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Liquidlike Spatial Distribution of Magnetic Droplets Revealed
by Neutron Scattering in La12xCaxMnO3
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Elastic neutron scattering experiments, performed in semiconducting La12xCaxMnO3 single crystals
sx  0.05, 0.08d, reveal new features in the problem of electronic phase separation and metal insula
transition. BelowTN , the observation of a broad magnetic modulation in theq-dependent elastic
scattering intensity, centered at nearly identicalqm whatever theq direction, can be explained by
a liquidlike spatial distribution of similar magnetic droplets. A semiquantitative description of thei
magnetic state, diameter, and average distance can be done. Such a picture can explain the anom
characteristics of the spin wave branches previously observed. [S0031-9007(98)06987-7]

PACS numbers: 75.50.–y, 61.12.Ex, 71.30.+h
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Doped Mn perovskites are intensively studied fo
their remarkable giant magnetoresistance underlying t
electronic behavior that has potential technological a
plications. The basic physical ideas have been given
Zener [1], with the model of the double exchange, whic
connects the electron hopping with the ferromagnetic (
alignments of Mn spins. The electron-phonon couplin
through the Jahn-Teller effect was studied by Millis
et al. [2]. On the other hand, the rôle of the electroni
localization and the formation of magnetic polarons ha
been emphasized by Varmaet al. [3]. Several pictures
of magnetic polarons were proposed, associated to o
carrier (small polarons) [4,5] or, in the case of large
carrier densities, to several carriers (large polarons) [6
A cooperative state of magnetic droplets by self-trappin
carriers was predicted by Nagaev using thes-d or s-f
model [6], since this physical situation was first suggeste
for some rare-earth compounds [7]. Models of th
electronic phase diagram have recently been reexamin
[8,9]. Magnetic inhomogeneities have been suggest
to be the origin of the behavior of the susceptibility an
of the dynamical spin fluctuations observed aboveTc in
doped Mn perovskites [10,11]. Very recent NMR exper
ments have been interpreted in terms of electronic pha
separation [12]. However, a characterization of magne
inhomogeneities has never been made until now. W
have started a spin dynamics study in La12xCaxMnO3 for
low doping [13,14] where the system is insulating and un
dergoes a transition to a weakly canted antiferromagne
(AF) state atTN [15]. An additional spin wave branch
occurs by doping. The corresponding dynamical susce
tibility reveals a small ferromagnetic correlation length
whereas the dispersion curve is isotropic, indicating
new ferromagnetic coupling between some Mn spin
This isotropy contrasts with the strongly anisotropi
character of the other spin wave branch, characteristic
super-exchange. This new spin dynamics was attribut
to “magnetic polarons,” whose origin could not be
elucidated.
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We have performedelasticneutron scattering measure-
ments as a function of temperature in La12xCaxMnO3
sx  0.05, 0.08d, close to the direct beamst  0d and
the t  s110d Bragg peak. In both experimental cases,
broad modulation is observed, centered at nearly the sa
qm whatever theq direction, with intensity growing be-
low TN . This scattering does not exist forx  0. Such
a pattern is typical of an assembly of magnetic cluste
or droplets, with a mean magnetization different from tha
of the matrix and a well-defined shortest distance betwe
them. A semiquantitative description of the droplets an
of their spatial distribution is proposed using a liquidlike
model. The droplets are isotropic, their radius isø9 Å,
their density is low compared to that of the hole concen
tration, and their minimal distance of approach indicate
a repulsive interaction. The existence of these magne
clusters is closely linked with the unusual spin dynamic
[14,16,17]. The overall static and dynamic observation
suggest a picture of magnetic droplets or large polaro
with a magnetic coupling distinct from exchange, couple
through the surrounding medium characterized by the s
perexchange coupling. They are characteristic of an ele
tronic phase segregation, which results from the balan
between unmixing forces, predicted by thes-d model, and
intermixing Coulomb forces.

Experiments have been carried out at the react
Orphée (Laboratoire Léon Brillouin) using a triple axis
spectrometer set at a cold neutron source. The samp
with x  0.05 and 0.08 show similar results, so that only
observations for thex  0.08 sample, with a volume
of 0.3 cm3, are reported. The crystalline structure is
orthorhombic sO0d with Pbnm symmetry. The crystals
are twinned basically having threeF domains of volume
Vi si  1, 2, 3d with their c axes along the directionsa0,
b0, c0 of the cubic perovskite substructure [14]. The
other type of domains wherea and b are interchanged,
leading to two peaks in the rocking curve, may have som
influence only close tot fi 0. The q directionsf110g,
f001g, f112g, and f100g refers toa0, c0, to the diagonals
© 1998 The American Physical Society 1957
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of the facessa0 1 c0d and sa0 1 b0d, respectively. The
subscript i will be used below to distinguish theq
direction within the differentF domains. The magnetic
structure mainly consists of ferromagneticsa-bd planes,
with AF stacking alongc. However, the increase of the
s110d and s112d nuclear Bragg peaks belowTN (122 K),
indicates a long range ferromagnetic ordering for a sm
spin component alongc. It corresponds to a canted state
At 14 K, theaveragecanting angle,uav , is ø10± from b
within the sb-cd plane.

Elasticexperiments have been performed aroundt  0
with ki  1.25 Å21, covering six temperatures within the
15 , T , 300 K and0.05 , q , 0.6 Å21 ranges, along
several q directions. Intensities have been put on a
absolute scale, using a vanadium sample and a stand
procedure for correction. The temperature dependen
of the spectra are reported in Fig. 1a forq k f110g1.
In the 150 , T , 300 K range,Isqd  IsqdHT is found
temperature independent. In the smallestq range,IsqdHT
is attributed to dislocations or large structural defec
present in the sample. At largerq, the residual intensity
is nearly twice as large as the nuclear and chemic
incoherent scattering (marked by the arrow in Fig. 1a
indicating a contribution from disordered spins, static
the experimental time scales0.5 3 10211 sd. Below TN ,
Isqd increases significantly in the wholeq range, except
close toq ø 0.01 Å21, and shows a modulation centere
at qm ø 0.2 Å21 at 15 K. The temperature dependenc
of qm cannot be detected in the 75–15 K range with
our accuracy. Similar observations are obtained alo
f112g1 (mixed with f100g3), except for a small shift of
qm towards a smaller value and a small overall decrea
of intensity. Isqd along f001g1 (mixed with f110g2,3), is
identical toIsqd alongf110g1. The same observations ar
obtained using anXY detector device (SANS), at 15 K
where the dynamical spin fluctuations can be neglected

Figure 1b reports the magnetic contributionImsqd ob-
tained by substractingIsqdHT, for q k f110g1 and q k
f112g1 at T  15 K. The smallestq range correspond-
ing to effects related to the dislocations, is not show
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FIG. 1. (a) Scattering intensities versusq in counts and
calibrated in barns, observed aboveTN  122 K fIsqd 
IsqdHTg, at 75 and 15 K forf110g1 direction. The arrow marks
the nuclear incoherent scattering. (b) Magnetic intensiti
Imsqd  Isqd 2 IHTsqd versusq at 15 K for f110g1, andf112g1
directions. The dashed lines are calculated functions (c.f.
text).
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Imsqd consists of a broad peak, located atqm ø 0.21 Å21

and a residual and nearly flat scattering beyond0.4 Å21.
Along f112g1, the overall intensity is slightly smaller, and
a slight shift ofqm is observed.

Elastic experiments (ki  1.55 Å21 with Be filter),
have also been performed in thesf110g, f001gd plane close
to t  s110d1, at eight temperatures in the11 , T ,

300 K range, and severalq directions. Thef110g1 q di-
rection is reported in Fig. 2a. In this figure, the two se
of vertical lines are results of the fit of thes110d1 (bold)
and s002d2 Bragg peaks, easily resolved due to the larg
orthorhombicity. At 15 K, a well-defined maximum in
Isqd is observed atz  0.87 (i.d. qm  0.2 Å21), with a
flat q scattering beyond0.4 Å21). The q-symmetric in-
tensity of this modulation with respect tos110d1 is ob-
served as a shoulder on the huges002d2 Bragg peak side
of the twin domain, as shown in the inset of Fig. 2a
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FIG. 2. Diffuse scattering intensities versusQ (or q  Q 2
t) measured aroundt  s110d1. (a) along f110g1, at five
temperatures in the 300–17 K rangesTN  122 Kd. When not
shown, the error bar is within the size of the symbol. In th
inset, the continuous lines are components of a fit with tw
s1qm, 2qmd modulations, symmetric with respect tos110d1.
(b) At 15 K along threeq directions. The horizontal line
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 t
superposition ofs002d2 and s110d1 Bragg peaks with no
modulation from the domains002d2. We conclude that
this modulation is magnetic, with a magnetization alon
s001d. In Fig. 2b,Isqd is reported forq along two other
directions of the scattering plane at 15 K, taking thesame
q origin at s110d1. A small overall decrease of the in-
tensity and a shift ofqm to smaller values is observed
Along f112g1, the qm value appears slightly smaller than
that observed close tot  0 (Fig. 1). This is well ex-
plained by the shift of theq origin attached to the dif-
ferent domains, unlike the previous case, close tot  0,
where theq origin is thesamefor all domains. The in-
tensity is smaller by a nearlyq independent value. Ac-
tually, the intensity of the flatq tail keeps the low value
determined at 300 K [c.f. the horizontal lines in Figs. 2
and 2b], whereas along the other directions it varies wi
temperature. As the temperature increases, a very sli
decrease ofqm can be detected, whereas the intensity
the modulation decreases (Fig. 2a). AtTN , a huge criti-
cal scattering intensity is observed close to thes110d1
Bragg peak. In theTN , T , 250 K range, small modu-
lations appear, but alongf110g1 (a0 axis) only. As shown
at 250 K in Fig. 2a, theq maxima correspond to the
harmonics ofqm. Their intensities show irreversibilities
with temperature, in contrast with the broad modulatio
below TN which is perfectly reproducible. Since unde
tected close tot  0, they are likely related to modulated
strain effects (with aQ  t 1 q dependent intensity)
coexisting or competing with the broad magnetic modu
lation. At 300 K, Isqd is monotonous, but its weakq
dependence indicates the persistence of ferromagnetic c
relations, static at the experimental time scale. The
observations confirm those obtained close to the dire
beam. The flatq scattering, with minima of intensity
along f112g, appears as a “sample background” corre
sponding to mainly disordered spins, the origin of whic
is unclear.

We focus our analysis on the magnetic contributio
Imsqd obtained close tot  0 at 15 K (Fig. 1b). A scat-
tering pattern showing a broad modulation with near
the sameqm in all q directions, indicates a spatial or-
ganization of similar entities or “droplets,” as that ob
served, e.g., in a chemical unmixing process [18]. T
apply this model in a magnetic system, one needs
define a mean magnetization density into the two r
gions, with a “contrast” between them, as an analo
of the chemical contrast. The existence of a ferroma
netic component alongc allows one to define a mag-
netization functionmsrd, m k c throughout the lattice.
Therefore, the spatial Fourier transform of the spin co
relationskSiSjl is replaced by that ofkmsrdmsr0dl, r be-
ing a continuous variable in direct space. Neglecting th
small anisotropy, a semiquantitative analysis can be ma
using

dssqdydV  r2
0 ANV V 2

d jDmj2jFsqRd2jJsqd , (1)
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whereDm is the difference between the mean magnet
zationsm k c inside and outside the droplet.FsqRd is
the form factor of the droplet (a spherical shape of ra
dius R is assumed) of densityNV and volumeVd and
Jsqd is the interference function. TheA factor (A P

i Vi sin2 uiy
P

i Vi where ui is the angle between the
mean magnetizationm and q for the domainVi) is re-
quired to determineDm. It expresses that for aq direc-
tion belonging to domain 1, the intensity also comprise
contributions from domains 2 and 3. They have differen
q and m directions and are weighted by their geometr
cal factor sin2 ui. This latter factor shows thatf110g is
a “pure” direction,f001g cannot be observed, andf112g
is mixed with f100g, weighted by0.5sV1 1 V2d and V3,
respectively. The equality of the three twinned volume
could be checked at 11 K from the scattering pattern
the SANS experiment, thanks to theXY detectors de-
vice. We have used the isotropicJsqd function derived
for liquids by Ashcroft and Lekner [19]. The spatial
distribution is characterized by two parameters: the pa
ticle densityNV from which we determine the mean inter-
particle distancedm and the minimal distance of approach
between the particle centersdmin. The expression ofJsqd
is given in the footnote [20]. This model can fit the
experimental data as shown in Fig. 1b (dashed line).
yields a diameter2R ø 17 Å (i.e., ø4 5 lattice parame-
ter a0 of the small perovskite cube), a droplet densit
NV  2.1 3 1025 Å23 leading todm ø 9a0, and a mini-
mal distance of approachdmin  26 Å s6 , 7a0d. This
value, compared to the average distancedm, accounts for
the rather well-defined organization and indicates a repu
sive interaction between the droplets. From the absolu
value of the intensity, we determine a magnetic “contras
Dm ø s0.7 6 0.20dmB. It corresponds to a difference of
ø10±, between the canting angles characteristic of the tw
regions, which is surprisingly small.

From this semiquantitative determination, we conclud
that the density of the “ferromagnetic” particles is ver
low compared to that of the holes (ratio1y60 for x 
0.08) leading to a picture of hole-rich droplets within a
hole-poor medium [6,8,9]. Atx  0.08, the magnetic
state of the droplet is far from a true ferromagnetic sta
within the canted antiferromagnetic medium. It appea
canted, the spins inside the droplets being deviated fro
the perfect AF structure by an angle ofø20± suav ø
10±d. The temperature variation of the intensity below
TN , must be related to the evolution of the contras
Dm between the two magnetic regions, which varie
with the mean magnetization. The almost temperatu
independent evolution ofqm suggests that the charge
carrier segregation persists atTN . Above TN , where the
spatial distribution described above cannot be observe
the information arises from the spin dynamics only, whic
indicates a ferromagnetic correlation length typical o
these inhomogeneities [16].

We compare now the characteristics of the static ma
netic inhomogeneities with those of the low energy sp
1959
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FIG. 3. (a) Energy scans fitted by energy Lorentzians f
q k f00z g at 16 K. From top to bottom,z varies from 2.05
to 2.5. (b) Dispersion curves forx  0.05 (filled circle) and
x  0.08 (filled square). The continuous line at upper energ
corresponds to the spin wave branch observed in pure LaMnO3.

wave branch which appears for these doped systems, c
sidering both itsq-dependent intensity and its dispersio
curve.

In Fig. 3a we have reported some energy spectra o
tained as a function ofq k f001g. Similar results are ob-
served forq k f110g, indicating an isotropic and weakly
dispersed spin wave branch. As previously shown f
x  0.05 [15], the intensity of this spin wave branch
strongly decreases withq. Fitting the dynamical form
factor (or energy integrated intensity) with a Lorentzia
function leads one to determine a ferromagnetic corr
lation length j with j ø 7.5 8 Å for both f110g and
f001g. This reveals a tight connection between th
low energy spin wave branch, characteristic of a lo
and isotropic coupling, with the static droplets describe
above. Among other characteristic features, these spin
citations keep a propagative character and are still w
defined even at smallq, i.e., over distances larger than
the droplet size. These excitations may therefore cor
spond to eigenstates of the whole spin system. With
the above inhomogeneous picture derived from the sta
study, this means that the droplet magnetic states
coupled together through the matrix. In Fig. 3b, the di
persion curve is shown alongf001g together with that of
the other spin wave branch. The two spin wave branch
observed forx  0.05 are also reported for comparison
When considering the dispersion curve of the low-energ
branch, a fit usingv  Dq2 1 v0 as an approximation
at smallq, indicates an increase of the stiffness consta
D with x, and a decrease of the gap att  s002d. Such
an evolution of the constantD with the number of carriers
can be expected at larger doping, within the true metal
and ferromagnetic state [21]. However, within the prese
picture of two magnetic regions, we observe a very pec
1960
or

y

on-
n

b-

or

n
e-

is
w
d

ex-
ell

re-
in
tic

are
s-

es
.
y

nt

lic
nt
u-

liar evolution of the dispersion curves withx. The cor-
responding two spin wave branches keep separated
energy gap, independent ofx (hatched area in Fig. 3b
Such a peculiarity also holds atx  0.1. Therefore, the
separation in the direct space into two magnetic regi
induced by an electronic phase segregation is assoc
with a separation in the energy space into two spin
namics, characteristic of two types of magnetic couplin

In conclusion, the very unusual features found
the static and dynamical spin correlations provide n
insights in the physics of the electronic phase separa
A liquidlike spatial distribution of magnetic polaron
has been observed for the first time. The picture
hole-rich droplets agree with predictions of thes-d
model in a well-known limit [6,8,9]. Whether suc
inhomogeneities exist at higher concentration, in
temperature range close to the metal-insulator trans
where giant magnetoresistance properties are observ
likely, but a confirmation requires more studies.

One author (M. H.) is very indebted to B. Hennion a
D. Khomskii for fruitful discussions and G. Coddens
his critical reading of the manuscript.
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