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Elastic neutron scattering experiments, performed in semiconducting €Ca MnO; single crystals
(x = 0.05,0.08), reveal new features in the problem of electronic phase separation and metal insulator
transition. BelowTy, the observation of a broad magnetic modulation in ¢hdependent elastic
scattering intensity, centered at nearly identiggl whatever theq direction, can be explained by
a liquidlike spatial distribution of similar magnetic droplets. A semiquantitative description of their
magnetic state, diameter, and average distance can be done. Such a picture can explain the anomalous
characteristics of the spin wave branches previously observed. [S0031-9007(98)06987-7]

PACS numbers: 75.50.-y, 61.12.Ex, 71.30.+h

Doped Mn perovskites are intensively studied for We have performedlasticneutron scattering measure-
their remarkable giant magnetoresistance underlying thments as a function of temperature in;LaCaMnO;
electronic behavior that has potential technological ap{x = 0.05,0.08), close to the direct bearr = 0) and
plications. The basic physical ideas have been given bthe = (110) Bragg peak. In both experimental cases, a
Zener [1], with the model of the double exchange, whichbroad modulation is observed, centered at nearly the same
connects the electron hopping with the ferromagnetic (F),, whatever thegy direction, with intensity growing be-
alignments of Mn spins. The electron-phonon couplinglow Ty. This scattering does not exist fer= 0. Such
through the Jahn-Teller effect was studied by Millisa pattern is typical of an assembly of magnetic clusters
et al.[2]. On the other hand, the role of the electronicor droplets, with a mean magnetization different from that
localization and the formation of magnetic polarons haof the matrix and a well-defined shortest distance between
been emphasized by Varnet al. [3]. Several pictures them. A semiquantitative description of the droplets and
of magnetic polarons were proposed, associated to ona their spatial distribution is proposed using a liquidlike
carrier (small polarons) [4,5] or, in the case of largermodel. The droplets are isotropic, their radius<§ A,
carrier densities, to several carriers (large polarons) [6]their density is low compared to that of the hole concen-
A cooperative state of magnetic droplets by self-trappingration, and their minimal distance of approach indicates
carriers was predicted by Nagaev using thé or s-f  a repulsive interaction. The existence of these magnetic
model [6], since this physical situation was first suggestedlusters is closely linked with the unusual spin dynamics
for some rare-earth compounds [7]. Models of the[14,16,17]. The overall static and dynamic observations
electronic phase diagram have recently been reexaminesliggest a picture of magnetic droplets or large polarons
[8,9]. Magnetic inhomogeneities have been suggestedith a magnetic coupling distinct from exchange, coupled
to be the origin of the behavior of the susceptibility andthrough the surrounding medium characterized by the su-
of the dynamical spin fluctuations observed ab@yein  perexchange coupling. They are characteristic of an elec-
doped Mn perovskites [10,11]. Very recent NMR experi-tronic phase segregation, which results from the balance
ments have been interpreted in terms of electronic phadgetween unmixing forces, predicted by thé model, and
separation [12]. However, a characterization of magnetiintermixing Coulomb forces.
inhomogeneities has never been made until now. We Experiments have been carried out at the reactor
have started a spin dynamics study in LeCa,MnO; for ~ Orphée (Laboratoire Léon Brillouin) using a triple axis
low doping [13,14] where the system is insulating and unspectrometer set at a cold neutron source. The samples
dergoes a transition to a weakly canted antiferromagnetiwith x = 0.05 and 0.08 show similar results, so that only
(AF) state atTy [15]. An additional spin wave branch observations for ther = 0.08 sample, with a volume
occurs by doping. The corresponding dynamical suscemf 0.3 cn?, are reported. The crystalline structure is
tibility reveals a small ferromagnetic correlation length, orthorhombic(Q’) with Pbnm symmetry. The crystals
whereas the dispersion curve is isotropic, indicating are twinned basically having thrgeé domains of volume
new ferromagnetic coupling between some Mn spinsV; (i = 1,2,3) with their ¢ axes along the directions,
This isotropy contrasts with the strongly anisotropicby, ¢o of the cubic perovskite substructure [14]. The
character of the other spin wave branch, characteristic afther type of domains wherg andb are interchanged,
super-exchange. This new spin dynamics was attributelading to two peaks in the rocking curve, may have some
to “magnetic polarons,” whose origin could not beinfluence only close tar # 0. The q directions[110],
elucidated. [001], [112], and[100] refers toag, ¢, to the diagonals
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of the faces(ay + ¢o) and(ao + by), respectively. The I,,(g) consists of a broad peak, locatedzgt ~ 0.21 A~!
subscripti will be used below to distinguish thg and a residual and nearly flat scattering beyordA !,
direction within the differentF domains. The magnetic Along[112];, the overall intensity is slightly smaller, and
structure mainly consists of ferromagnetis-b) planes, a slight shift ofg,, is observed.
with AF stacking along:. However, the increase of the  Elastic experiments §; = 1.55 A~! with Be filter),
(110) and(112) nuclear Bragg peaks belofy (122 K), have also been performed in tfj¢ 10],[001]) plane close
indicates a long range ferromagnetic ordering for a smalto = = (110);, at eight temperatures in thel < T <
spin component along. It corresponds to a canted state. 300 K range, and severaj directions. Thd110]; ¢ di-
At 14 K, theaveragecanting anglef,,, is =10° from b rection is reported in Fig. 2a. In this figure, the two sets
within the (b-¢) plane. of vertical lines are results of the fit of tH&10); (bold)
Elasticexperiments have been performed aroung 0  and(002), Bragg peaks, easily resolved due to the large
with k; = 1.25 A~!, covering six temperatures within the orthorhombicity. At 15 K, a well-defined maximum in
15 < T <300 Kand0.05 < g < 0.6 A~! ranges, along I(g) is observed at = 0.87 (i.d. g,, = 0.2 A~1), with a
severalq directions. Intensities have been put on anflat ¢ scattering beyon®.4 A~'). The g-symmetric in-
absolute scale, using a vanadium sample and a standaehsity of this modulation with respect {d10), is ob-
procedure for correction. The temperature dependencgerved as a shoulder on the hu§é2), Bragg peak side
of the spectra are reported in Fig. 1a fgr|| [110];.  of the twin domain, as shown in the inset of Fig. 2a.
In the 150 < T < 300 K range,I(g) = I(g)yr is found
temperature independent. In the smallgsange,/(g)ut 1400 5755 : ‘ e TII7K
is attributed to dislocations or large structural defects
present in the sample. At larger the residual intensity
is nearly twice as large as the nuclear and chemical
incoherent scattering (marked by the arrow in Fig. 1a),
indicating a contribution from disordered spins, static at
the experimental time scal@.5 X 10~ '! s). Below Ty,
I(g) increases significantly in the wholge range, except
close tog = 0.01 A~!, and shows a modulation centered
atg, =~ 02 A~ at 15 K. The temperature dependence
of g, cannot be detected in the 75-15 K range within
our accuracy. Similar observations are obtained along 200 -
[112]; (mixed with [100]5), except for a small shift of a(A™) (@)
g towards a smaller value and a small overall decrease 0~ i v N ‘
of intensity. 1(¢) along[001]; (mixed with [110],3), is 0.60 0-70 0-80 0-90 1.00
identical to/(g) along[110];. The same observations are
obtained using arXY detector device (SANS), at 15 K on |
where the dynamical spin fluctuations can be neglected. 9 e Along [110 |
Figure 1b reports the magnetic contributigp(g) ob- 120 2242505%r(;?nm[f%?]
tained by substractind(g)ur, for ¢ || [110]; and ¢ ||
[112]; at T = 15 K. The smallesty range correspond-
ing to effects related to the dislocations, is not shown.

1200

1000 -

800

600

Neutron Counts / 540s

(002?

¥ ——(110)

1400

1000 -

600 r

Neutron Counts / 540s
0]
3

1500 5
§ :¥;%g§ ulated functlon
=3 oT=150K...300K
@ c 400
S 1000 (a) 2 242 40
g Buen s £
5 g-‘d " 008 5 5 200 - ]
= x=0. =
3 4 g
2 sw o A A % S 121 PS5
0 A . ’ = s 0 | | | | |
o A4 £
L 0%oc8 ;ogo 0ae? - 0.0 01 0.2 03 04 05 06
WL a(A”) 016 032 048 —}, TAAEE -
0.0 0.1 0.2 0.3 0.40.0 0.1 0.2 0.3 0.4 0.5 0.6 q(A )
1@zl (&™)

FIG. 2. Diffuse scattering intensities vers@s(or g = Q —
FIG. 1. (a) Scattering intensities versus in counts and 7) measured around = (110),. (a) along[110],, at five
calibrated in barns, observed aboW® = 122 K [I(q) =  temperatures in the 300—17 K ran@&, = 122 K). When not
I(g)ut], at 75 and 15 K fof110]; direction. The arrow marks shown, the error bar is within the size of the symbol. In the
the nuclear incoherent scattering. (b) Magnetic intensitiesnset, the continuous lines are components of a fit with two
1,(q) = I(q) — Iur(q) versusqg at 15 K for[110];, and[112], (+¢m, —g») modulations, symmetric with respect ta10),.
directions. The dashed lines are calculated functions (c.f. th€b) At 15 K along threeq directions. The horizontal line
text). locates the sample background observed at 300 K [cf Fig. 2(a)].
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The apparent asymmetry of the spectrum is due to thevhere Am is the difference between the mean magneti-
superposition 0f002), and (110); Bragg peaks with no zationsm || ¢ inside and outside the dropletF(gR) is
modulation from the domaig002),. We conclude that the form factor of the droplet (a spherical shape of ra-
this modulation is magnetic, with a magnetization alongdius R is assumed) of density, and volumeV, and
(001). In Fig. 2b,I(q) is reported forq along two other J(gq) is the interference function. Thd factor @ =
directions of the scattering plane at 15 K, taking $aene >, V;sirt 6,/ >, V; where 6, is the angle between the
g origin at (110);. A small overall decrease of the in- mean magnetizatiom and q for the domainV;) is re-
tensity and a shift ofy,, to smaller values is observed. quired to determiném. It expresses that for q direc-
Along [112];, the g,, value appears slightly smaller than tion belonging to domain 1, the intensity also comprises
that observed close te6 = 0 (Fig. 1). This is well ex- contributions from domains 2 and 3. They have different
plained by the shift of they origin attached to the dif- q andm directions and are weighted by their geometri-
ferent domains, unlike the previous case, close te 0, cal factor sid9;. This latter factor shows thdt 10] is
where theg origin is thesamefor all domains. The in- a “pure” direction,[001] cannot be observed, and12]
tensity is smaller by a nearly independent value. Ac- is mixed with[100], weighted by0.5(V; + V,) and V3,
tually, the intensity of the flay tail keeps the low value respectively. The equality of the three twinned volumes
determined at 300 K [c.f. the horizontal lines in Figs. 2acould be checked at 11 K from the scattering pattern of
and 2b], whereas along the other directions it varies withthe SANS experiment, thanks to théY detectors de-
temperature. As the temperature increases, a very slightce. We have used the isotropidg) function derived
decrease of;,, can be detected, whereas the intensity offor liquids by Ashcroft and Lekner [19]. The spatial
the modulation decreases (Fig. 2a). A, a huge criti- distribution is characterized by two parameters: the par-
cal scattering intensity is observed close to thé0), ticle densityNy from which we determine the mean inter-
Bragg peak. Inth&y < T < 250 K range, small modu- particle distancel,, and the minimal distance of approach
lations appear, but alorid10]; (ag axis) only. As shown between the particle centeds;,. The expression af(g)
at 250 K in Fig. 2a, theg maxima correspond to the is given in the footnote [20]. This model can fit the
harmonics ofg,,. Their intensities show irreversibilities experimental data as shown in Fig. 1b (dashed line). It
with temperature, in contrast with the broad modulationyields a diamete2R =~ 17 A (i.e., =4-5 lattice parame-
below Ty which is perfectly reproducible. Since unde- ter ay of the small perovskite cube), a droplet density
tected close to- = 0, they are likely related to modulated Ny = 2.1 X 107> A3 leading tod,, = 9a,, and a mini-
strain effects (with aQ = 7 + ¢ dependent intensity) mal distance of approacl,, = 26 A (6 ~ 7ay). This
coexisting or competing with the broad magnetic modu-value, compared to the average distadge accounts for
lation. At 300 K, I(g) is monotonous, but its wealg  the rather well-defined organization and indicates a repul-
dependence indicates the persistence of ferromagnetic caive interaction between the droplets. From the absolute
relations, static at the experimental time scale. Thesegalue of the intensity, we determine a magnetic “contrast”
observations confirm those obtained close to the direcAm =~ (0.7 = 0.20)up. It corresponds to a difference of
beam. The flaty scattering, with minima of intensity =10°, between the canting angles characteristic of the two
along [112], appears as a “sample background” corre-regions, which is surprisingly small.
sponding to mainly disordered spins, the origin of which From this semiquantitative determination, we conclude
is unclear. that the density of the “ferromagnetic” particles is very
We focus our analysis on the magnetic contributionlow compared to that of the holes (ratig60 for x =
I,,(g) obtained close ta = 0 at 15 K (Fig. 1b). A scat- 0.08) leading to a picture of hole-rich droplets within a
tering pattern showing a broad modulation with nearlyhole-poor medium [6,8,9]. At = 0.08, the magnetic
the sameg,, in all q directions, indicates a spatial or- state of the droplet is far from a true ferromagnetic state
ganization of similar entities or “droplets,” as that ob- within the canted antiferromagnetic medium. It appears
served, e.g., in a chemical unmixing process [18]. Tocanted, the spins inside the droplets being deviated from
apply this model in a magnetic system, one needs tthe perfect AF structure by an angle ef20° (0,, =
define a mean magnetization density into the two red10°). The temperature variation of the intensity below
gions, with a “contrast” between them, as an analogly, must be related to the evolution of the contrast
of the chemical contrast. The existence of a ferromagAm between the two magnetic regions, which varies
netic component along allows one to define a mag- with the mean magnetization. The almost temperature
netization functionm(r), m || ¢ throughout the lattice. independent evolution of;,, suggests that the charge
Therefore, the spatial Fourier transform of the spin corcarrier segregation persists By. Above Ty, where the
relations(S;S;) is replaced by that ofm(r)m(r’)), r be-  spatial distribution described above cannot be observed,
ing a continuous variable in direct space. Neglecting thehe information arises from the spin dynamics only, which
small anisotropy, a semiquantitative analysis can be madadicates a ferromagnetic correlation length typical of
using these inhomogeneities [16].
We compare now the characteristics of the static mag-
do(q)/dQ = rZANyV3|Am|*|F(gR)*|J(¢), (1) netic inhomogeneities with those of the low energy spin
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o = T liar evolution of the dispersion curves with The cor-
so0f LajCaMnO; responding two spin wave branches keep separated by an
100 s T=16 K ] energy gap, independent of (hatched area in Fig. 3b).
Such a peculiarity also holds at= 0.1. Therefore, the
300 330t (b) ] separation in the direct space into two magnetic regions,

Neutron Counts

induced by an electronic phase segregation is associated
with a separation in the energy space into two spin dy-

" ] = wa— namics, characteristic of two types of magnetic coupling.
03] ‘Q"\R.Nﬂ In conclusion, the very unusual features found for
0 e (000) the static and dynamical spin correlations provide new
0.1 0.6 11 16 21 0 L L L L . . . . . .
(meV) T2 14 e s 2 insights in the physics of the electronic phase separation.

A liquidlike spatial distribution of magnetic polarons

FIG. 3. (a) Energy scans fitted by energy Lorentzians for, . . .
¢ 11 00¢] at 16 K. From top to bottom¢ varies from 2.05 Nas been observed for the first time. The picture of

to 2.5. (b) Dispersion curves for = 0.05 (filled circle) and  hole-rich droplets agree with predictions of thed

x = 0.08 (filled square). The continuous line at upper energymodel in a well-known limit [6,8,9]. Whether such

corresponds to the spin wave branch observed in pure LaMnOinhomogeneities exist at higher concentration, in the

temperature range close to the metal-insulator transition

wave branch which appears for these doped systems, cojhere giant magnetoresistance properties are observed, is

sidering both itsg-dependent intensity and its dispersioniikely, but a confirmation requires more studies.

curve. One author (M. H.) is very indebted to B. Hennion and
In Fig. 3a we have reported some energy spectra ol Khomskii for fruitful discussions and G. Coddens for

tained as a function of || [001]. Similar results are ob- his critical reading of the manuscript.

served forq || [110], indicating an isotropic and weakly

dispersed spin wave branch. As previously shown for

x = 0.05 [15], the intensity of this spin wave branch

strongly decreases with. Fitting the dynamical form 1] c. zener, Phys. Re\82, 403 (1951).

factor (or energy integrated intensity) with a Lorentzian [2] A.J. Millis et al., Phys. Rev. Lett77, 175 (1996).

function leads one to determine a ferromagnetic corre-[3] C.M. Varma, Phys. Rev. B4, 7328 (1996).

lation length ¢ with ¢ = 7.5-8 A for both [110] and  [4] P.G. de Gennes, Phys. ReM8 141 (1960).

[001]. This reveals a tight connection between this [5] T. Kasuya and A. Yanase, Rev. Mod. Phy$0, 684

low energy spin wave branch, characteristic of a low  (1968).

and isotropic coupling, with the static droplets described [6] E-L. Nagaev, Phys. Status Solidi B86, 9 (1994).

above. Among other characteristic features, these spin exl/] N- Oliveira et al., Phys. Rev. B, 2634 (1972).

citations keep a propagative character and are still well[8] S- Yunokietal., Phys. Rev. Lett80, 845 (1998).

defined even at smal, i.e., over distances larger than [9] Ig\)ﬂdblﬁii?j?’ M. Mostovoy, and D. Khomskil (to be

the droplet_size. These excitations may therefore COIME 0] J.W. Lynnet al., Phys. Rev. Lett76, 4046 (1996).
spond to eigenstates of the whole spin system. Withif11] 3 M. De Teresat al., Nature (London)386, 256 (1997).
the above inhomogeneous picture derived from the statig2] G. Allodi et al., Phys. Rev. B56, 6036 (1997).

study, this means that the droplet magnetic states af@3] F. Moussaet al., Phys. Rev. B54, 15149 (1996).
coupled together through the matrix. In Fig. 3b, the dis{14] M. Hennionet al., Phys. Rev. B66, R497 (1997).
persion curve is shown alorf§01] together with that of [15] E.O. Wollan and W.C. Koehler, Phys. Re¢00 545
the other spin wave branch. The two spin wave branches  (1955).

observed forx = 0.05 are also reported for comparison. [16] F. Moussaet al., Physica (Amsterdamg41B—243B 445

When considering the dispersion curve of the low-energ (1998).
branch, a fit usings = Dg® + w, as an approximation )fl?] (I\iégg)nnlonet al., J. Magn. Magn. Materl77—-181 858
at smallg, indicates an increase of the stiffness constanhS] M. Hennionet al. Acta Metall. 30. 599 (1982)

D with x, and a decrease of the gapzat= (002). Such 1191 N W, Ashcroft and J. Lekner, Phys. Reld5, 83 (1966).
an evolution of the constar? with the number of carriers 20] j(4) = [1 — NyB(g, Ny, dumin)]™", with B =
can be expected at larger doping, within the true metallic = —4742,, [dss2(a@ + Bs + 852)SiN(sqdmin)/sqdmin,
and ferromagnetic state [21]. However, within the present  and«, 8, and$ related toy = 7Ny dii /6 (c.f. [19]).

picture of two magnetic regions, we observe a very pecuR21] K. Kubo and N. Ohata, J. Phys. Soc. JB86, 21 (1972).

1960



