV and, finally, Sec. V is devoted to a discus- '
sion and conclusion.

Single crystals of LgsCa MnO; were grown by a
floating-zone method associated with an image furnace at th®
Laboratoire de Physico-Chimie de’té¢ Solide in Orsay,

La, ,Ca MnO,

pseudo-cubic

400 - PARAMAGNETIC INSULATOR .

mperature (

300 F

200 F T

France, with a volume of about 0.4 émSamples with - T, c ]
higher Ca concentrations were grown by the same method & ‘m il
the MISIS Institute of Moscow, with similar volumes. Pre- %% INs INSOLATOR T INSULATOR Lo ]
liminary results are also reported for=0.17. The mosaicity r N A TT‘ 7]
of these samples is small: 0.6°, 0.5°, and 0.5° for xhe % 5 10 15 20 25
=0.1, 0.125, 0.17, and 0.2 doped compounds, respectively Concentration x (% Ca)

The Ca concentration has been checked by comparing the _ _
lattice parameters with the previous determination of FIG. 1. (T.x) phase diagram of Lia,CaMnQOs;, determined by
Matsumot@® and, forx=0.125 andx=0.17, by performing neutron-scattering measurements on single crystals.
surface microscopy. A good agreement is also found with thei_
phase diagram of Cheong, published in Ref. 21, except fo(gi
the sample with nominal concentratian- 0.2, which rather
corresponds tx=0.19. Nevertheless, in the following we
keep the nominal concentration=0.2. All our samples are :

. . T perature fromTqoo =750 K in pure LaMnQ (Ref. 22 to
twinned in three space directions, but for 0.1, 0.125, and Toor =200 K at x=0.2. Actually, Too has been deter-

0'1.7’ the orthorhombicity is large enough to alloyv the r€S0 mined from the increase of tleelinewidth, which locates the
lution of the Bragg peaks corresponding to different do-

mains temperature where a single Bragg peak in@phase splits

Neutron-scattering experiments were performed on sev'—nto two in theO" phase due to twinning. For<0.2, the

eral triple axis spectrometers installed either on thermal O?);;Ir):r;:rgtee?;aiﬁ ;Ezoél:tt;]%r:ha(‘)”r?]\giiaﬁ;;grn;'sngﬂgcw?fi;hé;ezn
cold neutron sources at the Orgheeactor of Laboratoire P P ’ '

Léon Brillouin (1T, 4F1, 4F2, G4Band at the reactor of 2nd Fig- 2b) for x=0.1 andx=0.125, respectively. Fox

Institut Laue-Langevir{IN14). Elastic spectra have been ob- =02, th? Brag!? peaks are not resolved whatever the tem-
tained using a wave vector &f=k,=1.55 A ! associated perature in thed’ phase located below 200 K. A&=0.125,

with a berylium filter and tight 1610’ collimations. Energy a further decrease of the orthorhombicity is observed below

spectra were measured using various fixed outcoming wa 00 K, m@catmg a reentrance for the hlgh-temperature
vectorsk; (from 2.662 to 1.05 A %) and pyrolytic graphite pseudocubic phase. We c@l the temperature of the inflex-

. : : . ion point of this variation. Very interestingly, a similar
or berylium as a filter. All the samples were oriented with a : 3.24
horizontal(001,110 scattering plane, defined PMbnmsym- anomaly has been observed in Sr-doped santpies:**“in

- . Lag 7550 129MINO3, whereTy is called Ty o, this variation
metry c/\2< a< b). except fOI: thex=0.2 single crystal, has been shown to correspond to a rapid change in two of the
which was studied in alfj directions.

. S three Mn-O distances Although the same evolution is ex-
Macroscopic magnetization measurements were per-

; . N L ected for these Ca-doped samples, such a structural study is
formed at Laboratoire de Physico-Chimie detd&Solide in pect .
Orsay and at the SPECEA-Saclay with a superconduct- lacking. Moreover, in Sr-doped compounds, new Bragg re-

. : . ! flections occur belowT=Tg/o», namely, at (0,0,2+1),
ing quantum interference device magnetometer, for fields UP hich are forbidden inPbnm symmetry, and at (0,0
to5T. : Vo

+0.5) 121325 They have been related either to a polaron
ordering® or to an orbital ordering? In the present study,
Il. STRUCTURAL AND MAGNETIC PHASE DIAGRAM nuclear (0,0,2+1) peaks are actually detected 0.2

Structural and fict ition t ‘ h b only, in the whole studied temperature range (16K
ructural and magnetic transition temperatures have beeh 344 k) without any temperature anomaly, whereas the su-
determined from Bragg-peak intensities using elastic neutro

tteri d ted in Fig. 1 Berstructures (0,04 0.5) have not been found in the present
scattering and are reported in F1g. L. study, being likely short range or dynamic.

here, the system evolves from a pseudocubic phase with a
ynamical Jahn-Teller effect to an orthorhombRbnm

phase with a cooperative and static Jahn-Teller effect. We
observe a strong decrease of the structural transition tem-

A. Structural transition B. Magnetic structure

In Fig. 1, the solid line through the filled squares can be As reported in Fig. 1, beloW o/, two magnetic transi-
identified as the Jahn-Teller transition temperatliggy . tions are observedr-or x=0.1, a ferromagnetic transition
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FIG. 2. Cell parameters versus temperat(@ex=0.1 and(b) L . ]
x=0.125. @,b)¢q is deduced from th¢110) Bragg-peak position 043 L v v v
and defined by &,b) .= v2/\/1/a?+ 1/b”. ' . . . . .
o0 o . c)
occurs afT-=138 K, and an antiferromagnetic ordering of 03 1 °© . (200)
spin components occurs @t,=112 K. This succession of ™ ° . » 4 -
phases has been predicted by de Gehfmssome value of = *® e, o
the parameters of the mean-field model. Interestingly, the _: 02 | ®e .
direction of the ferromagnetic spin component shows a com- s (020) e o o 03
plex evolution with temperature, reflected in the (001), TE' -— OQ% '
(002, (020), and (200) Bragg-peak intensities reported in S 04 L T Te
Figs. 3a), 3(b), and 3c), respectively. In the neutron cross = - CAD
section, the geometrical factor implies that only spin compo- I : OO 0.2
nents perpendicular tQ can contribute to the scattering in- g
tensity. Therefore, betweén: andT4, the observation of a 00 ———Ft———t———t— Ly ¢ 8
- : T CA- 0 3 6 9 120 150

constant intensity for th€020) Bragg peal Fig. 3(c)] indi-
cates that spins are aligned along theaxis. At Tca,
Rietveld refinements indicate that an antiferromagnetic com- FIG. 3. Lg (Ca,;MnO;. Integrated intensities versus tempera-
ponent develops also alorg keeping theA,-type structure ture (a) of (001), (b) (002), and(c) (020 (filled circles and (200
found for x<0.1. The concomitant decrease of tf@2  (open circles Bragg peaks.

Bragg-peak intensitjFig. 3(b)] reflects a rotation of the fer-

romagnetic spin component from theto ¢ axis, as antifer- The concentration dependence of the canting afigkbe-
romagnetism develops. This effect was not observed at duced from observations in the<k<0.1 range is reported
=0.08, whereT¢ and T, are very close to each other, and in Fig. 4. A strong jump off. is observed betweex=0.08

the ferromagnetic spin component is alangt all tempera- and 0.1. This abrupt increase of the ferromagnetic compo-
tures. Therefore, at low temperature, theanspin compo- nent is correlated with its rotation in the,&) plane. This
nents deduced from Bragg peaks consist of an antiferromadast evolution beyonc=0.08 departs from the smooth co-
netic component along tHeaxis, a ferromagnetic one along sine law predicted by de Genneés.

thec axis, and another small ferromagnetic component along At x=0.125, Tc=155 K. Below 110 K, a very small
the a axis. From this spin configuration, we defineve@an increase of the (0,0|2-1) Bragg peaks indicates the occur-
canting angle(angle between the spin direction and the di-rence of a small antiferromagnetic spin component or a re-
rection b of the antiferromagnetism equal to 6.  sidual canting in this sample. Resistivity measurements per-
=arccos(sirgsin$)=61.5°+5°. formed on this sample indicate a small decrease just below

Temperature (K)
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FIG. 6. Lg Ca MnO;. Integrated intensity 0f110 or (002
Bragg peaks versus temperature. At 50 K, the various points
roughly determine two distinct values, observed as a function of

glgme (see the text

T, with an upturn below 110 K where this compound be-
comes insulating® Finally, we mention an anomalous in-
crease in the temperature variation of some magnetic Bra
peaks at the temperature calldg~80 K [see the(112)

Bragg intensity in Fig. § concomitant with the structural

transition temperaturo, o [cf. Fig. 2b)]. ter. Preliminary measurementsyat 0.17, where the resolu-

At x=0.2, T¢ is determined at 185 KFig. 6. No in- tion is sufficient to detect the structural transition B

crease of intensity is detected in the temperature variation of TO’O”:loo_ K, reveal a _similar a”"m"’?'y- .

the odd-integer(0,0,4+1) Bragg peaks, so that this com- In conclusion, a tra}nsmon lind g(x) is defined forx
pound is fully ferromagnetic. The resistivity exhibits a down- > 0-1 @s reported in Fig. 1. It corresponds to a “reentrant
turn atTc but it still increases at lower temperat@feOur structural transition where the orthorhombicity is reduced.

results agree with previous publications, where the metal/ NiS line is qualitatively similar to that observed in Sr-
insulator transiton at T. has been observed at substituted sampléSaroundx=0.125, except that the cor-

Xcq~0.222728 35 indicated by the hatched area in the ph‘,ﬁ(_{,esponding temperatures are larger in this latter case. Quali-
diC;gram(F,ig. 1. tative differences also appear in the temperature behavior of
As found forx=0.125, a marked increase of some nucleartn€ (0.0.2+ 1) Bragg peaks, which exist at all temperatures
and ferromagnetic Bragg-peak intensitg10 or (002 in Ca-substituted samples. Moreover, the superstructures of

which are unresolved, is also observed at lower temperaturd1€ YP€Q=(0,0]+0.5), which occur below .o in Sr-
belowTg=75 K.Actually, its amplitude depends on the rate substituted sampl€s,have not been studied enough in the
of cooling. At 50 K, measurements of the Bragg péa@?) Ca-substituted ones for a clear conclusion. A more extensive
have been repeated during several hours. The intensity of thgructural study of the Ca-doped samples is planned for a
peak and its position are found to fluctuate between twdOMPIete characterization.

close pointgFig. 6). This behavior is typical of an instability

or a metastability with both magnetic and structural charac- C. Magnetization measurements

’ Magnetization measurements have been performed as a

. Lao.a7scao.125M"163‘ B function of temperature under a 100-Oe applied field and at
* (10) ] 10 K under large magnetic fields. Small slabs, cut from the
sl % 1 four single crystals wittkk=0.05, 0.08, 0.1, and 0.125 have
= L ] been studied. The demagnetizing field, similar in all samples,
g I ®e | 1 has been minimized by allowing a free alignment of the slab
& L (112) . along the field. Fits of magnetization with a Curie-Weiss law
s [ "4, o 1 x=C/(T—05;) show that®(x) strongly increases with
£ . ®e T oo’ and merges intd@ c(x) atx=0.125. The same variation with
s | < N, © ee®® Lo x was found in a previous study.
05 000 Ay * .i P 0% Zero-field magnetization can be obtained by extrapolation
[ 002y “C0F, . we'’ 500° ° of the high-field measurements k=0, assuming that the
i 9230000000 aaaad volume consists of one domaiRig. 7). At x=0.05 and 0.08,
obe L Baaaaaa st L a quantitative agreement is found with the variation of the
0 50 100 150 200 250 300

Temperature (K)

FIG. 5. Lag7:Ca 12dMN0O;. Integrated intensities
(112, and (002 Bragg reflections versus temperature.

of110),

canting angle reported in Fig. 4. A= 0.1 the magnetization

is smaller than expected from the canting angle, which could
be explained by an inaccurate determination of the volume
due to twinning.
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FIG. 8. Small-angle neutron-scatterif@ANS) spectra mea-

FIG. 7. Magnetic-field dependence of magnetization Tat sured with aXY multidetector along thg110] direction atT
=10 K for La _,CaMnOg; x=0.05, 0.08, 0.1, and 0.125. Inset: =10 K for La_,CaMnO;; x=0, 0.05, 0.08, and 0.1. Inset:
same measurements displayed for small field values. small-angle x-ray measurements at room temperaturg=f@r.08.

An interesting evolution of the coercive field as a functionand the doped samples on the other hand, characterized by a
of x is observed, as shown in Fig. 7 and its inset. The coergrowing g-dependent modulation. This modulation is typical
cive field first increases from pure LaMg@p tox=0.1 and of a characteristic distance between similar ferromagnetic
reduces to a very small value xt0.125. Similar observa- clusters. Interestingly, the same experiment using x-ray scat-
tions were found in Sr-doped sampfés? tering and a linear multidetector does not show any modula-

Such a hysteresis cycle indicates a pinning of the magtion (see the inset of Fig. 8 at=0.08 andT=300 K). Since
netic domains to the lattice, which increases ug+0.1 and  X-ray scattering provides a good contrast between La and Ca
disappears at=0.125. A relation of this evolution with the ions, we are sure of the absence of any chemical clustering of
growth of ferromagnetic clusters, expected to percolate at Ca impurities in the same range within these samples.
=0.125 where the antiferromagnetism disappeafs the This modulation lies upon a steepiydecreasing intensity
next sectiol, is suggested. which could be assigned to nuclear scatteldiglocations.

In this diffraction experiment with no energy analysis, the
determination of this parasitic contribution at high tempera-
ture cannot be subtracted due to the contamination of the

For x=0.08, a diffuse scattering, characteristic of shortparamagnetic excitations. Only the largeange, attributed
range ferromagnetic correlations, has been alread{o purely magnetic scattering, can be analyzed. A fit with a
reported’ In this section, we present the evolution of this Gaussian functionl (q) «exp(~g?R?), indicates an increase
diffuse scattering with the Ca concentration in the0  of ferromagnetic correlation length fromR2-14 to 17 and
<0.125 range, using two neutron techniques: one, with néo 19 A for x varying at 0.05, 0.08, and 0.1, respectively.

energy analysis but XY multidetector, and the other one, This is shown in Fig. 9, where If(versusq® has been
with an energy analysis. reported. We conclude that the ferromagnetic clusters are
small and grow very slowly witkhx.

IIl. MAGNETIC DIFFUSE SCATTERING

A. Small-angle scattering with no energy analysis

Small-angle neutron-scatterif®ANS) experiments, us- B. Small-angle scattering with energy analysis

ing a XY multidetector, have been carried out on samples In order to analyze the magnetic scattering in the wiple
with x=0, 0.05, 0.08, and 0.1 calcium concentrations at sevkange, elastic diffuse-scattering measuremenis Q) have

eral temperatures. The twinned samples were oriented so thieen performed using a three-axis spectrometer. TkeT15
the scattering plane is defined by tH10] and[001] direc- <300 K range has been studied along sevagrdirections,
tions. Spectra collected in all directions of this scatteringusingk;=1.25 A1 Intensities have been put on an abso-
plane with the multidetector indicate that the intensity islute scale, using a vanadium sample and a transmission cor-
nearly isotropic. This allows us to check that the variousrection. The temperature-independent scattering observed
twinned domains have equal volumes. In Fig. 8, intensitiesaboveT (nuclear contributiopcould be subtracted from the
corrected for sample transmissions, are compared for severaw temperature scattering, determining the magnetic contri-
doping rates aff=10 K and along thd110] direction. A  bution. This magnetic signal is reported in Fig.(@0for x
strong evolution is observed between pure LaMr@d the =0.05 and 0.08 and Fig. 10 for x=0.1 and 0.125 af

one hand, showing a low and neadyindependent signal, =15 K. Starting fromx=0.05, the intensity of the modula-
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FIG. 9. Fits of In{) versusg? obtained in the large range of
the SANS spectra for La,CaMnO;, x=0.05, 0.08, and 0.1.

tion rapidly increases up t@=0.08 with a shift of g, at
maximum intensity, towards larger values. Thenxat0.1,

0.0

I

-

1(15K) - I(300K)

o 12.5%

the intensity stays approximately at the same value, with ag 1.0 |

H@Eﬁﬁ;} T

broadening of the modulation indicating additional intensity% \
at smallerg. At x=0.125, we no longer observe any modu- § o % §\ (b)
lation but the intensity is much larger at very smagland a - % }
flat g dependence is observed at lagge 05 | % % \
A detailed analysis of the=0.08 sample has been previ- % %

ously reported’ In the picture where thg modulation re-
sults from a characteristic distance between small “ferro-
magnetic” clusters, the intensity can be expressed as

5% TN 5
: é%§%§§§§%
~0.0 0.1 0.2 o (& 03 04 05

z|2 2 2
(@) AmENWVAF(aR)%(a), @ FIG. 10. Magnetic scattering observed at a small angle in
whereF(qR) is the form factor of one cluster, addq) isa  -21-xCaMnQ;; (8 x=0.05 and 0.08 anth) x=0.1 and 0.15.
function that characterizes the correlations in the spatial dis-
tribution of the clustergassimilated to a liquid distribution
function). The densityNy, and the volumé/ are defined from
the q dependence df(q) through thel(q) andF(gR) func-
tions. Such a model is based upon two assumptihThe  Therefore, the increase of the diffuse scattering by a factor of
diffuse-scattering intensity arises from t{ﬁZSJ-Z) spin corre-  ~2 petweerx=0.05 tox=0.08 is mainly taken into account
lations withOz//c. This assumption was actually checked in by the increase of the cluster size from 14 A to 17 A, with
a previous study on ak=0.06 Sr-doped sample, thanks to a magnetic contrast @m*~0.7ug . This is a small contrast,
the absence of twinnint. The “magnetic” contrastAm?| is indicating a rather smooth picture. Of course, the assumption
defined as the difference between the average magnetization$ isotropy leads to an overestimation of the volume or an
m? inside and outside the clustéii) The cluster picture is underestimatiorof Am?. We note that the volume ratio be-
isotropic(spherical shape and isotropic cluster distribution intween the clusters observed &t=0.05 and atx=0.08
all directions. This latter assumption was found to be inac-roughly compares with the corresponding ratio of the hole
curate in the twin-freex=0.06 Sr-doped sample. Instead, a concentrations.
picture ofanisotropicplatelets, with a size within the ferro- At x=0.1, the evolution is different from that between
magnetic layers about three times larger than perpendicula@.05 and 0.08. An additional scattering intensity is observed
to them, could be determined. In the present case,(Bg. indicating new ferromagnetic correlations on a scale larger
provides a semiquantitative analysis with the three paramthan the intercluster distance. Therefore, the evolution be-
eters of the model: the size R, the mean distano&,,, and tweenx=0.08 and 0.1 can be characterized in terms of a
a minimal distance of approach,,. The dot-dashed lines in coalescence of clusters, rather than in terms of a size varia-
Fig. 10a) are the best fit of the data in this model. Thetion, as it is for the evolution between=0.05 and 0.08.
cluster size varies very slowly witlk, from 14 A for x At x=0.125,1(q) shows a strongly increasing intensity at
=0.05to 17 A forx=0.08. In this approach, the magnetic very smallg, whereas a flatj dependence persists at lamge

intensity is mainly proportional to the square of the cluster
volume V and to the square of the magnetic contrash®.
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This signal cannot be characterized further. This evolution is 400 | T
likely related to the occurrence of the percolation of the fer- [0 0 {] direction e (=1
romagnetic inhomogeneities. T-18K ¢ N éj;
At x=0.2, a diffuse scattering of nuclear origin is ob- ° A C;1:3
served around2.5,2,0 that is (0.25,2.25,Q),, and equiva- g 300 r o (=14
lent points in reciprocal space in the cubic indexation. Thisis €
in perfect agreement with previous observations reported in %
Ca-doped sample¥:® Since this nuclear diffuse scattering 3 200 3 el
indicating a short-range polaron ordering along [the0] di- o £ m
rection cannot be related to the spin correlations described £ &
above(statio and below(dynamig, it is not described fur- 3 m
ther. < 100 Wiﬁ
The temperature dependence of the magnetic diffuse scat- N
tering observed ak<0.1 has been reported previouSly yﬁmﬂﬂ‘
showing that the intensity disappears around the temperature 0 ‘ ‘ . . ‘ .
for the magnetic transitiofi ¢ . 08 13 18 23 28 33 38
The existence of ferromagnetic clusters could be the con- Energy (meV)

sequence of the polarization by a single mobile hole as pre-
viously predicted. However, in the present case, the com- FIG. 11. Energy spectra measured in f(] direction up to
parison between the cluster density and the hole densitége antiferromagnetic zone boundary,Tat 18 K. Fits correspond
rather indicates that one ferromagnetic cluster contains se? calculated intensities using Lorentzian functions convoluted with
eral holes. In our first articl&, using the assumption of an € SPectrometer resolution.
isotropic model(same distance between clusters whatever
the q direction, we have deduced a density of clusters
~1/60 times smaller than that of the holes. The anisotropyiguous, in spite of twinning, because of the two distinct
discovered in thel(qg) function of a twin-free Sr-doped periodicities in the reciprocal space. Examples of spectra ob-
sample indicates that this value has been overestimated by @iined along th¢00/] direction, which determines the anti-
least a factor of 2. Anyway, this very aproximative evalua-ferromagnetic coupling, are reported in Fig. 11 up to the
tion confirms the picture of a charge segregation with holeantiferromagnetic zone boundary.
rich regions embedded in a Mh hole-poor network. At Q=7=(0,0,1), a large gap valu€),=1.86 meV at

In conclusion, we get a picture of “ferromagnetic” clus- T=18K, is obtained. By increasing along [001] (q=Q
ters with a diameter of about 16 A , in repulsive interaction, — 7), the energy very weakly disperses as the intensity de-
which grow very slightly and start to coalescext0.1.  creases whereas the damping, roughly twice larger than in
They are observable as far as the long-range antiferromaghe undoped case, moderately increases. The energy saturates
netic order exists (&x<0.125). The observation of a char- when approaching the zone boundapy=(0,0,1.5) and a
acteristic distance between the clusters, as well as the obsgswer-energy mode belonging to the low-energy spin-wave
vation of a ferromagnetic Bragg peak, requires that the meapranch is observed. This high-energy branch has also been
magnetization inside each cluster is parallel to the same dimeasured along the direction of propagat[di0] starting
rection (here thec axis). This leads to a modulated canted from (110), which defines the ferromagnetic coupling. There,

state picture instead of a true phase separation. only spin waves withQ beyond(1.1,1.1,0 have a measur-
As shown below, the study of the spin dynamics will cor- able intensity. Therefore, the smajlrange along this direc-
roborate and specify this picture. tion has been studied starting from the antiferromagnetic
Bragg peak(111). The dispersion curve of this high energy
IV. SPIN DYNAMICS branch is reported in Fig. 12 by empty triangles along the

In Sec. IV A, spin dynamics of the=0.1 compound and two symmetry directions. A fit of the dispersion using a
in Sec. IVB s,pin dynamics ok=0.125 andx=0.20 are Heisenberg model with four first in-plane neighbor couplings

reported along the tw§001] and [110] directions of the 91 ferromagnetic andl,, antiferromagnetic, along001],
A-type magnetic structure. In Sec. IV C, the evolution with and With an effective single-ion anisotroiy (Refs. 15, 16

of the parameters determined from the spin dynamics is dic@nd 18 is also shown by a continuous line in Fig. 12. On the
played. same figure, results obtained f 0.1 andx=0 are also

reported for comparison. The variation df and J, with

A. x=0.1: The approach to the ferromagnetic transition doping is displayed in Fig. 13. It reveals a linear variation for
the two effective couplings, showing the weakeningJef
and the strengthening al;. This linear variationJ,(x)

a. The high-energy brancts recalled in the introduc- agrees pretty well witll,=0 atx=0.125, where the antifer-
tion, in this low-doped regime, two spin-wave dispersionromagnetic Bragg peaf00l) disappears.
curves are observed, characterized as high-energy and low- As a remarkable result, the gap, of this spin-wave
energy branches. For the high-energy branch, the assignmdmtanch keeps the same value for alisee Fig. 12 and Fig.
of a dispersion to th¢001] or the[110] direction is unam- 14). This value is also the same, within our experimental

1. Low-temperature spin dynamics: Comparison withs0.1
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FIG. 12. Dispersion curves alon@0/] from (001) to (002

Bragg peakgleft pane) and along ££0] from (110 to (1.5,1.5,0
(right pane) for x=0, 0.05, 0.08 and 0.1 compounds. A£0.1,
along[ ££0], only the smallq excitations of the low-energy spin-
wave branchempty trianglé have measurable intensity. The solid

lines are fits(see the tejt

accuracy, as that measured in Sr-doped santpféslso re-

ported in Fig. 14.

b. The low-energy branchror the case of the low-energy
branch, the assignment to th&10] or [001] directions is
more difficult, since the periodicities in thee space are the

same along the two directior(§erromagnetic characterlt

1.5 —————

3 (F)

-

Superexchange Integrals (meV)

0 5 10
Concentration x (% Ca)

FIG. 13. Ferromagnetic couplinyy and antiferromagnetic cou-
pling J,, associated with a superexchange type of coupseg the

text) as a function of Ca concentration.
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20
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FIG. 14. Energy gaps corresponding to the two types of spin-
wave branches, versus Ca and Sr concentrations. Filled symbols:
using the neutron techniqy&efs. 15, 17 and 1%t T=15 K and
(Ref. 35 at T=8 K. Open symbols: Using the antiferromagnetic
resonance technigu®ef. 39 at T<20 K.

can be solved, however, as long as the orthorhombicity of the
structure is measurable. lg//T experiments, where the
Bragg peakq002) and (110 are a center of symmetry for
w(Qq), the assignment is made by performirgy and —q
measurements. If the center of symmetry (@02 [resp.
(110], theq direction is[001] (resp.[110Q]). As shown in Fig.

15, all the+q and —q magnons lie on a symmetric curve
with respect tay=0, in the case where tH802) Bragg peak

is chosen as thg origin.

Examples of energy spectra are shown in Fig. 16, with the
energy-integrated intensi$§(q) reported in the inset. There-
fore, the new feature, at this concentration, comes from the
fact that spin waves propagating aloid.0] cannot be mea-

1.6 (e e

1.4
X LaMC aMMnOS

Energy (meV)

0’||||I||||I||||I||||I||||I||||I|.||I|.||’
-0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
q &Y

FIG. 15. Filled and empty circles correspond to energy excita-
tions of the low-energy spin-wave branch measured in two perpen-
dicular g directions, attributed t§110] and[001], respectively, for
one domain. The two corresponding dispersions coincide ifgthe
origin is the (002 Bragg peak whatever the domaift-g) and
(—q) measurements are symmetric with respect to(@®) Bragg
peak(see the text At this x=0.1 concentration, th02) and(110
Bragg-peaks positions are distant from 0.031" A
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FIG. 16. Energy spectra of the low-energy magnetic excitation ) ]
along [0,0¢£]. The energy-integrated intensi$(q) of this spin- _FIG. 17. Stiffness constant determlrjed from the low-energy
wave branch is shown in the inset. spin-wave branch versus Ca concentration. The values=&t.17

and 0.18 are deduced from a preliminary study.

sured. Only propagation alof@01] is clearly observed up

gqﬁ;heltantiferromagneticd_zone _bounda(xyf. lFig. 35' The dispersion curves bend at the zone boundasy(0,0,1.5) or
ifficulty in measuring a dispersion curve a.o[‘ig.]means_ 9=(0,0,5) with the same energy value w(d)
that the intensity of the qorrespondmg ex_c[tauons, SUPEMNM-_1 57 meV. This observation is the counterpart of the other
posed to thc')se' propagating aloyp1], eXh'b'FS a very fast remarkable observation concerning tkéndependent gap
decrease with increasing Such a strong anisotropy of the

. ; : . o of the high-energy branch, pointed out above, in the de-
spln-vlvave rllntens_lty Eas zﬂready bien _obs_ervetsj '?] %_Sr-d_opes ription of the high-energy brandkf. Fig. 18. Both fea-
sample, where, in the absence of twinning, both direction : ;
could be unambiguously identifiéd.Thanks to a quantita- tures reveal strongly nonlinear effects with

. ) The two spin dynamics are tightly coupled. Alof@01
tive correspondence between the correlation lengths deduc? by spread iﬁto tv?//o adjacent engrg)yranggs definifr%Ja] small
from the static and dynamic spin correlations, the relationfo '

with the anisotropic shape of the static clusters has beegurksjllddeenrjl ?}giﬁggée?;]%mitgngg irr?gt‘ltzolzt'g'gsp(‘; Fe):(ec\:tla
clearly established. In the same way, we can relate the a y emp ey P yp

isotropy of the spin-wave intensit$(q), in this x=0.1 tions of a single magnetic ground state
sample, to the anisotropy of the shape of the static clusters,
hidden here because of twinnirigf. Sec. Il). Within this ) o _
picture, theq profile of the spin-wave intensit$(q) [S(q) .The phase diagram rep_orted in Fig. 1 has pointed out the
is proportional to the susceptibilifyreported in the inset of €Xistence of ferromagnetic and insulating phases between
Fig. 16, with two distincty dependencies, can be interpreted Tc=138 K andTca=112 K, with a spin direction along

as the superposition of the intensities of the spin wave propaat Tc rotating towards belowTc,, where the antiferromag-
gating along botf110] and[001], characterized by a steep netic long range order occurs. The temperature evolution of
and a slowg dependence, respectively. The fit®{ig) with a
sum of two Lorentzian functions gives two correlation 8 ' ' ' ‘
lengths: =17 A and (=5 A. This anisotropy is very x=02 i ]
similar to the anisotropy of the spin-wave intensity observed

in the twin-free Sr-substituted sample, which, in this latter

2. Temperature dependence of spin waves

=]
Lo
Lo

case, could be quantitatively compared to the anisotropy of E To15K T
the cluster sizé? FP III
The wholeq range ofw(q) along[001] can be fitted by a g E
cosine law, and the smailrange, by av=Dqg?+ w, law as =
in our previous studies. The fitted dispersion is reported in 2 )

Fig. 12 with experimental data and compared with the
=0.05 and 0.08 cases. Values @f and D are reported in -
. ; : . P
Fig. 14 and Fig. 17, respectively, showing the decrease,of 0 : : : :
) : 0.0 0.2 0.4 0.6 0.8 1.0

and the increase dd with x.
. . 000
The comparison of the low-energy spin-wave branches
reported forx=0.05, 0.08, and 0.1 in Fig. 12 reveals that, FIG. 18. Damping versug of the magnetic excitation measured
along[001] where intensity is measurable whatexeall the  atx=0.2 along[001] or [110].
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FIG. 19. Temperature dependence of some magnetic excitation ©09 €co €0
energies. The full circles correspond to the gap measuré@al. ~ FG. 20. Comparison of the dispersion curves measured along
Empty circles correspond to excitations of the low-energy spinhe [007] and [££0] directions in x=0.1 (left pane) and x
wave branch measured €02.1 and (002.3. The solid lines are  — 125 (right pane). The two squared symbols in the left panel
guides for the eye. recall that these excitations have been obtained ar¢Li instead

of (110, where they have no intensity. Continuous lines: see the

text.
the spin dynamics provides the opportunity to probe more

deeply this ferromagnetic state. The temperature evolution dfhis is what one could expect from the linear variation of
the gap characteristic of the high-energy branch, measured a§(x), whereJ,~0 at this concentratio(Fig. 13. This spin-
the antiferromagnetic Bragg peak=(001), is shown by wave branch exhibits the same gap as that of the low-energy
filled circles in Fig. 19. It reveals a softening of this mode spin-wave branch in the canted state described above. There-
with a complete renormalization dtc,. Above Tca, We  fore, a continuity betweenx<0.125 andx=0.125 is ob-
still observe antiferromagnetiAF) quasielastic spin fluc- served for the spin dynamics through the low-energy branch.
tuations(energy spectra centered @t=0). By contrast, the This observation rules out the idea of a two-dimensional
magnetic excitations of the low-energy spin-wave branchmagnetic state at the disappearance of the antiferromag-
measured close to the ferromagnetic Bragg p@f) are  netism, which could be suggested when missing the low-
still well defined atTc and are fully renormalized a:,  energy spin-wave branch. The dispersion curve differs
without any anomaly affc5. This is shown in the same strongly alond 001] and[110] and exhibits some anomaly in
figure, where the temperature evolution of two modesy at both directions atqy=[(0,0,1.5) or(1.25,1.25,0] as de-
=(002.1) and(002.3, are reported by open circles and tri- scribed below.
angles, respectively. We conclude that the occurrence of the Along [001], the dispersion curve is very similar to the
long-range ferromagnetic order &t is driven by the ferro- low-energy spin-wave branch for<0.125. It bends with
magnetic coupling revealed by the low-energy branch only.avanishing intensity afj,=(0,0,0.5), the zone boundary of
the antiferromagnetic state, reaching the sarmalependent
B. x=0.125 andx=0.2: The ferromagnetic and insulating value defined fox<<0.125(see the horizontal dotted line in
phases

The concentrations=0.125 andk=0.2 correspond to the 20 —
ferromagnetic and insulating states. Their spin dynamics, a

’ . ) T=15K
low temperature, is described successively.

-
w
T T T

1. x=0.125

-
<
T T

The spin-wave dispersions(q) for g along[001] and
[110] are reported in the right panel of Fig. 20, and in Fig. i y
21. The assignment of a dispersion curve to[@l] direc- r o <~ B8
tion of propagation is unambiguous, in spite of twinning, and S 0.
uses the same arguments as %er0.1 (cf. Fig. 15. The
assignment of the other dispersion curve to [th&0] direc- 0 T
tion is the consequence of the first d_eductlon. _ ) 11 12 3 L4 s

The main result is the observation of one spin wave (€L0)
branch, within the exerpimental accuracy, as expected for a
ferromagnetic state. The excitations defining the AF superex- FIG. 21. Spin-wave dispersion alori@10] for x=0.125 (full
change coupling alonf001] at x<<0.125 are not observed. circle§ andx=0.1 (empty circles.

Energy (meV)

0% —> .7 ]
o
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Fig. 20. In spite of the disappearance of the antiferromag-

netic coupling, the similarity withk<<0.125 in the dynamic

FIG. 24. Energy spectra measured xat0.2 along[110] or

susceptibility implies the persistence of some feature, relatelP01], showing two modes for eadpvalue. The dashed lines cor-
to the vicinity of the canted state. In the canted state, we haveespond to a fit with two Lorentzian functions convoluted with the
outlined the tight connection between the dynamic susceptisPectrometer resolution.

bility of the low-energy spin-wave branch and the static cor
relations defining the ferromagnetic clusters, attributed to
charge segregation. At=0.125, this persisting spin dynamic
feature may reflect a persisting charge segregation alon
[001]. The gap value and the stiffness constant determine
from a fit w=wy+Dq? are reported in Figs. 14 and 17,

respectively.

Along [110], w(q) can be measured up to the ferromag-
netic zone boundaryl1.5,1.5,0 as shown in Fig. 21. The
dispersion differs from that observedt 0.125 especially
at smallg where only a spin-wave dispersion with a small

30 T T T T T T
25 -
x=0.2
s - o K
g 20 E [y E .
é T=14K *® 4
10 - - £ § [
| I# -
5 - - -
L - i
0 _...t.‘* 1 1 1 L 1 L
0.00 0.25 0.50 0.75 1.00
(0,0,2+0)

FIG. 23. Spin-wave dispersions determinedxat0.2 for q
along the[110] or [001] directions using the orthorhombic unit cel

gap value is detected, within the experimental accufaeg

comparison withx=0.1 in Fig. 2). This strong change at
small g suggests that, unlike tH®01] direction, ferromag-
etic platelets have percolated within the ferromagnetic lay-
ers, in agreement with the observation of a strongly increas-
ing intensity in diffuse scattering at very smal[Fig. 10b)].
The whole dispersion cannot be fitted by a Heisenberg model
with first-neighbor couplings only or a single cosine law,
unlike the case of the high-energy branch at lower concen-
trations. Instead it exhibits an “S” shape, suggesting two
different behaviors depending on the lower or largeanges
considered. In addition, an anomaly appears at half the zone
boundarygy=(1.25,1.25,0) as seen in Fig. 21. This anomaly
can be understood as a small splitting in the dispersion as
suggested from the energy linewidth of these magnetic exci-
tations, displayed in Fig. 22, where a discontinuity is ob-
served at thigj, value.

We mention that a similar anomaly has been reported in
Lag g=STr1sMn05,2% at the samey, value, indexed a€),0,2.5,
however, and related to the occurence of the new periodicity
indicated by the odd-integer superlattice peaks (0;0,D).
However, the present observations are thought to be related
to the[110] direction only, instead df001], so that it cannot
be explained by these superlattice peaks. Additional excita-
tions have been also observed at higher energy. This new
feature is discussed below for=0.2, where these excita-
tions are more easily detected.

For g<qg, a quadratic law forw(q) determines a stiff-
ness constant with a much larger value than al@{],out-
lining the anisotropic character of the ferromagnetic coupling

| at this critical concentration.

(edge of the small perovskite cub&he continuous line is a guide
for the eye. The splitting into two modes @§=(0,0,2.5) is sug-

gested by the jump in the energy linewidth at thisalue, reported

in Fig. 21.
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At x=0.2, where the transition Jo, occurs very close to
Tc (cf. Fig. 1, the orthorhombicity is too small for thHa 10
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and the(002 Bragg peaks to be resolved, and odd-integebranches alon§001] (cf. Fig. 12. These nonlinear features
(0,0,2H-1) Bragg peaks are observédf. Sec. Il A. How-  with x, observed both aj=0 and atg+ 0, disagree with the
ever, for continuity with thex<<0.2 concentration range, we usual picture of a mean-field canted state.gAt0, a mo-
still keep thePbnm indexation. The spin-wave dispersion notonous decrease of the large anisotropy @gpassociated
obtained at 14 K is reported in Fig. 23 for the two superim-with the antiferromagnetic structure, is expectéihstead of
posed [001] and [110Q] directions, corresponding to the an x-independent behavior. Moreover, in such a model, the
[100].,p direction when indexed in the cubic cell. two spin-wave branches would cross each other aJood]

At this concentration, we first notice the same anomaly aait g=(0,0,1.5), instead of keeping in the separated energy
go=1(0,0,2.5) or(1.25,1.25,0in the q variation of the mag- range as shown in Fig. 12.
non energy linewidthFig. 18 as in thex=0.125 sample. As Concerningwg(X), it quickly decreases up to=0.1, and
for x=0.125, the jump of the energy linewidth at this value very slowly beyond, in the ferromagnetic insulating state.
suggests a splitting or a gap in the dispersion. wp(X) is shifted at largek for Ca doping compared to the Sr

In addition, atg~q, and beyond, extra excitations are one, in agreement with the experimental fact that Sr induces
observed at higher energy=R2 meV), forming an optical a stronger ferromagnetic character than Ca. In our inhomo-
branch, with a growing intensity agincreases towards the geneous picture, the origin @fy(x) may be related to the
zone boundary. Concomitantly, the intensity of the lower-size of the platelets. Therefore, the ferromagnetic spin com-
energy excitation decreases. Corresponding energy spectpanent inside the platelet rotates more easily as the platelets
are shown in Fig. 24. size increases witR.

Excitations with the largest intensity allow to draw a
“main” dispersion curve up to the zone boundary, which,
unlike thex=0.125 concentration, appears identical for the In Fig. 17, we have reported the variatibr{x), obtained
[001] and[110] directions. This “main” spin-wave disper- for seven single crystalsx&0.05, 0.08, 0.1, 0.125, 0.17,
sion cannot be fitted with a Heisenberg model using first0.18, and 0.% deduced from a fit with an(q)=Dg+ wq
neighbor coupling. As above, for=0.125, the dispersion along[110] or [001] in the smallg range onlyD reflects the
within the g<qg range has been fitted using a quadratic law,Jong-range ferromagnetic coupling. It shows three regimes.
determining a stiffness constant, and gap values reported in For x<0.125, the fit corresponds to the smaltange of

2. Evolution of the stiffness constant D with x

Fig. 17 and Fig. 14, respectively. the lower-energy branch, which is isotropic. Since the corre-
sponding spin-wave susceptibility reflects the anisotropic
C. Evolution of the dynamic parameters with x form factor of the ferromagnetic clustesatelets, this isot-

ropy could appear surprising. Actually, the stiffness constant
D, which reflects the long-range ferromagnetic coupling,
may involve the magnetic coupling inside the clusters
(double exchangeand between the clusters through the
canted magnetic state of the AF matrix, reflecting the fact
In Fig. 14, the variation wittx of the two gaps, the large that the local magnetizations inside the clusters are coupled
one (), associated with the excitations of tletype mag- through the matrix.
netic structure and of the small org),, associated with the At x=0.125, where a single spin-wave branch is ob-
low-energy spin-wave branch, are displayed. In the same figserved, the dispersion differs alof@01] and[110]. The step
ure, measurements of both Ca- and Sr-doped samples olmcrease observed alorfd10] corresponds to the collapse
tained by neutrot?141%1735fjlled symbolg and by antifer- between the two spin-wave branches into a single one,
romagnetic resonante (empty symbols are reported. whereas the low value dd along[001] is in perfect conti-
Except forx=0 where a small discrepancy is observed be-nuity with the evolution of the low-energy spin-wave branch.
tween neutron dafa!® and the AF resonance technigife, As discussed previously, the abrupt increase of this coupling
the agreement of the data is excellent, whatever the Calong[110] and the absence of variation of this ferromag-
doped or the Sr-doped samples. Actually, the low-energy gapetic coupling alond001] agree with a picture opercola-
reported atx=0 by antiferromagnetic resonanteunre- tion of the platelets occurring in the ferromagnetic layers
solved by the neutron technique, cannot have the samenly. This implies persisting inhomogeneous features along
meaning asw,, related to the low-energy branch, which ap- [001].
pears only by doping. At x=0.175 and beyond) appears isotropic within our
Beyond the very small concentration range~0.02) accuracy level. Interestingly, the stiffness constant does not
where the large gaf), decreases quickly, two regimes may significantly vary between the value alofil0] measured at
be defined, the boundary being around the ferromagnetig=0.125 and that, isotropic, foundat0.2. Apart from this
transition. (i) In the AF canted staténamely,x<0.125 for X range, a continuity oD(x) between the smallestvalues
the Ca substitution and< 0.1 for the Sr ong Qg is foundto andx=0.2 can be suggested, when fitting the whole varia-
be x independent. The same observation is found for thdion by a quadratic function of.
Sr-doped samples, showing the same constant energy value. ) . o _
As outlined in Sec. IVA1, this observation is associated 3. Evolution of the “effective” superexchange constants with x
with the existence of a forbidden energy regi@mtched In Fig. 13, the “effective” superexchange couplings, fer-
areg separating the energy range of the two spin waveomagnetic {;), and antiferromagneticJ¢) deduced from

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

1. Variation with x of the two energy gaps

104421-12



APPROACH TO THE METAL-INSULATOR TRANSITION ... PHYSICAL REVIEW B34 104421

the high-energy branch alon@10] and[001] directions, re- with the inhomogeneous picture of ferromagnetic clusters
spectively, are reported up to=0.1. A linear variation is coupled through the matrix.

observed with. It yields J,~0 close tox=0.125, in agree- The x=0.125 sample is the limit corresponding to the
ment with the observation of a single ferromagnetic spin-disappearance of thetype antiferromagnetic structure. This
wave branch at this concentrati¢ef. above. The renormal-  ferromagnetic state results from two evolutions withoc-
ization of superexchange coupling by hole doping agree§uring concomitantly: a linear decrease of the antiferromag-
rather well with the model of Feiner and ORSsHowever Netic coupling analyzed in terms of an effective superex-
this model does not take into account charge segregation afifl@nge typeJ, whereJ, ~0 at x=0.125 (homogeneous

therefore cannot predict another spin-wave branch. Therd’0cess and, as revealed by the diffuse scattering, the
fore, it would lead to a two-dimensioné2D) ferromagnetic growth of the ferromagnetic clusters, suggesting a kind of

behavior ax=0.125 wherel,=0. By contrast, we show the percolation of the hole-rich clusters at this concentration
— V. 2— V. , . . .
continuous increase of the three-dimensional ferromagnetihornogeneous procgssThis magnetic percolation does not

coupling withx, revealed by the ferromagnetic low-energy Goincide with the percolation for transport propertiesetal-

b h. Atx=0.125 wh | i b lgc statg, since an insulating behavior is still observed at low
ranch. Atx=0.125, where several anomalies are observedqmneratyre. At this concentration, one spin wave branch is

in the spin-wave dispersion, the “effective” superexchangeqetected within the experimental accuracy, as expected for a
couplings can no longer be defined. ferromagnet, but with an anisotropic dispersion. From the
inhomogeneous picture derived at smaller concentration, this
anisotropy could be explained by the percolation of the plate-
lets occuring in the basal plane or{BD percolation. Such a

The three studied concentratiors-0.1, 0.125, and 0.2, 2D percolation has been actually predicted using a band
described in this paper, characterize three distinct steps in tHgodel for LaMnQ.** Whatever the true picture, this anisot-
evolution of the magnetic ground state towards the insulatortOPY implies some persisting inhomogeneous features along
metal transition. Thec=0.1 sample exhibits the same origi- [001]. In addition, an anomaly is observed aldrig 0] at g
nal properties reported in the very low-doping regime ( N the spin-wave dispersion, corresponding to half the zone

=0.05 and 0.08 i.e., an additional spin-wave branch of fer- bo?n?ﬁry' —0.2 le. th : i ion is isot
romagnetic character and a static diffuse scattering, charac-iC Cvith?nxgur.aciirrrfli%e,mz ir):gr_n\,\;?\/%bése?\?saoq «':Il?s Ifsé)? "~
teristic of ferromagnetic inhomogeneities in interaction. The” Y- y &

observation here is the strongly anisotrogidependence of x=0.125, IS now aSS|gne(_1_to the two s_upen_mpoé@ﬂl] .
the intensity of the low-energy spin-wave branch. This mayand[110] directions. In addition, a magnetlc (_)ptlcal branch is
be related to the 2D character of the ferromagnetic clusters Oorbserv?dtre]lt tliﬁm and larger e.rt1etr.g|es. Th's. f;eatur? 00“".1h
platelets. This feature, readily observed in the diffuse scatterzU99est that the magnon excitations are intéracting wi
ing of a free-twin Sr-doped sampl&js difficult to observe other excitations, magnetic or not. A physical procg;s of
in the static diffuse scattering reported here because of th@?rg]]non-phct)non Cgltjﬁ“ng r:ﬁ%rzlehen suggesteddby Fur I'awa
twinning. These 2D ferromagnetic clusters are embedded ig' tWese Systems. e(; au bital av_et ptroposte a colup m?h
an average canted state. The proposed analysis of the diffu & eeln mag?ton_ an f ororta exmt;i |onsd(_) Gt";](p alnt ”_e
scattering, which yields a density of clusters smaller than th&nomalous softening of magnons observed in the metallic

42 A . .
density of holes, suggests a charge segregation. This char g:\te. The study of the spin dynamics with temperature,

segregation picture differs from the phase-separation pictur ’speC|aIIy be_lovWB_where a reentrant structural transition is
with antiferromagnetic and ferromagnetic states, predicte b_served, will be important for a_deeper under;tandmg of
by the theory'~® The fact that the ferromagnetic components IS pomplex magnetic state. It will be reported in a forth-
inside the clusters point towards the same direction instead®™Ng Paper.
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additional coupling in the system not accounted for by usual

theories. Dipole-dipole interaction between magnetic po- The authors are very indebted to L. Noirez from Labora-
larons has been previously suggested as a possible origin ftwire Leon Brillouin for his help during the small-angle neu-
this coupling®’ We outline the unusual dependencies of the tron experiments and A. Wildes from Institut Laue-Langevin
spin waves alon@001], showing two distinct types of exci- (Grenoblg. They further acknowledge M. Viret, B. B. van
tations in a separated energy range, which strongly differé\ken, T. T. M. Palstra, A. Moreo, D. |. Khomskii, E. L.
from what is expected for a canted stalestead, they agree Nagaev, and A. M. Oles for stimulating discussions.

V. CONCLUSION

1E. D. Wollan and W. C. Koelher, Phys. ReM00, 545 (1955. 5M. Kagan, D. Khomskii, and M. Mostovoy, Eur. Phys. J.1B,

2] Goodenough, Phys. ReM00, 564 (1955. 217 (1999.

3P. G. de Gennes, Phys. Réd8 141 (1960. "E. L. Nagaev, Phys. Status Solidi 6, 9 (1994); Phys. Rev. B

4D. P. Arovas and F. Guinea, Phys. Rev58 9150(1998. 60, 455(1999.

5D. I. Khomskii and G. A. Sawatzky, Solid State CommaA2, 87 8J. Riera, K. Hallberg, and E. Dagotto, Phys. Rev. Léf,. 713
(1997). (1997.

104421-13



G. BIOTTEAU et al.

9S. Yunoki, J. Hu, A. L. Malvezzi, A. Moreo, N. Furakawa, and E.
Dagotto, Phys. Rev. Let80, 845(1998.

104, J. Millis, B. I. Shraiman, and R. Mueller, Phys. Rev. Lé&tt,
175 (1996.

H. Roder, J. Zang, and A. R. Bishop, Phys. Rev. L&6. 1356
(1996.

124, Kawano, R. Kajimoto, M. Kubota, and H. Yoshizawa, Phys.
Rev. B53, R14 709(1996.

131, Pinsard, J. Rodguez-Carvajal, A. H. Moudden, A. Anane, A.
Revcolevschi, and C. Dupas, Physic&2B4-236 856 (1997.

14y Endoh, K. Hirota, S. Ishihara, S. Okamoto, Y. Murakami, A.
Nishizawa, T. Fukuda, H. Kimura, H. Nojiri, K. Kaneko, and S.
Maekawa, Phys. Rev. Let82, 4328(1999.

15E. Moussa, M. Hennion, J. Roduez-Carvajal, H. Moudden, L.
Pinsard, and A. Revcolevschi, Phys. Revo® 15 149(1996.

16M. Hennion, F. Moussa, J. Roduez-Carvajal, L. Pinsard, and A.
Revcolevschi, Phys. Rev. B6, R497(1997).

M. Hennion, F. Moussa, G. Biotteau, J. Raylrez-Carvajal, L.
Pinsard, and A. Revcolevschi, Phys. Rev. L8tt. 1957(1998.
8 Moussa, M. Hennion, J. Roduez-Carvajal, L. Pinsard, and A.

Revcolevschi, Phys. Rev. 80, 12 299(1999.

19M. Hennion, F. Moussa, G. Biotteau, J. Rajirez-Carvajal, L.
Pinsard, and A. Revcolevschi, Phys. Rev6B 9513(2000.

20G. Matsumoto, J. Phys. Soc. Ji#®, 606 (1970.

2IA. J. Millis, Nature (London) 392, 147 (1998.

223, Rodrguez-Carvajal, M. Hennion, F. Moussa, A. H. Moudden,
L. Pinsard, and A. Revcolevschi, Phys. Rev. 5, R3189
(1998.

2L, vasiliu-Doloc, J. W. Lynn, A. H. Moudden, A. M. de Leon-
Guevara, and A. Revcolevschi, Phys. Re\o® 14 913(1998.

24V, E. Arkhipov, V. S. Gaviko, A. V. Korolyov, V. E. Naish, V. V.
Marchenkov, Y. M. Mukovskii, S. G. Karabashev, D. A.
Shulyatev, and A. A. Arsenov, J. Magn. Magn. MatE®96-197
539(1999.

25y, Yamada, O. Hino, S. Nohdo, R. Kanao, T. Inami, and S.

Katano, Phys. Rev. Let#7, 904 (1996.

PHYSICAL REVIEW B 64 104421

26B_ B. van Haken and T. T. M. Palst(@rivate communication

273. Dho, I. Kim, S. Lee, K. H. Kim, H. J. Lee, J. H. Lung, and T.
W. Noh, Phys. Rev. B9, 492(1999.

28N. N. Loshkareva, Y. P. Sukhorukov, S. V. Naumoy, N. I. Solin, .
B. Smolyak, and E. V. Panfilova, Pis’'ma Zhksp. Teor. Fiz68,
89 (1998 [JETP Lett.68, 97 (1998].

29y, Moritomo, A. Asamitsu, and Y. Tokura, Phys. Rev.38, 12
190(1997.

30M. Paraskevopoulos, J. Hemberger, A. Loidl, A. A. Mukhin, V. Y.
Ivanov, and A. M. Balbashov, cond-mat/98122t@published
and cond-mat/981230&inpublishegl

Sy, R Popov, A. M. Kadomtseva, G. P. Vorob’ev, V. Y. Ivanov, A.
A. Mukhin, A. K. Zvezdin, and A. M. Balbashov, J. Appl. Phys.
83, 7160(1998.

$2pengcheng Dai, J. A. Fernandez-Baca, N. Wakabayashi, E. W.
Plummer, Y. Tomioka, and Y. Tokura, Phys. Rev. L&, 2553
(2000.

33C. P. Adams, J. W. Lynn, Y. M. Mukovskii, A. A. Arsenov, and D.
A. Shulyatev, Phys. Rev. Let85, 3954(2000.

34A. A. Mukhin, V. Yu lvanov, V. D. Travkin, A. Pimenov, A. Loidl,
and A. M. Balbashov, Europhys. Le#9, 514 (2000.

35K . Hirota, N. Kaneko, A. Nishizawa, Y. Endoh, M. C. Martin, and
G. Shirane, Physica B37-238 36 (1997).

36, F. Feiner and A. M. Olg, Physica B259-261, 796 (1999.

S7E. L. Nagaev, Fiz. Tverd. Teld_eningrad 13, 891 (1971 [Solid
State lonicsl3, 738 (1971)]. ]

38, P. Gor’kov and V. Z. Kresin, Pis'ma Zh.K&p. Teor. Fiz 67,
934 (1998 [JETP Lett.67, 985(1998].

39N. Furukawa, J. Phys. Soc. J8, 2522 (1999.

40G. Khaliulin and R. Kilian, Phys. Rev. B1, 3494 (2000.

41A. M. Oles and L. P. FeineQrbital Order versus Orbital Liquid
in Doped Manganites in Ground State and Finite Temperature
Bandferromagnetispedited by K. Baberschke, M. Donath, M.
Potthoff, and W. Nolting'Springer, New York, in presgs

42pengcheng Dai, H. Y. Hwang, Jiandi Zhang, J. A. Fernandez-
Baca, S.-W. Cheong, C. Loc, Y. Tomioka, and Y. Tokura, Phys.
Rev. B61, 9553(2000.

104421-14



