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Experimental evidence of a cluster-glass transition on the colossal
magnetoresistance manganite LgPby s(Mng dFey 1) O3
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Neutron small angle scattering on a colossal magnetoresistance material shows clear signatures of a rise in
characteristic length of paramagnetic fluctuations as the maximum of dc susceptibility is approached from high
temperatures. The phenomenon is accompanied by a rise in intensity of a broad peak that appears at wave
vectors 0ofQ=0.025 A1, and this is interpreted as a fingerprint of the onset of ferromagnetic ordering due to
intercluster magnetic interactions.
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One of the most widely accepted scenarios to understangroup R3c) with Z=6, with La atoms a(0,0,1/4, Mn at

the .co_lossal magnetoresistanc(@MR) effect picture_s (0,0,0 and O at(x,0,1/4 positions. Substitution of Mn by
coexisting clusters of two competing phadéserromagnetic re jnduces a rather small distortion of the Mp@stahedra

nanoclusters, which above a critical temperature remain Witiyhich, in turn, is weakly dependent on the doping ratio.
their magnetic moments randomly oriented, react quickly ong-range magnetic order is attained for the paremt
to small applied fields yielding a preferential orientation doped and x=0.1 compounds below a main paramagnetic
of their moments. In the absence of applied fields, the com-., ferromagnetic transitioisee Fig. 2a)] that shifts from
peting (charge-ordered and/or antiferromagnepbase gen- 345 K forx=0 to 230 K forx=0.1, with a concomitant 15%
erates domain walls that prevent such an alignment. Theeduction of magnetic moment which attains a value of
search for such magnetitor structural inhomogeneities 2.79 ug. Increasing the Fe percentage upxte0.2 withers
continues to focus a good number of effcttéreporting on  away all signatures of magnetic long-range order, while
inhomogeneities with sizes spanning from nano- tokeeping signatures of magnetic short-range dreerd be-
submicrometers Also, dynamic correlates of such inhomo- having macroscopically as a complex magnet having both
geneities are provided by results on time-dependenantiferromagnetic and ferromagnetic components. Indica-
fluctuations which also point towards nanoscale phenomenations of such competing magnetic interactions are also

Some of the experimental evidence brought forward inreavealed for thex=0.1 composition in a Méssbauer study
support for the presence of such inhomogeneities has an the Sr substitute isomorghAs a matter of fact, such a
times relied upon analysis of the small-angle-scatteringstudy reports on the coexistence of ferromagnetic regions
pattern§’ as measured with or without energy analysis,together with either short-range-ordered or paramagnetic re-
which is usually performed after subtraction of a paramaggions even within the magnetically ordered phase.
netic, high-temperature contribution. Raw data as measured for tlke0.1 compound on the

Here we report on recent findings concerning thelow-to-middle angles diffractometer D16 at the Institut Laue
mesoscopic  structure of the iron-doped manganitd_angevin for fine powdered samples were corrected for de-
Lay Py 3(Mng oF&y 1)O3. Particular interest in this material tector efficiency, background, multiple scattering, and self-
stems from its large magnetoresistgheehile keeping its  absorption, and normalized to an absolute scale using the
ground ferromagnetic state not largely perturbed by the adCorrect software packadéThe evolution with temperature
dition of the transition metal ion. The latter will couple an- of the measured single-differential cross section is shown in
tiferromagnetically to nearest neighboring magnetic ionsFig. 1.
while manganese ions may either couple ferro- or antiferro- The most remarkable features appearing in the figure just
magnetically depending upon the valences and nature of theferred to concern the development of a large paramagnet-
intervening ions. For higher concentrations of the dopant thisclike contribution at large wave vectors as well as the pres-
leads to significant frustration of the spin system since Mrence of a broad maximum &=0.025 A. Also notice the
ions will couple by both antiferromagnetic superexchangecrosssing over of curves within the range 0.03&Q
and double exchange mechanisms to neighboring atoms. <0.06 A™L.

Previous neutron diffraction wofkdepicts the crystal A model-free evaluation of the information content of
structure of this family of compounds as trigon@pace data shown in Fig. 1 is provided by plots of the temperature
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FIG. 1. A sample of the measured single-differential cross sec-  ° T T T T y
tions for La Phy 3(Mng gFey 1)O3 for temperatures comprising the 100 1% T,ZEUN?PERATURESI% %0 850
magnetic order-disorder transition that are given as insets. Absolute
units are given as barns/sterad/formula unit. The inset displays a FIG. 2. (a) The zero-field cooling and field cooling magnetiza-
blowup for temperatures well below and above the ferromagnetition curves measured under an applied 10 mT fiéil.The tem-
transition and low momentum-transfers. perature dependence of SANS intensity for selected values of the
momentum transfer.

dependence of the scattered neutron intensity at several mo-
mentum transfers. This is shown in Figlb® for four mo- A strong ferromagnetic component that develops at lower
mentum transfers. There it is shown how a well-defined peakemperatures hindered the measurements at lower tempera-
appears about 225 K for momentum transfe@=Q tures. In all cases, the observ€ddependence of the mag-
=0.07 AL, Its shape is reminiscent of what could be ex-netic signal displayed a far milder decay than that for the
pected for a broad magnetic transition comprising a distribustructural counterpart. As an example, data T6r200 K,
tion of transition temperatures, and, in fact, the temperaturgvhich is well above the macroscopic magnetic transition,
range where such features develop nicely matches that wheyéeld ratios of structural/magnetic intensities of 0.50 Qr
the magnetization curves displayed in Figa)2show their =0.5 A™* and 0.35 forQ=0.2 A", whereas forT=90 K
largest changes. The transition here observed is also followe@nidway in the transitionthe figures for both wave vectors
at larger length scales, that is f@=0.03 A by an increase yielded 0.37 and 0.17, respectively. On such grounds, we see
in intensity indicative of the development of an ordered statethat the structural component, attributable to large deffects,
To put the observations just referred to on quantitativeshould become dominant for wave vectors of the order of
grounds, and thus to derive pertinent values for the relevarit03 A%, well beyond those explored in the present study.
physical quantities, we begin with considering that the mea- Rather than following the steps of Refs. 6 and 7 that in-
sured differential cross section can be written as a sum ofolve subtracting a high-temperature paramagnetic contribu-
nuclear (structural and magnetic contributions. Lower tion, we model the scattering cross section as
bounds to the size of the former entities are first provided by

analysis of x-ray diffraction patterns that set the grain sizes do - do + do

for the whole family of Lg-PhyiMni_Fe)Os X dQ dQ|g dQ|,

=0.1,0.2,0.3, compounds within the interval 236—229 A

with increasing Fe percentage. A more accurate estimate of do ,

grain scattering was derived from a preliminary experiment T =ArS(QP4(Q) 1)
carried out using the D22 small-angle scattering instrument S

of the I.L.L'? The employed configuration allowed us to )
explore momentum transfers within the interval 0.002A  do = ArSL(Q)P(Q) + + c
<Q=0.07 A Estimates for the size of entities giving rise  dQ |, m 5 2 5 21y
to such scattering as derived from Guinier plots yielded val- Q™+ E Q™+ E

ues for particle radiRs of about 360 A. The values derived ()

in such a study for samples with composition

Lag Phys(Mng gF&y )O3 were in turn found to be compatible where subscripts and m denote nuclear and magnetic con-
with results derived from a detailed full-polarized neutrontributions to the total cross section. It is written in terms of
diffraction study carried out on the D7 diffractometer at thescattering from ensembles of interacting spherical particles
I.L.L.*2 There, a complete separation of magnetic and strucef structural(chemical origin with a shape determined by
tural cross sections was achieved above some 90 K, that the form-factorPg and interferencédiffraction) effects ac-
close to the midpoint of the macroscopic magnetic transitioncounted for by theS/(Q) structure factor. In turn, the mag-
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netic component comprise® (Q) and P, terms to account 324
for interference effects between polydisperse magnetic par- — 1 .ﬁ—'i*‘*‘\\
ticles and, finally, the Lorentzian plus squared-Lorentzian = .- \
term included within the magnetic contribution account for & .
paramagnetic fluctuatiod$.The latter are specified in terms  © 28 —o—®
of the parameteré that plays the role of a correlation T T ' ) '
length1413 The size distributior(polydispersity of the par- 90
ticles ensembles is taken care of'by 60.]
[(Fsm(Q))I? % 30 r's
m(Q) =1+ == [Sn(Q) - 1]; ] :
Sm (Fsm(@P~>" Je o oo e o
40
Ps,m(Q) = <|Fs,m(Q)|2>v (3) 19 * Q\

which relates the apparent fact@sandP to the individual $§ 38-:
SandF structure and form factors for interacting spheres of 5 37
radiusR. 36 kN—.

Assuming that we are dealing with a smooth distribution T y y T y y T
) : : . 100 150 200 250 300
of particle sizes the computation of the scattering cross sec TEMPERATURE [K]
tion still requires the specification of particle and interpar- N _
ticle form factors as well as a distribution function for par-  FIG. 3. The fitting parameters as a function of temperature. The

ticle sizes. The latter is assumed to be given by a Gaussia#Pper frame displays the temperature dependence of the magnetic
. . = - cluster number density, the frame at the middle shows the corre-
function with mearR;,, and deviationds .

.. lation length associated to critical fluctuations, and the lower frame

Explicit forms forl_:(Q) and(Q) factors are now negded. shows thg radius of the average magnetic particle. Solid lines are
As regar.ds the static structgre factd®), the following  4.2wn as quides to the eye.
assumptions are made. We first rely upon the wealth of pre-
vious evidenc&®’ pointing towards a liquidlike distribution for Q=0.03 A™! shown in Fig. 2b) below 220 K as due to
of droplets as the more apt description of the spatial distriinagnetic ordering and therefo(Q) accounts for such an
bution of such entities. Next, we use one of the simplesintensity.
representations for the structure factor of a liquid as it is The experimental data displayed in Fig. 1 were then fitted

given by the Percus-Yevick integral equation for an en-parametrically using Eq(l). In doing so we bear in mind

semble of hard spher€s(omitting the subscripis that the changes observed in FigbRare attributable in full
a1 to magnetic effects and therefore the structural contributions
Qo) =[1-nc(Qa)]™ act as background terms. In addition, we have kept the di-

mensions of the structural clusters set to the value deter-
mined from small-angle neutron diffractidh.The param-
(a+ps+ys).  (4) eters required to complete the specificatiorSpfvere set to

_ _ _ _ values such thai*=8R3" and that ford; was set equal to
whereo is the hard-sphere diameteris the number density  {hat found to be optimal for the magnetic component. Using
of clusters, and(Qo) is the direct correlation function in  yg|atively large polydispersity values is required to avoid the
momentun space. ParametersB, andy in the above equa- gppearance at large®’s of marked oscillatory structures

1 .
c(Qo) = - 47To3f ds§¥3

0

tion are functions of a packing-fraction from the particle form factors, which are not observed ex-
T 1+2y perime_n_tglly. _
n=—no”>, = e An initial set of fits over the explored range of tempera-
6 (1-7) tures served to set the parameters concerning the magnetic
5 particle-size distributiorf(R) to average values. This came
B= —67(1+7/2)" y= (1271 + 27) (5) @s a consequence of the rather small variations found for
P-»* 1-n* - some of the parameters over the full temperature range. The

optimum, temperature-independent value for the hard-sphere

The particle form facto=(Q) for a sphere of radiuR is radiuso was found to be of 116) A while the width of the

given by* particle distribution came out a8=58 A. The found value
4\ [ 3j1(QR) comes somewhat shorter than that derived framQ,
FQ = 3 R “orR ) (6) =1255A whereQ, stands for the value of momentum trans-
fers where the cross section shows its maximum. In contrast,
wherej, stands for a spherical Bessel function. the optimal values of the average radii of the magnetic par-

Finally, because of the ferromagnetic nature of the orticles were found to be significantly temperature dependent
dered state, the onset of magnetic ordering will result in awith bounds of 35.5 A for temperatures above the macro-
intensity increase that will add up to peaks in the structurakcopic magnetic transition and 39.5 A below. Explicit results
S(Q). In consequence, we interpret the increase in intensitare shown in Fig. 3.
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The correlation lengtié shown in Fig. 3 shows a peak upon the characteristic lengths involved. At short length
centered about 235 K that is accompanied by a sharp risscales paramagnetic spin fluctuations incompletely freeze
and fall of the ratio between magnetic and structural contriinto an ordered state, a process that is accompanied by the
butions to the cross sectidnot shown. Both pieces of in-  gevelopment of strong interactions between the larger clus-
formation serve to quantify the magnetic transition into aigrg A pure ferromagnetic metallic state, however, never
ferromagnetically ordered phase already discovered in thgsgches complete stabilization as proven by previous Mdss-

raw cross-section data. o _ _ bauer datd® a phenomenon now suspect to be due to
The parameters assoua_lted with intercluster interactiongyiq o rdert?
such as the number density of clustersaind the average We indeed observe that the maximum ferromagnetic clus-
radiusR, show a contrasting behavior with respect to thosggr size(=80 A in diametey remains well below the crystal-
characterizing the paramagnetic fluctuations. Botand R lite size. Whether this comes as a consequence of an incipi-
show a pronounced step at temperatures whieend the ent frustration built in by the Fe doping, the effects of
ratio of magnetic to total intensities show a maximum. Suchguenched disorder, or else to the gradual emergence of an
a stepping behavior constitutes a clear signature of an ordeorbitally polarized antiferromagnetic state cannot be resolved
ing transition mediated by entities with radii of about with the means at our disposal.
35-40 A. The increase in packing fraction translates into an Finally, and to provide a sense of scale, a comparison of
increase in the magnetic contribution to the peal(@) that  the cluster radii here reported on with characterifécro-)
shows up aQ,~0.025 AL Such a wave vector marks an magnetic grain sizes can also be given. These have been
average separation between such clusters, which corresponestimated from the blocking temperatures of the ZFC-FC
to length scales well above those found for paramagneticurves as well as from receptSR data and yield values
spin-fluctuationssee Ref. ® The magnitude of the cluster within the interval 15—21 nri€ which are somewhat below
radii is certainly larger than that of 17—20 A reported in the lower bound found for the crystallographic grain size.
preliminary studies on undoped manganitésput are In summary, our neutron data have proved the presence of
smaller than those recently reported by Caspil® for a  a spatial distribution of magnetic droplets. These remain as
two-electron-doped system or the large micron-sized dowell-defined entities well into the ferromagnetic state where
mains probed by Sarmaet al. by photoelectron they coexist with smaller regions which, once ordered, give
spectroscopy. rise to the long-ranged ordered state explored by conven-
Our results thus display two distinct behaviors dependindional diffraction meané.
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