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Elastic and inelastic neutron-scattering experiments have been performed §n,8.gMnO; untwinned
crystal, which exhibits an antiferromagnetic canted magnetic structure with ferromagnetic layers. The elastic
smallq scattering exhibits a modulation with an anisotrogidependence. It can be pictured by ferromagnetic
inhomogeneities or large magnetic polarons with a platelike shape, the largestsiZe &) and largest
interpolaron distance~38 A) being within the ferromagnetic layers. Comparison with observations per-
formed on Ca-doped samples, which show the growth of the magnetic polarons with doping, suggests that this
growth is faster for the Sr than for the Ca substitution. Below the gap of the spin-wave branch typical of the
antiferromagnetic layered magnetic structure, an additional spin-wave branch reveals a ferromagnetic and
isotropic coupling, already found in Ca-doped samplesgitiependent intensity, very anisotropic, closely
reflects the ferromagnetic correlations found for the static clusters. All these results agree with a two-phase
electronic segregation occurring on a very small scale, although some characteristics of a canted state are also
observed suggesting a weakly inhomogeneous state.

. INTRODUCTION with an isotropic dispersion was obsen/éd'® Whether
these findings are restricted to Ca substitution, in relation
In the simple ionic picture of La ,B,MnO; (B=SF", with the stronger induced lattice distortion, or are more gen-
ca&*, or B&"), upon increasing, the M ions charac- eral, is an important question. The present study carried out
terized by threet,4 and oneey electrons are gradually re- on Sr-substituted samples sheds light on this issue. Sr is
placed by MA* with empty eq orbitals. These compounds known to induce a smaller distortion of the Mn-O-Mn bonds
have attracted much attention due to their anomalous tranghan Ca, resulting in a higher hopping probabititypr the g
port, magnetic, and structural properties. The low-dopingholes. Therefore in the ferromagnetic and metallic state, at
range of these compounds preceding the ferromagnetic ardrge x values, the ferromagnetic transition temperature is
metallic phase is far from being fully explored, and the much higher for Sr than for Ca substitution. This enhanced
mechanism driving the metal-insulator transition is still un-ferromagnetic character can also be seen at smgllby a
clear. On the theoretical side, the situation is rather controshift of the critical concentratiom. for the metal-insulator
versial. Two pictures have been proposed. In the model of dgansition. For instance, thexg,=0.175 sample is
Gennes, the competition between the antiferromagneticmetallic}*'®whereas thec,=0.194 one is still insulatind®
(AF) superexchange and the ferromagnetic double exchanderevious inelastic neutron measurements on low doped
couplings associated with the hole hoppingsults in a  La;_,SrMnO;, with x=0.05(Ref. 17 and 0.09'® have re-
canted state. In contrast with this picture, several authorported a single spin-wave branch, with AF interplane and
have found that an inhomogeneous representation of ferrderromagnetidF) in-plane magnetic couplings.
magnetic hole-rich region&alled ferrons or ferromagnetic The present study, carried out on an untwinneg
polarong, within an antiferromagnetic hole-poor medium, =0.06 sample, reveals two additional features. Below the
could be more favorable than that of a canted stet&imi-  temperature of the magnetic transition, a ferromagnetic
lar results have been obtained by Monte Carlomodulation of the intensity of neutron scattering can be ob-
simulations®~° This picture of ferromagnetic polaron, here, served at smalfj, similarly to our previous observations in
differs from the spin polaron picture discussed by Kasuya,one Ca-substituted sampfeThe untwinned sample reveals
which consists of a ferromagnetic cloud surrounding onehe anisotropic character of this modulation. The size of the
hole. inhomogeneities is about twice as large (17 A) within the
In La, _,CaMnO;, interesting observations have been re-ferromagnetic layers as perpendicularly to them, indicating
cently reported: a ‘“static” ferromagnetic modulation has platelets instead of droplets. Furthermore, an additional spin-
been observed at small wave vectgranterpreted in terms wave branch is observed with an isotropic dispersion curve,
of magnetic inhomogeneities or droplets, with a distributioncharacteristic of a ferromagnetic coupling. Tdndependence
analogous to that of a liquith. Moreover, below the gap of of the corresponding susceptibility, along the two main sym-
the spin-wave branch with an anisotropic dispersion typicametry directions, reflects closely the correlations of the static
of the AF layered structure, an additional spin-wave branctinhomogeneities, showing the same anisotropy. This study
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8 e ' fore anaveragecanted state is defined beloW, which

L[, OO0 Intensity ] . consists of ferromagnetic layers in tke, b) plane, antifer-
g ‘. . @ - romagnetically stacked Ialom‘:; ang Wi:]h 3 weak f((é;ron;]ag-
B4l ~ J mT netic spin component alongas sketched in Fig.(dl). The
% @ "-. I two transition temé%eratures agree with the phase diagram of
z2h . 8 Ca-doped samples being between those found fotc,
£ + AT e =0.05 andxc,=0.08. However, an interesting difference

0020 20 80 80 100 120 140 160 between the two systems appears for the spin deviation or
R — ™ o canting angled deduced from the weak ferromagnetic com-
E .ol ™. (112)Intensity 40 ponent. From thg112 Bragg peak intensity, an average
E&O ., 35 Pene deviation angled from b towardsc of 13 ° is determined at
%, 50 o, T=15 K; this value is the same as that found fxg,
£ ‘s s, =0.08, and much larger than the values5 °, determined
£ m""'-\ 25 % for Xc,= 0.05. Therefore the increase of the canted arigle

18 2.0 L8 upon increasing, is faster for a Sr substitution than for a Ca

Y0 50 100 150 200 250 15 b one. It is worth noting that the Bragg-peak intensities define

40 60 80 100 120 140 . i . .
T® &) an average magnetization but do not inform about its ho-

mogeneous or inhomogeneous character. The inhomogene-

FIG. 1. () Temperature variation of the intensity 64 the jties contribute to diffuse scattering between Bragg peaks
(001) Bragg peak definindy (130 K) , and(b) and(c) the (112 which is studied below.
Bragg peak definindk (124 K). In (d), the drawing represents the

average magnetic structure. IIl. ELASTIC DIFFUSE SCATTERING

confirms the general character of our previous observations.. Elastic ¢;w=0) diffuse scatering measurements, which
The density of the platelets which is much lower than thediVe access to short-range ordered correlations, havg been
hole density confirms a picture of an electronic phase segr herfcrxrmietrj at Isle\;ﬁral tv?lm%e_ratires Iiloggcsﬁﬁazti?fz In
gation on the scale of two tens of A. Comparison with the € reciprocal iattice, —qrT ec. , diuse
previously studied Ca-substituted sample.-{=0.08) and scattering intensity clpse to the d|rept b(—;-am(OOO) IS re-

with a new one reported here with a smalbes, value ported along the main symmetry directions. In Sec. Il B,

(Xca=0.05), brings us to deduce that the ferromagnetisn%jiffuse scattering around=(110) is reported along the

induced by hole doping is enhanced upon Sr substitution> 2 1ed directions.

Such an enhancement is observed both in the size of t? These two types of experiments appear complementary.

ferromagnetic polarons and in the characteristics of the spi he scattgrmg intensity close to the direct be"?‘m IS more eas-
dynamics ily modelized, but, because of the geometrical factor, the

The rest of the paper is organized as follows: In Sec. II[(.)Ol] .symmetry direction is unobservable. In contrast, this
the magnetic structure is determined. In Secs. Ill A and Bd'reCtt'ﬁg (cj:aflp b: obstterv_ed cllosef;(llllg). V\iﬁ ?AZ? czr;—
elastic diffuse scattering data at small angle and around thBare iffuse scattering close 4e-(110) wi mea-

(110 Bragg peak are reported. In Sec. IV, the spin dynamic ured close tor=(220), where, due to the Mn magnetic

is investigated. Finally, in Sec. V, the overall results are dis-o " factor, the magnetic intensity is expected to decrease.
cussed. Finally, antiferromagnetic correlations have also been mea-

sured close tor=(001) along the[001] direction and re-
ported in Sec. Il C.
Il. MAGNETIC STRUCTURE

) . ) A. Ferromagnetic short-range order studied close tor=(000)
Experiments have been carried out on the three-axis spec-

trometer 4F1, installed on a cold source at the reactor @rphe 1. Experiment

(Laboratoire Len Brillouin), on an untwinned single crystal ~ Small-angle scattering experiments have been performed
of Lag gsSly0gMnO; (0.1 cn?), grown by a floatting zone in the range 0.£q<0.6 A~! and in the temperature range
method. The nominak=0.06 value agrees witkh deduced 15<T<300 K along[110], [112], and[001] directions us-
from the lattice parameters reported in Refs. 19 and 20. Thihg k;=1.25 AL

structure is orthorhombicc(y2<a<b) with Pbnm sym- As in Ref. 11, the magnetic intensityq) was obtained
metry. The temperature dependence (d10), (001, and by subtracting the high-temperature spectrigg(q), found
(112 Bragg-peak intensities was studied. The-(001) to beq isotropic and temperature independent Tor T,
Bragg-peak intensity determines a long-range antiferromagrom the spectrum measured at 15 K. Such a subtraction
netic order belowly=130 K[see Fig. 1a)]. The evolution  procedure assumes thafr(q) has a nuclear origin assigned
of the 7=(112) Bragg peak intensity, very sensitive to theto dislocations. Actually a residual scattering intensity above
occurence of ferromagnetism because of its small nucledar, can be observed close te=(110) where dislocations do
intensity, determines a long-range ferromagnetic order atot contribute(Sec. Il B). Since it is very small, the subtrac-
Tx=124 K, smaller tharT [see Figs. (b) and Xc)]. The tion procedure is validl(q) was converted in barns per Mn
absence of any ferromagnetic component beljwin the  using a vanadium standard, and is reported in Fig). for q
(002 Bragg peak intensity indicates that the ferromagneticalong[110] and[112] and in Fig. Zb) along[001]. In both
spin component is alonfp01] (geometrical factgr There-  [110] and[112] directions, a modulation is observed around
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the opportunity to check these two assumptions. By analogy
with the chemical problem where the nuclear scattering

c‘,gf {}‘2’ 250/ lengthb; ; replacesS’;, the Fourier transfornT(Q) of the

correlations ofS* spin components may be written:

N

I(Q)O(zl (gu)ZeiQ(Ri—Rj)

ij=
N

+ X [SSf ()2l AR,
1

ij=

Neutron Counts/ 549s

0 . . B Here, the symbol. means the projection o%* in the
0.0 0.2 04 0.6 plane perpendicular t®. The first term gives rise to the

qA™Y ferromagnetic Bragg peaks and the second one to ferromag-
2 . . . netic short-range order. The bar stands for spatial average.
The thermal average has been omitted. In the present case,
200 Q=q, since 7=(000). By approximating the inhomoge-
neous character of the magnetization to a step function char-
acterized by two magnetization valugsee Fig. 2c)], and
replacing the discrete spi®& by the continuous magnetiza-
tion densitym; (r), the second term may be factorized into
two functionsF(q,R) andJ(q,d, ,dmin):

1(q)=CF*Q)|F(a,R)[?3(q,dm,dmin), (1)

whereF(q,R) is the Fourier transform of one cluster assimi-
lated to a sphere of radilR andJ(q) describes the cluster
spatial distributiorf? Its full expression which uses the aver-
age intercluster distanod,, and a minimal distance of ap-
proachd,,;,, has been previously givéh.F(Q) is the Mn
magnetic form factor. Close te=(000), F(Q)~1. From
Eqg. (1), mainly two length scales are derived; the typical
size of the inhomogeneitR is mainly deduced from theg
dependence beyond the maximuml ¢d), sinceJ(q) in Eq.
(1) tends asymptotically to unityji) the characteristic dis-
-— tance between the inhomogeneitids, (or equivalently, the
inverse of the densit;N;l), deduced from the liquidlike

FIG. 2. Elastic magnetic scatteringg — | 41 versusq in barns distribution fl,mCt,'on‘](q’dm'dmin) in Eq. (1). An approxi-
per Mn (left hand scaleand neutron count§ight-hand scale (s ~ Mate determination can also be made frgm, (g at maxi-
along[110] and[112] q directions andb) along[001] q direction. ~ Mum of intensity with d,=2/qpax. These two parameters
The lines are guides to the eye): schematic representation of a areé included in the scale factoC of Eq. (1), C
modulation of longitudinal componeng. =(yro)?|Am*|2NyV? (y,r, being constants for neutron
scattering. The only free parameter when fitting is the
squared magnetic contragtm?-|2, given by the difference
of the magnetizations between the two regigsisetched in
Fig. 2(c)]. In this model, the intensity is very sensitive to the

Intensity(barns/Mn)
g

o
Lo
e
o]
=)
] .
Neutron Counts/ 549s

q=0.2 A%, differing in intensity. The weak maximum ob-
served at largeq along[110], since not observed close to the
equivalent symmetry pointL10), is likely a spurious effect. . . ,
The magnetic contribution observed alof@p1], is nearly size R enters at the power 6 in the const&htor a §pher|.cal
zero around 0.2 Al, and increases slightly witly [Fig. shape through the squargd vpluMé. Therefore, in an iso-
1()]. tropic mode_l, the scattering |_nten_5|tY(q) _changes onI_y by
the geometrical factor as tligdirection varies, decreasing by
_ ~1/2 from[110] (perpendicular t@) to [112], down to zero
2. Analysis along[001].

In our previous study of a Ca-doped sampli¢he appar- Comparison of these predictions with observations of Fig.
ent isotropy was the consequence of twinned domains. W2(a) and Fig. 2b), leads to the following conclusions. The
have proposed a crude model of magnetic inhomogeneitiestriking result is the absence of any intensity in the range
or droplets. The basic assumption is that the scattering inter®.1<q<0.2 A~! along[001], where the maximum of in-
sity results from the contribution of longitudinal spin com- tensity was observed in twinned samples. This confirms the
ponentsS? along[001] as sketched in Fig.(2). In addition, assignment of this magnetic scattering $6 spin compo-
we have assumed that the characteristics of the magnetizents. The increasing intensity at larggrindicates short-
inhomogeneitiegshape, distangeare the same whatever the range antiferromagnetic correlatiofthe AF Bragg peak
direction (isotropic model. Our untwinned sample provides (001) is located atq=0.83 A~ in Fig. 2]. They will be
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L ‘ — substituted ones, the maximum intensity df(q)

i 1 (=2 barns/Mn) and the dependence beyorgl,, ., hearly
coincide with the values of the;,=0.08 case. Within the
above modelcontinuous and dot-dashed lineg indicates
that the cluster size is theamein the two samples. We note
a small shift of theq,,.x value between both samples, also
observed in the raw data around-(110), reported in the
T inset of Fig. 3 in reduced lattice unitglu), which could
<:§i’ 5 indicate a slightly smaller cluster density in tkg,=0.06

20

15 ¢

1.0

Intensity (barns/Mn)

0.5 sample.
2;}8:;2;.‘{?,5 DT It results from the analysis of these three samples that the
0.0 #x(Sr)=0.06 , i intensity seems to be mainly determined by the size, in
0.00 0.20 0.40 0.60 agreement with the model given by E@). This also indi-
q(AY) cates that the magnetic contrast value is the same in the three

samples. As previously reportétithe value deduced from
the scale facto€ in Eq. (1), |Am*|~0.7 wg is surprisingly
small. This could result from an overestimate of the volume
Hue to the shape anisotropy, theLQ] direction correspond-
ing to the largest size. Moreover, a slow decrease of the
magnetization starting from the core of the polaron, as
sketched in Fig. @), is more realistic than the step function
of the present model. We indicate that NMR experiments
discussed in Sec. Il C. AlongL10] and[112], the scattering under an applied field suggest that some spins are fully
intensities do not only differ by a simple geometrical factor, ferromagnetic?
but also by some anisotropy in their dependence. The In conclusion of the above analysis, the size of the cluster,
slower q dependence of(q) beyond the maximum, foq  at a givenx, depends on the chemical dopant, being larger
along[112] indicates a smaller size along thEL2] direction  for Sr than for Ca. This outlines the role of the hopping
(at =~45° from c) suggesting a still smaller size along the probability “t,” regulated by the mean Mn-O-Mn bond
[001]direction. Diffuse scattering experiments close o angle, to define the size.
=(110) reported in Sec. Il B will characterize this anisot-
FOpl)r/]. the absence of any anisotropic model, a Semiquantita-B' Ferromagnetic short-range order studied close tor=(110)
tive description can be made, using Ety) to fit I(q) along Diffuse scattering intensity has been measured close to
the[110] direction only. The fifcontinuous line in Fig. @)] 7=(110) for main symmetry directions and as a function of
provides a correlation lengthR2=¢,~17 A and a density temperature, using the incident neutron wave vedtpr
of clustersN,, which corresponds to an intercluster distance=1.55 A™~%.
which is twice the diameter value. The low density of the In Figs. 4a)—(c), raw data are reported as a functiongof
ferromagnetic clusters cannot be explained by the picturé A1 for g/[[110] (a), q//[001] (b), and g/[[112] (c) at
proposed for diluted chalcogenide alldywhere a single several temperatures. Hegeis defined with respect to the
electron ferromagnetically polarizes the neighbor spins but110 Bragg peak. Along110|, a modulation ofl (q) ap-
rather indicates an electronic phase separation. In the rest pears very well defined at 16 K. It agrees with the observa-
the paper, these ferromagnetic inhomogeneities are calldibns reported close te=(000) (Fig. 2), considering that
ferromagnetic clusters or large ferromagnetic polarons in aslight differences may be expected due to the subtraction
equivalent way. procedure. Alond112] and [001] a modulation ofl (q) is
In Fig. 3,1(q) for x5,=0.06 is compared withi(q) for  also clearly seen at 16 K, growing below the transition tem-
Xca=0.08 (Ref. 11) andx-,=0.05, in absolute units, fay ~ perature, but with a smaller amplitude. Note the change of
along the[110] direction and atT=15 K. For the Ca- scale in both coordinates between Fig&)4nd 4b). Along
substituted samples, a factor 2/3 takes into account the fag001], beyondq=0.55 A~1, the increasing intensity corre-
that one domain out of three does not contribleay., we  sponds to the tail of the short-range antiferromagnetic order
report31(q), 1(q) being displayed in Ref. 1We estimate asq approaches the AFL11) Bragg peak.
a possible error of 10% in the intensities, due to the fact that By neglecting the displacement of Mn atoms, we can use
they are corrected for sample transmission which is calcuthe same analysis as that performed in Sec. lll A. Stéce
lated instead of measured. in Eq. (1) is the spin component perpendicular@=q+ 7
Considering first the two Ca-substituted samples, thevith 7=(110), all directions are observable. Moreover, the
analysis(dashed and dot-dashed linehows the growth of corrections due to the geometrical factor can be neglected
the clusters withxc, from ~14 to ~17 A asxc, varies [cf. Fig. 4b)].
from 0.05 to 0.08. In addition, there is a small shiftapf .y All features indicate that the ferromagnetic correlations
with Xc,, interpreted as an increase of the cluster densitywhich define the ferromagnetic cluster have a smaller exten-
The increase of the intensity by a factor 2 nearly agrees witlsion along[001] (antiferromagnetic stacking of the laygrs
Eqg. (1) , being 30% smaller than expected. Interestingly,than along110] (within the ferromagnetic lay&rAssuming
when comparing thexs,=0.06 sample to the two Ca- that all g directions within the ferromagnetic layers are

FIG. 3. Magnetic scattering intensity versgign barns/Mn. Full
circles: x5,=0.06; open circlesxc,=0.08; open squaresXc,
=0.05. The continuous, dot-dashed, and dashed lines are fits wi
the model(see the tejt Inset: diffuse scatteringaw data close to
the (110 Bragg peak in equivalent reduced lattice uriits)). Full
circles: xg,=0.06; open circlesxc,=0.08. The continuous lines
are guides for the eyes.
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g @/110] 2
* 300 | 200 Akete
100 ‘ %6 07 08 0.9 1.0
0.0 0.2 . 04 ’ : [C-CO] ) :
a(A")
400 FIG. 5. Comparison betwee_n diffuse scattering qbserved along
[ ‘ [110], aroundr=(110) (empty circle$ and (220 (full circles) us-
3%:%35% ing k;=2.662 A. Close tor=(110), only a modulation fitted by
é a Gaussiaricontinuous ling is observed with the Bragg ped#tot-
2 300 | 9//1001] ] ted line. Close tor=(220), another componefdot-dashed ling
§ is observed in addition to the magnetic modulatidashed ling
S
£ In addition, theg,,,x Value at the maximum of intensity is
2 200 larger along [001] (gq~0.25 A™Y) than along [110]
(=~0.18 A™Y). We deduce an approximate intercluster
distanced,,= 27/ q a4 SMaller along001] (=25 A), than
100 , ‘ , along[110] (=38 A).
0.0 0.2 0.4 0.6 The behavior with temperature has been mainly studied
qAY) for g along[110] [see Fig. 4a)]. As T increases, a decrease
' of the intensity is observed.
. 700 | e T=15K 1 The decrease of the elastic scattering does not result from
g a dynamical broadening. This was checked by energy scans
% @/m12] at one consyarq value, using the energy resolution 40eV
S 500 1 (using an incident neutron wave vectdt=1.1 A™1).
E Therefore the signal remains “elastic,” even for our best
E energy resolution up tdx . Close toTk a large scattering
300 ¢ © 1 intensity enters in our finite experimental window, as shown
in Fig. 4@ at T=130 K. It can be fitted by a Lorentzian
- function, and is attributed to critical scattering. Abolg a
1005 02 02 residual bump of intensity persists, centeredat0. In con-
q(A) clusion, the scattering intensity attributed to ferromagnetic

_ _ o polarons vanishes by approachifig as does the ferromag-
FIG. 4. (a): Raw intensity versus, converted in A1, g in rlu netic Bragg-peak intensity. The evolution of thedepen-
?gj Obje(;]K%egL(J;eldO)fr(zg:IQ_?g()zl](l(lf)i 0(‘)25‘5?19 1[(1)1%) dence with temperature is difficult to determine, except at
,1,0). (b) along ; —0i
X small g where a shift ofg,,,x to q=0 is observed. The re-
and (¢) along [112], (1,1,0)=Q=(1.3,1.3,0.6). The continuous sidual scattering abovEx suggests that some electronic seg-

lines are fits with a Gaussiafmodulationn and delta functions . . . . .
(Bragg peakexcept at 130 K ir(a) where a Lorentzian function is regation, which, in the temperature ranige T gives rise to

used. In(b), the Gaussian component, corrected for the geometricain€ ferromagnetic clusters, could also persist abbyve Ac-

factor, is shown by a dotted curve. tually, such a persistence can be better studied from the tem-
) ) ) ) perature evolution of the unusual spin dynamics, as was re-

equ!valent, such_ an anisotropy deflnes a platelike g;hape_ f(Horted for the Ca substituted sampl@s.

the inhomogeneities or that of an ellipsoid of revolution with Finally, in Fig. 5, the diffuse scattering alorig10] ob-

main axesé¢;;, &, & . Since few directions have been v B
studied, theq dependences have been fitted independentl erved aroundr= (_110) and7=(220) are compared_,_ both
eing measured in the same experimental conditidgs (

with a Gaussian function as an approximation of f{g, R) - ; :
function used in Sec. Il A. Alond001], the q dependence =2.662 A™*). The modulation does not readily appear
beyond Q.. determines a typical size¢ ~7 A around 7= (220). Actually, besides the contribution of the
(=2 Mn-Mn distancel nearly twice as small as the value Bragg peak](q) consists of aj-modulated intensity, twice
&,~17 A found along[110]. The origin of this anisotropy smaller than that observed aroume-(110) (dashed ling
will be discussed below, in relation with the anisotropic superimposed to a huge intensity at smatjeapproximated
double exchange due to the AF layered structure. by a Lorentzian functioridot-dashed line The decrease of



9518 M. HENNION et al. PRB 61

500 3 3
& 400 |
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1.0 1.2 1.4 1.6 1.8 201 1.2

00,0 (e

0 L L ' n
00 01 02 ?'3 04 05 FIG. 7. Dispersion curves of spin waves fpalong[001] and
q(a") along [110]. Filled symbols correspond to the high-energy spin-
wave branch, and empty ones to the low-energy one. The continu-
ous lines are guides for the eye. The arrows point the gap value of
the low-energy branch forc,=0.05 (upper ong¢ and xc,=0.08
(lower one.

FIG. 6. Scattering intensity versugin A1 along[001], with
q=Q—7, 7=(001): filled circle: T=16 K empty circle: T
=200 K. Data at 16 K are fitted by the sum of a delta function
(dotted curve for the Bragg peak with a Lorentziafong-dashed

li daG i ll-dashed linefunctions. . . L
ine) and a Gaussiatsmall-dashed lingfunctions size, shape anisotropy, etc. The determination of the mag-

the modulated intensity wit) as 7 increases fronf110) to ~ Netic excitations allows a better understanding of this pecu-
(220), agrees with the decrease of the squaredMmag- liar magnetic state. Moreover, in the absence of twinned do-

netic origin of the modulation. The Lorentzian contribution, Pringing important informations. Since we have already
since not observed around- (110), has no magnetic origin. Studied them in the Ca-doped samples, we can get a quanti-

It reveals a deviation from the perfect atomic long-range orfative comparison between the two systems.
der. Deviations from atomic positions give rise to a nuclear Inelastic neutron-scattering experiments were performed
intensity varying withQ?, whatever their isolated or segre- On the spectrometer 4F1, at constant final neutron wave vec-

gated charactéf We recall that diffraction measurements tors ki=1.55 A% andk;=1.3 A™* at 50 and 15 K. En-
performed on a very |a|’ge Q range, and using a pair d|Str|ergy Spectra for excitations in creation mode process have

bution function have determined two distinct Mn-O distances?een fitted by a Lorentzian function as spectral function,
attributed to MA* and Mr?*,24 and therefore a disorder for convoluted with the spectrometer resolution:

the oxygen positions. The present observation could be re-
lated t(})/gthis IC()jisorder. P S(Q.hw)=AF(Q)*hw[1+n(fiw)]x(Q)

r'(q) 1
(ho—ho(q)?+T(q)2 7

@

C. Antiferromagnetic short-range order

As a feedback effect of the ferromagnetic inhomogene-
ities described above, we also expect to observe some AF From the fits, the energy modes(q), their damping
short-range correlations within the canted AF layered struct'(q) and the energy integrated intensig{Q) are deter-
ture. Elastic diffuse scattering has been measured alongined. This latter parameter contains the geometrical form
[001], close to the antiferromagnetic Bragg-peak(001) at  factor and anyQ dependence related to the symmetry of the
T=16 KandT>Ty (T=200 K) and reported in Fig. 6. magnetic structure. Since the modes are underdamped, the
There, due to the geometrical factor, only correlations of spirthoice of the spectral function does not affect the results.
components transverse to th@0l] direction (S, &) are  n(%w) is the Bose population factor.
measured. Actually, belovly , a diffuse scattering intensity To benefit from the increase of intensity related to the
grows. At 16 K, the intensity consists of a weak modulationthermal population factor, the two main-symmetry directions
in the sameq range as in Fig. &), superimposed to a [001] and[110] have been fully studied at 50 K, whereas
g-Lorentzian intensity at the foot of the Bragg peak. Thisonly the[001] direction has been studied at 15 K.
latter reveals an additional magnetic disorder, corresponding In Fig. 7, w(q) are reported fog in rlu along[001] and
to a weak deviation from the AF ordering on a scale largef110] directions atT=50 K, focusing on the energy range
than the ferromagnetic cluster~(L30 A from theq line-  below 3 meV. The scale in abscissa has been chosen to allow
width). It likely corresponds to some rotation of the trans-a direct comparison of the two directions in A units. The
verse components in th@, b) plane around their meab  similarities of the dispersion curves with previous observa-
direction, which is an additional degree of freedom for theseions in Ca-substituted samples are strikiAg® two disper-
spin components. sive spin-wave branches are observed. One with a large gap
and an anisotropic dispersion, characteristic of the AF lay-
IV. SPIN WAVES ered structure. Corresponding spectra are shown in Fay. 8
for direction[001]. The other one, with a small gap and an
In the previous section, we have described an inhomogésotropic dispersion, is observed at nuclear Bragg peaks only.
neous state from a phenomenological point of view: clusteit is characteristic of a ferromagnetic coupling. Alof@p1],
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ki=1.3 A1 (d) along[110] in two different Brillouin zones. The
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FIG. 9. Linewidth of the low-energy spin-wave modéwversus
g for g along[001] at T=50 K.

it levels up at the zone bounda(®01.5, and lies below the
gap of the formei(see the hatched area along {l0@1] di-
rection in Fig. 7. Corresponding spectra are shown in Figs.
8(b) and &c) for directions[001] and[110] respectively.

By fitting the high-energy branch alon@01] with a dis-
persion relation deduced from a Heisenberg Hamiltonian as
in the pure systerft, we determine an interlayer “effective”
antiferromagnetic couplingJo=—0.3 meV atT=15 K),
strongly reduced with respect to the undoped sySte(y,
=—0.58 meV atT=15 K). Along [110], high-energy
measurements are lacking to determine the coupling,
which was found to increase slightly witk in Ca-doped
samples?

The low-energy spin-wave branch has been analyzed with
a phenomenological quadratic law at smgll #w=Dq?
+hw, (D=6JS4g, if J is the first neighbor couplingThe
fit determinesh wo=0.54+0.02 meV andD=10 meV A?
at 15 K in both directions.

I'(g), which characterizes the excitation damping of the
low-energy branch, obeys well a quadratic law, identical for
the[001] and[110] directions(see Fig. 9 for th¢001] direc-
tion).

The Q dependence of the energy-integrated intensity,
x(Q), reveals several interesting features.

(i) The g dependence of the low-energy branch, measured
in the same Brillouin zon¢centered atr=(002)] strongly
differs for g//[001] and for g//[110]. This is illustrated in
Fig. 10, where the twa directions are compared. The fit
with a g Lorentzian line shapécontinuous lines in Fig. 20
yields correlation ranges alorjd10] and along[001] of 19
and 4 A, respectively. Thig dependence is reminiscent of
the ferromagnetic correlation§, and &£, obtained for the
static ferromagnetic clusters. Because of the strong decrease
of the intensity along[110], the low-energy spin-wave
branch could not be measured beyond somevalue
({=1.15 in Fig. 6, which is far from the zone boundary
(¢=1.5) along this direction.

(i) The intensity of the magnetic excitations of the low-
energy branch is twice larger for measurements in the Bril-
louin zone centered at=(002), than in that centered at
7=(110). This is illustrated in Fig. @), for one q value.
Interestingly, this factor 2 corresponds to the geometrical
factor expected for spin fluctuations transverse toctlais,

continuous lines are fits with a Lorentzian function convoluted withnamely, the direction of ferromagnetism in this sample. This

the spectrometer resolution.

finding agrees with the assignment of the low-energy spin-



9520 M. HENNION et al. PRB 61

600 - : \ - reported for xc,=0.05 (open squargs Xc,=0.08 (open
£ 2}332:::::3;3%[‘1"1’5} circles, andxg,= 0.06 (full circles), all measurements being
g 500 % mupper energy q//[001] 1 performed aff=15 K.
2 400 | This comparison reveals that the low-energy branch of
£ Xs,=0.06 corresponds very precisely to that measured in the
? 300 | Xca=0.08 sample, well distinct from that in the,,=0.05
-~ sample. For instance, the gap valig=0.55 meV, is twice
Z:," 200 | smaller than the valuéd.91 meVf found atxc,=0.05. The
= same shift withx can be seen, considering the value deter-
100 | mined by electronic paramagnetic resonan¢eEPR
measurement® namely wo=0.74 meV forxg,=0.05, sig-
01'0 12 14 s 18 20 nificantly smaller than that measured at the same hole con-

10,0,C] centration in the Ca-substituted sam91 meV). This en-
hancement of the ferromagnetism upon doping with Sr can
FIG. 10. q dependence of the magnon peak intensity at 50 K:also be seen when considering the antiferromagnetic cou-
along[001] for the high-energy brandtiilled squaresand the low-  pling (“effective” magnetic couplingJ,) deduced from the
energy branciempty circle$ and along[110] for the low-energy  high-energy branch, which is the same as that found for
branch starting fron{002), and reported in equivalent units of rlu Xc,=0.08.
[001] (filled circles.The continuous lines are a guide for the eyes. We conclude that the characteristics of the low-energy
branch(gap and ferromagnetic couplings well as those of

wave branch to the new ferromagnetism induced by dopingtn® high-energy branch, evolve faster witfor Sr doping

We mention that, in our previous study of Ca-substitutedN@n for Ca doping. Moreover, the shift with (~2%) is
sample<? the reported measurements have suggested a dif’e Same when comparing the spin dynamics and the evolu-
ferent conclusiorfintensity larger around110) than(002].  uon of the static ferromagnetic clusteSec. IllB). There-
This difference is likely not real, but related to the difficulty f(l)re a relfﬁ'or? efX'StS between the T.'Ze of trr]‘e ferrom?gn(ejtm
of separating the domain contributions in twinned samples.C uster and the ferromagnetic coupling or the gap value de-

AL ; ; . fined by the low-energy spin-wave branch.
(iif) Finally, we outline the absence of any intensity for In this comparison, we also note that the large gap value

magnetic excitations of the high-energy branch at of the high-energy branch, 1.86 meVE& 15 K, is, within

=(002). This is illustrated in Fig. 10, where the full squares . accuracy, the same as the gap value that was determined
show the decrease of the spin-wave intensities of the highz, Ca-doped samples, which is constant in the &85
) a

energy branch fronf001) to (002) along the[001] direction.  _q 1 ¢oncentration randé:' Correspondingly, the value of

This variation is a consequence of the symmetry of the antifhe low-energy branch at the zone boundary appears also
ferromagnetic layered structure. Therefore we can assign thl%(ed [see at(001.5 in Fig. 11], so that the spin wave lies

high-energy b“”?”Ch to spins or spin compqnents with th%elow the gap of the high-energy branch, in a separated en-
antiferromagnetic A-type structure. Accordingly, along ergy range. Preliminary results in LaMaQ; confirm the

[001], the intensity of the high-energy branch, maximum at ;
(001 (full square$ and the intensity of the low-energy one, general character of these observations.

maximum at(002) (open circles have complementarg de- V. DISCUSSION AND CONCLUSION

pendences. At intermediatg both types of excitations can

be observedsee/=1.4 and 1.5 in reduced units in Fig. In this paper, we have shown that all the unusual static
8(a)]. and dynamical features found in the Ca doped samples, also

The spin dynamics of thes,=0.06 sample has also been exist with Sr doping, confirming the general character of our
compared to that of thec,=0.05 and 0.08 samples. In Fig. previous observations. The analysis which takes into account

11, the dispersion of the low-energy branch aldag1] is  the anisotropy of the spatial distribution indicates a density
of ferromagnetic clusters=25 times smaller than the hole

20 . ‘ ‘ . density. This suggests a picture of an electronic phase segre-
gation with hole-rich regions, as a general feature of the low
8§z§%’."’)§ doping state. The absence of any chemical segregation,
_ 15 O%,=0.05 checked by x rays for one Ca-doped sample-0.08), con-
E firms this electronic origin. However, the ferromagnetic
S ‘0 component deduced from the Bragg-peak intensities cannot
g - o be explained by the volume fraction of ferromagnetic clus-
= ters only, suggesting that a small ferromagnetic component
05 also exists within the matrix.
T=15K Two interesting results aré) anisotropy of the ferromag-
netic cluster shape, indicating platelets rather than droplets,
0.0

and (ii) anisotropy of the dynamic susceptibility, which con-

trasts with the isotropy of the dispersion curve. Both features

have been observed thanks to the absence of twinning in our
FIG. 11. Dispersion of the low-energy branch aldog1] at T sample.

=15 K for xc,=0.05 (empty squaresXxc,=0.08 (empty circles, The anisotropy of the ferromagnetic cluster shape must be

andxg,=0.06 (full circles). a consequence of the AF layered magnetic structure and of

0.0 0.1 0.2 0.3 0.4 0.5
0,0,%)
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the double exchange coupling of Zehavhich favors the acterize a “distance” towards a critical, value atT=0.
hole hopping within the ferromagnetic layer. The layeredThis critical concentration would correspond touaiform
structure is related to the cooperative Jahn-Teller effecterromagnetic state. Within such an approach, the dynamical
which lifts the degeneracy of the, state’”*® The optimal  susceptibilityy (w,q) can be described as a precursor effect
size of the cluster can be defined from the competition beef this “uniform” ferromagnetic and metallic phase. The
tween the kinetic energy of they hole which is favored by isotropy of the ferromagnetic coupling indicates that, in this
the growth of the ferromagnetic cluster, and the long-rangeegion, the magnetic unit cell is the small perovskite cube, as
Coulomb energy, which unfavors the electronic segregdtion.in the metallic phase occurring &t>X, .
The enhanced ferromagnetic character induced by the Sr The ferromagnetic coupling is likely induced by itinerant
dopant with respect to the Ca dopant, confirms the role o&, holes. Therefore, in spite of the macroscopic insulating
some structural parameter for determining the hopping probeharacter of the low-doped samples, band mddefs*©.30:3
ability or the kinetic energy. which consider itinerang, holes in addition to localized
Turning now to the spin dynamics, we observe a coexistspins should be used.
ence of two spin-wave branches, the high-energy one, typical This precursor dynamics is expected to disappear at the
of superexchange coupling, and the low-energy one indicatmetallic transition where the hole-rich and hole-poor regions
ing a ferromagnetic and isotropic coupling. From the spin-melt into a single phase. Actually, &t,=0.3, a single spin
wave intensities observed at th®02 and (110 Bragg dynamics is observed with a vanishingly small gap vafue.
peaks, we can assign the high-energy branch to spins or spirhis will be discussed in a further paper on Ca substituted
components with the AFA-type structure, and the low- samples where the spin dynamics at the transition has been
energy one to spins or spin components ferromagneticallgtudied in a detailed wa3?.
aligned alonge. Finally, we have outlined that, within our experimental
The fast decrease of the AF interlayer coupling alongaccuracy, the large gap of the high-energy branch and the
[001], defined by the high-energy spin-wave branch, and asmagnon energy of the low-energy branch at the zone bound-
signed to superexchange coupling, agrees well with previouary (001.5 appear to be fixed at some general values. More-
experimental results. This evolution characterizes an in- over, the low-energy branch lies below the gap of the high-
creasing ferromagnetic character, showing that the spin cownergy one(see the hatched area in Fig, T a separated
pling, typical of the antiferromagnetic layered structure inenergy range. This latter peculiar feature has similarities with
which the clusters are embedded, is very sensitive to thebservations in LeNiO, ;1,%* where it is discussed in terms
doping x. Specially, this variation withx can be explained of host-host and impurity-host couplings, by analogy with
within a modet’ which does not assume any electronic the single impurity probler®® It is worth noting that, unlike
phase segregation and does not consider the canted state.the case of LgNiO, ;;, the two spin-wave branches appear
However, such a model cannot explain the low-energyin two distinct symmetry points in the reciprocal sp#061)
spin wave branch. The interesting result, concerning thiznd (002), defining two magnetic coupling of opposite sign
low-energy spin-wave branch, is the perfect isotropy of thealongc. The competition between these two magnetic cou-
corresponding dispersiofand of the damping within this  plings could be responsible for this separation in energy.
AF layered magnetic structure. Moreover, thelependent In conclusion, the static and dynamic spin correlations in
susceptibility, strongly anisotropic, reflects closely the anisofow-doped manganites characterize a picture of two-
tropic shape of the ferromagnetic static clusters. All thesgnagnetic regions, confirming an electronic phase segrega-
characteristics lead to connect these magnetic excitatiortton. However, the existence of a long-range ferromagnetic
with the ferromagnetic hole-rich regions. order indicates that the ferromagnetic regions are connected
The absence of any cutoff size effect or any anomaly athrough the matrix leading to a nonuniform canted state.
Omax IN the dispersion curve, in contrast with the case of theMoreover, the spin dynamics assigned to the AF spins or
stripe picture for instanc€, prevents a true inhomogeneous spin components is strongly sensitive to the doping, acquir-
picture. Rather, it suggests that these spin waves are coheréng a stronger ferromagnetic characterxdscreases. There-
through the antiferromagnetic matrix. The long-range ferrofore some homogeneous and inhomogeneous characteristics
magnetic order, found in the systefanted stafe is cer-  are actually observed together, whereas they are exclusive in
tainly responsible for that. Moreover, the origin of the smallall the theoretical models. This leads to a weakly inhomoge-
energy gap and its evolution with could be understood by neous picture. Its true origin remains to be clarified.
using general concepts of second-order phase transitions.
This allows us to make some predictions for the evolution
with x of x(g,w) in w-q space. We recall that, asin-
creases, the small gap energy (gt 0 decreases and the  We are very indebted to P. A. Lindgard, F. Onufrieva, Y.
strength of the ferromagnetic coupling defined by thée-  Sidis, L. P. Gor'kov, S. Ishihara, A. M. @, and M. Kagan
pendence increases. Therefore the gap valuecatld char-  for fruitful discussions.
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