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We present the results of our extensive Mössbauer effect studies carried out on a wide vari-
ety of mixed valence manganites as well as other types of magnetoresistive materials, includ-
ing pyrochlore Tl2Mn2O7 and the chalcospinels Fe0.5Cu0.5Cr2S4 and FeCr2S4 with absolutely
different nature of magnetism, in a search for similarities linked to their magnetoresistive be-
havior. Double exchange electron transfer and coupling between the electrons and Jahn–Teller
lattice distortions invoked by most theories to explain colossal magnetoresistivity and associ-
ated metal-insulator transition in manganites are not applicable neither to pyrochlore nor to
chalcospinels. Nevertheless, we find intriguing similarities in anomalous magnetic and dy-
namic behavior among these widely different systems at, above and below the Curie tempera-
ture TC, which shed light on the origin of bulk magnetoresistivity in general. All these com-
pounds share the following features. The long range ferromagnetic order breaks down even
below the Curie temperature with the formation of nano size spin clusters. Softening of lattice
was observed near TC. The short range interactions in these spin clusters survive well above
TC. When an external magnetic field is applied, the spin clusters coalesce to form large clus-
ters with considerable lowering of resistivity. There is a strong evidence that the existence of
nano size spin clusters with superparamagnetic-like behavior near TC is a prerequisite to occur-
rence of bulk magnetoresistity.

PACS: 76.80.+y
In honor of V.V. Eremenko

Introduction

The perovskite manganite, LaMnO3 is an insu-
lating antiferromagnet. The Mn–O octahedra are
highly distorted due to Jahn–Teller effect. When
La3+ is substituted by bivalent ion like Ca2+, a cor-
responding amount of Mn3+ is converted to Mn4+.
For instance, with the introduction of holes, the
compound La1-xCaxMnO3 becomes a ferromagnetic
metal for 0.18 < x < 0.5. The hopping of an elec-
tron from Mn3+ to O2- is accompanied by a simul-
taneous hop from the latter to Mn4+. The probabi-
lity of this double exchange (DE) electron transfer
of an eg electron depends on the orientation of the
neighboring intra-atomic Hund’s coupled t g2 spins.
The hopping is facilitated if the spins are aligned
parallel to each other. Thus the ferromagnetic
alignment of spins and the rate of electron hopping

which is responsible for its metallicity are synergis-
tically tied to each other [1]. The probability of the
hopping also depends on the Mn3+–O–Mn4+ bond
angle. The latter is determined by the size of the
rare earth/bivalent substituent ions. Among the
four 3d electrons of the Mn3+, the t g2

3 electrons are
weakly hybridized and constitute the localized spin
(S � 3/2). In contrast, eg

x1� orbitals have lobes di-
rected to neighboring oxygen atoms, hybridize
strongly with O2p orbitals and the electron is iti-
nerant below TC in the ferromagnetic-metallic state
and is believed to be localized in the «paramag-
netic»-insulating state above TC. The resistivity in-
creases considerably as one approaches TC from be-
low. On application of a magnetic field, there is a
sharp decrease in resistivity due to regeneration of
metallicity/ferromagnetism. This effect is known
as «colossal magnetoresistivity (CMR)». To ex-
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plain this surprising behavior, several researchers
have invoked the concept that the mobile electron
carries with it the Jahn–Teller (J–T) distortion of
the MnO6 octahedron. The greater the distortion,
the more localized are the charge carriers; this de-
formation disappears in the metallic state below TC
[2–5]. In the ferromagnetic metallic state, there is
a strong exchange interaction between the itinerant
eg electrons and the localized t2g spins. The basic
problems facing the researchers are the understan-
ding of features driving the ferromagnetic metal to
«paramagnetic» insulator transition and the in-
triguing observation of large CMR upon applica-
tion of modest external magnetic fields.

There are other systems, for instance, the spinel
chalcogenide FeCr2S4 [6–12], and the pyrochlore
Tl2Mn2O7 [13–16] which exhibit CMR behavior.
However, these systems do not show DE electron
transfer nor Jahn–Teller distortions. In this paper,
we will compare the magnetic and dynamic beha-
vior of different families of CMR compounds and
seek commonalities which could lead to a better un-
derstanding of the origin of bulk magnetoresis-
tivity.

For our studies, we use a local probe, namely
57Co. Emission Mössbauer spectroscopy constitutes
a valuable tool for exploring the behavior of mate-
rials at the microscopic level. It is couple of orders
of magnitude more sensitive than the regular ab-
sorption mode and requires only a few tens of
parts-per-million of Mn substitution by 57Co with
minimal perturbation of the system. On the other
hand, one has to use 1–2% 57Fe substitution for the
regular absorption mode. The minuscule amount of
the 57Co substituent faithfully probes the subtle
changes in electron density, local dynamics, lattice
distortions, and magnetic behavior of the dominant
host material. The probe can also sense the forma-
tion of different electronic phases. We have shown
earlier [17–19] that the Auger after-effects do not
cause any problem in systems having delocalized
electrons since the 50–100 eV excitation energy de-
posited at the epicenter/molecule (incorporating
57Co) during electronic relaxation of the multiply
charged site goes towards collective excitation of
delocalized electrons. The plasmon decays in less
than 10–14 s transferring practically all its energy
to an ejected electron. The strong coupling between
plasmons formed from delocalized electrons and
single electron continuum states provides a neat
mode of energy disposal leaving the 57Fe site virtu-
ally unperturbed [17–19]. The 14.4 keV Mössbauer
gamma rays which are dressed with information
about the chemical environment are emitted with

� 10–7 s delay after the electron-capture nuclear de-
cay and are therefore oblivious of the Auger event.
The formation of a plasmon by excitation of de-
localized electrons by synchrotron radiation and its
decay by ejection of an electron has been verified
by photoemission studies of C60 and C70 [20,21].
Later, we will make use of this feature of emission
Mössbauer spectroscopy to buttress our claim that
the CMR materials are insulating above TC in the
macroscopic sense only. On the microscopic scale,
small magnetic clusters are formed with delocalized
electrons. The delocalized electrons protect the site
from suffering local radiation damage following
Auger ionization.

CMR manganites

Superparamagnetic-like behavior
below and above TC

Typical Mössbauer spectra of manganites as a
function of temperature is represented by
La0.8Ca0.2Mn(57Co)O3 in Fig. 1,a [22]. Spectra
showing similar behavior were reported earlier also
[23–27]. The anomalous magnetic behavior of
mixed valence CMR manganites becomes obvious
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Fig. 1. Mössbauer spectra of La0.8Ca0.2Mn(57Co)O3 at
different temperatures, TC = 198K (a); computer
simulated Mössbauer spectra of a regular ferromagnet at
various temperatures (b) [Ref. 22].



by comparison with the computer simulated spectra
for a regular ferromagnet given in Fig. 1,b. In a
regular ferromagnet, the spectral extent of the mag-
netically split sextet which is proportional to the
natural magnetization, diminishes continuously
with temperature and finally collapses into a single
line at TC. On the other hand, for the manganite,
the most important difference consists in observa-
tion of two components as one approaches TC from

below, a sextet M and a central peak C. In a
regular ferromagnet we would expect to see the C
component only above TC.

In manganites, the coexisting central component
grows at the expense of the sextet with increasing
temperature. Such behavior is typical for super-
paramagnetic behavior of nano size single domain
particles with a distribution in size. The grain
size in all our polycrystalline samples is lar-
ger that 1 �m. Moreover, a single crystal of
La0.9Ca0.1Mn(57Co)O3 also shows similar behavior
[28], and so we conclude that it is an intrinsic
property of manganites that the long range ferro-
magnetic order breaks down even below TC and
nano size magnetic clusters are formed with short-
range order. If the available thermal energy at any
temperature is sufficient to overcome the aniso-
tropy barrier, then the magnetic vector of the spin
clusters can flip among the easy directions at a rate
faster than the Larmor frequency of the daughter
57Fe (about 108 s–1), then the internal magnetic
field at the probe averages out to zero. Manganites
exhibit another very interesting feature which con-
trasts with regular superparamagnetic behavior.
The blocking temperature (the temperature at
which the sextet collapses completely into a sin-
glet/doublet when the rate of fluctuations of the
magnetic vectors of all the clusters exceeds the Lar-
mor frequency) coincides with the Curie tempera-
ture. This means that as we approach TC from be-
low, an increasing number of nano spin clusters are
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Fig. 3. Effect of Hext = 1.8 T on the Mössbauer spectra
of La0.8Ca0.2Mn(57Co)O3 at T/TC = 1.18 and 1.54,
TC � 198 K [Ref. 26]

Fig. 2. Mössbauer spectra of the La0.9Ca0.1Mn(57Co)O3
single crystal with and without Hext = 1.8 T at T =
= 175 K (T/TC = 0.99). The computer fits are raised
for clarity [Ref. 28].



formed from the bulk, there is always some fraction
of the material exhibiting bulk-like magnetism even
up to 0.99TC (Fig. 2) [28,29]. The sextet lines are
rather broad even at T/TC � 0.3 and become
broader with increasing temperature (Fig. 1,a).
Only at very low temperatures (T/TC � 0.05) the
sextet looks like that of a regular ferromagnet
(Fig. 1,b). This broadening occurs partly due to
collective excitations of clusters in directions close
to the easy ones. Moreover, exchange interactions
also depend on the degree of spin alignment which
varies with the cluster size resulting in a distribu-
tion of internal hyperfine magnetic fields experi-
enced by the Mössbauer probe which tend to in-
crease with temperature.

Influence of external magnetic field

The question arises whether the collapsed singlet
both below TC as well as above is really due to
«superparamagnetically relaxed» spin clusters or
due to ordinary paramagnetic species. We can get
the answer by observing the Mössbauer spectrum
near TC in a modest external magnetic field (Hext ).
One can see from Fig. 2 a dramatic change in the
Mössbauer spectrum with the application of Hext =
= 1.8 T. One observes a regular magnetically split
spectrum characteristic of bulk ferromagnet with
induced internal magnetic field Hint= 260 kOe.
This is a very graphic evidence of coalescence of
pre-existing nano size clusters to form large clusters
with well ordered ferromagnetic alignment.

The next question is whether these nano spin
clusters survive well above TC. If they are not, one
will not be able to rationalize the observation of
magnetoresistivity above the Curie temperature.
Figure 3 depicts changes in the Mössbauer spec-
trum at T = 1.18TC and T = 1.54TC in Hext = 1.8 T.
The spectra can be fit by a magnetically split sextet
with Hint= 60 and 35 kOe, respectively, and the
line intensity ratio 3:4:1:1:4:3 corresponding to the
sample magnetization perpendicular to the gamma-
ray direction. These observations clearly indicate
the presence of pre-existing nano spin clusters with
each one having adequate total spin to react to a
very modest Hext at temperatures comparable to
room temperature, and consolidate into larger clus-
ters as indicated by relatively robust Hint (Fig. 3).
The interaction between spin clusters aided by Hext
is synergetic, i.e., the better alignment of spins
results in improving DE electron trans-
fer/metallicity which in turn enhances spin order-
ing. Therefore, a direct correlation exists between
the change in the abundance of the ferromagnetic
fraction and the magnetoresistivity as a function of

temperature on application of Hext [26]. Also a li-
near dependence of the resistance on the
magnitude of ferromagnetic fraction in zero Hext in
La0.8Ca0.2Mn(57Co)O3 was observed [25]. These
observations are based on simultaneous measure-
ments of resistance and emission Mössbauer spec-
tra. The observed correlation suggests that the cur-
rent flows almost exclusively through filamentary
ferromagnetic regions surrounded by superparamag-
netic nano spin clusters [25,30,31]. It may be men-
tioned that the above discussed evidence for exis-
tence of nano spin clusters (magnetic polarons)
above TC can be further reinforced by the following
technique. If spin clusters really exist above TC,
there is a probability that some of them could be
relatively large and fluctuate slowly enough with
relaxation time in a range centered at about 10–9 s.
The Mössbauer spectra originating from such clus-
ters may consist of a semicollapsed central part
with very wide wings [32,33]. It is easy to lose
these extensive wings in the background during
computer analysis, while the central part can incor-
rectly be analyzed to be a part of the completely
superparamagnetically relaxed component originat-
ing from the major fraction of smaller spin clusters.
If the energy scale during the measurements is de-
liberately adjusted to cut the extensive wings and
accommodate only the collapsed central compo-
nent, it becomes possible to determine indirectly
the existence of such type of clusters above TC by
observing the normalized area of the spectrum as a
function of temperature. Experiment shows that as
the temperature is lowered toward TC, the abun-
dance (normalized area) instead of increasing, as
expected according to the theory, goes down — the
closer to the TC, more is the observed loss. This
suggests that by approaching TC from above and
keeping a narrow energy window, we lose gradu-
ally increasing amounts of spectral area associated
with the fraction of clusters whose fluctuating rate
becomes less than about 109 s–1 [29].

De Teresa and coworkers [34] made volume
thermal expansion with and without Hext , mag-
netic susceptibility, and small angle neutron scat-
tering (SANS) measurements. They interpreted
their observations by invoking presence of magnetic
polarons dispersed in a paramagnetic matrix. Our
observations given in Figs. 2 and 3 do not bear out
the presence of paramagnetic matrix: all the nano
spin clusters present are equally affected and grow
under the influence of Hext . It may be mentioned
that a specific spin does not belong always to the
same spin cluster but there is a continuous ex-
change of spins between the clusters. The dynamics
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of the exchange has to be slower than the Larmor
period of 57mFe (� 10–8 s), otherwise the probe nu-
clei would not sense the internal hyperfine field
and instead of the sextet one would observe a com-
pletely collapsed spectrum [22,35]. Related to it
are the observations made by Raquet et al. [36] in
La2/3Ca1/3MnO3 films of giant random telegraph
noise in the resistance fluctuations well below TC.
They attribute it to the dynamic mixed-phase
percolative conduction process, where manganese
clusters switch back and forth between two phases
that differ in their conductivity and magnetization.
Similar observations were made by Podzorov et al.
[37] and Zhang et al. [38]. In this compound, apart
from two ferromagnetic phases [39,40], we also de-
tect nano size magnetic clusters well below TC [39]
which can help to understand the observations
made by the above mentioned researches.

Taking into consideration the superparamagne-
tic-like behavior of mixed valence manganites at
different temperatures [22–29,39] and the interac-
tion energy between a modest Hext and the nano
spin clusters (Fig. 3), we estimate approximately
the average size of the magnetic clusters as roughly
20 Å in diameter (if approximated by a sphere)
containing couple of hundred Mn3+/Mn4+ atoms.
The distribution of cluster size and the temperature

range in which they are formed from the bulk near
TC varies with the fraction of bivalent ion (Ca2+,
Sr2+) substitution for La3+. For 30% Ca/Sr substi-
tuted compound it was found to be narrower than
for compounds with 10 and 20% Ca substitution as
discussed below. Figure 4 shows the supermag-
netically relaxed fraction as a function of T/TC.
The derivative of this plot gives a qualitative feel
for the distribution of cluster size (Fig. 5). How-
ever, we have to keep in mind that at any given
temperature, we are not dealing with pre-existing
magnetic clusters with a large distribution in size,
but rather a narrow enough distribution with in-
creasing number of clusters being formed from the
bulk as the temperature is increased. As seen from
Fig. 4, there is a definite correlation between mag-
netic quality of the compound (represented by Cu-
rie temperature) and the temperature range where
transformation takes place: the higher the TC the
narrower the range. It seems that the better the fer-
romagnetic material (with higher conductivity) it
will have more homogeneous clusters with a nar-
rower distribution in size. At the same time, it is
known that CMR effect decreases with the increase
of TC. We also observe smaller effect of Hext on
Mössbauer spectra of samples with higher Curie
temperature. We attribute this to smaller average
cluster size in compounds with higher TC.
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Fig. 4. Plot of superparamagnetically collapsed fraction
vs T/TC for variety of CMR manganites obtained by
computer analysis of the temperature evolution of their
emission Mössbauer spectra. Different TC’s for the
samples with the same degree of substitution is a result
of different oxygen content.

Fig. 5. Derivative of the results presented in Fig. 4
which reflects the rate of cluster formation from the
bulk with temperature as well as the width of cluster
size distribution.



Model

Now we have to address the question as to how
the long range ferromagnetic order breaks down
with formation of nano size magnetic clusters be-
low TC and the survival of the short range order in
the spin clusters up to a temperature close to 2TC
[26,29,30,35]. This behavior contrasts sharply with
that of regular ferromagnets like Fe and Ni, where
magnetic correlations are observed only up to
1.1TC, and there is no evidence of formation of spin
clusters below TC. A very revealing observation
made by Mössbauer studies was the sharp drop in
the total Mössbauer spectral area when approach-
ing TC from below [25,35]. The magnitude of the
Mössbauer area is indicative of how strongly the
Mössbauer probe is bound to the Mn–O–Mn net-
work. A sharp decrease below TC strongly suggests
softening of the phonon spectra (Fig. 6). This sof-
tening occurs presumably due to the anharmonic
stretching of Mn–O bonds and the enhanced am-
plitude of torsional oscillations of the Mn–O
octahedra. The anomalous increase in Mn–O bond
lengths, bending of the Mn–O–Mn moiety and the
enhanced Debye–Waller factors for Mn and O atoms
below TC have also been observed by x-ray and
neutron diffraction studies [41–47]. These observa-
tions have also been attributed to anharmonic oscil-
lations by Dai et al. [41] and Rodrigues-Martinex
and Attfield [45]. The anomalous increase in ther-
mal expansion near TC can also be attributed to
anharmonicity [34,41,48,49]. The localized distor-

tions resulting from aliovalent substitution e.g.
Ca2+ and Sr2+ are presumably responsible for the
anomalous anharmonicity. The stretching of bonds
and the larger amplitude of torsional oscillations
between Mn–O octahedra would decrease the ex-
change interactions and also the rate of DE elec-
tron hopping, the two parameters are intertwined
synergistically. For instance, if the amplitude of
the torsional oscillations increase with tempera-
ture, the rate of electron hopping will decrease as
the neighboring spins will have to wait until ther-
mal fluctuations allow them an appropriate confi-
guration for a double exchange hop (Franck–Con-
don factor). Therefore, with increasing temperature
below TC, the long range ferromagnetic order
breaks down and nano size ferromagnetic clusters
with short range interactions and superparamag-
netic-like fluctuations appear. The fluctuations are
responsible for strong electron scattering. On appli-
cation of an external magnetic field, nano spin clus-
ters (which survive even well above TC) tend to
coalesce and grow in size. If the clusters become
large enough to exhibit conductivity by percola-
tion, CMR will be observed [24–26,30,31]. One of
the parameters determining the magnitude of CMR
depends on the degree of alignment of spin clusters
upon application of Hext which in turn depends on
the initial cluster size. Our work seems to suggest
that the cluster size increases with decrease in Cu-
rie temperature of the material.

Now the question arises whether these magnetic
(clusters)polarons are dressed with lattice distor-
tions. The Mössbauer spectra above TC for all stu-
died manganites show very small quadrupole split-
ting (about 0.18 mm/s) [22,29] (and becomes
even smaller below TC) which indicates that the
distortions imposed on the octahedron incorpora-
ting the Mössbauer probe by the surrounding
Mn–O network is quite small. The probe senses
distortions in a 10–7 s period. Our observation of a
single major species above TC is supported by ESR
studies on La1–xSrxMnO3 (x = 0.1, 0.2, and 0.3)
by Lofland et al. [50]. They find that all Mn spins
contribute to the spectrum above TC indicating for-
mation of magnetic clusters. Similarly, Kapusta et
al. [51] report the observation of a single 55Mn
NMR line both below and above Curie temperature
for La1–xAxMnO3 (A = Ca, Sr) providing direct
evidence of magnetic correlations on a time scale
greater than 10–5 s. These results obtained by tech-
niques which operate on relatively slow time scale
are in apparent contradiction with observations
made by much faster methods. The x-ray absorbtion
fine structure spectroscopy and pair distribution
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Fig. 6. Plot of normalized total area under the
Mössbauer spectra of La0.8Ca0.2Mn(57Co)O3 as a
function of temperature. The solid line is a guide for the
eyes.



function studies on CMR manganites show lattice
distortions above TC [2–5]. Neutron scattering in-
vestigations also give evidence of distortion in the
insulating state above TC [41–47]. Moreover, the
spin stiffness coefficient does not go to zero at TC
which indicates existence of short range magnetic
interactions as in magnetic clusters (polarons).
Two recent reports which bear directly on our
model are worthy of mention. Dai et al. [52] and
Adams et al. [53] using neutron scattering have
demonstrated the presence of polarons even below
TC in La1–xCaxMnO3 (x = 0.2 and 0.3). They also
observe short range polaron correlations with a co-
herence range of � 28 Å just above Curie tempera-
ture. Here the time scale of observations is several
order of magnitude shorter than that for Mössbauer
method. We feel that their results are consistent
with our model; they are observing magnetic clus-
ters but with larger distortions than us just because
the distortions detected in time scale of ~ 10–12 s
would be averaged out in the Mössbauer time scale
of � 10–7 s, if they are of a dynamic nature. The fre-
quency of Jahn–Teller oscillations is reduced near
TC due to slowing down of DE electron transfer

and so neutron scattering can detect the distor-
tions. However, they are still fast for the
Mössbauer time window.

Other CMR Compounds

Recently, there have been reports of some non
manganite-based systems which also exhibit
magnetoresistivity. Among them, the pyrochlore
Tl2Mn2O7 and the chalcospinels Fe0.5Cu0.5Cr2S4
and FeCr2S4, where neither DE transfer between
aliovalent ions nor Jahn–Teller distortions occur.
The pyrochlore, Tl2Mn2O7. shows CMR without
Mn3+/Mn4+ DE. Its formal oxidation states as de-
tected by x-ray diffraction are Tl2

3+Mn2
4+O7

[13,14]. Calculations show that the Fermi surface
is derived from strongly mixed combinations of Tl,
Mn, and O orbitals. [15,16]. Our preliminary emis-
sion Mössbauer investigations show evidence of the
existence of nano size ferromagnetic clusters in this
compound at and below the Curie temperature TC =
123K [22,54]. The Mössbauer spectra of
Tl2Mn2(

57Co)O7 at 78 and 120K without external
magnetic field and at 120 K with Hext = 1.8 T are
shown in Fig. 7. One can see a coexistence of col-
lapsed and magnetically split components. When
the temperature is raised from 78 K to 120 K, the
area of the sextet decreases from 31% to 15% with
the corresponding increase of the area of collapsed
component, and the internal hyperfine magnetic
field decreases from 390 kOe to 180 kOe. Upon ap-
plication of Hext = 1.8 T at T = 120 K, not only the
area of the sextet increases to 21% but most impor-
tantly Hint increases to 300 kOe. We expect that
lowering the temperature to T/TC � 0.15 would re-
sult in a spectrum consisting of mainly magneti-
cally ordered component. In short, the changes ob-
served in Mössbauer spectra of Tl2Mn2(

57Co)O7 as
a function of temperature and under influence of
Hext are similar to that of the manganites discussed
earlier. It allows us to assign with confidence the
superparamagnetic nature to the central collapsed
component originating from the existence of nano
size magnetic clusters.

Lang et al. [55] have reported 57Fe Mössbauer
spectra of the CMR chalcospinel Fe0.5Cu0.5Cr2S4
at temperatures ranging from 4 K to 300 K. From
their figures one can observe the coexistence of a
central peak and a sextet at all temperatures below
300 K. The central peak increases in intensity at
the expense of the sextet as the temperature is in-
creased. The authors do not discuss this behavior.
However, we would like to attribute it to
superparamagnetic-like behavior of spin clusters
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Fig. 7. Mössbauer spectra of the pyrochlore,
Tl2Mn2(

57Co)O7 (TC = 123 K) [22].



which form in increasing amounts from the bulk as
one approaches TC from below.

We have recently studied another chalcospinel
FeCr2S4 using 57Fe absorption method [56] in the
temperature range 78–300 K (TC = 180 K). FeCr2S4
is a p-type semiconducting ferrimagnet with the
Curie temperature above 175 K. The formal charges
are Fe2+, Cr3+, and S2– with considerable covalent
character. Fe2+ occupy tetrahedral sites and Cr3+

octahedral ones. They are aligned antiferromag-
netically. Double exchange electron transfer in this
compound is ruled out. Some representative expe-
rimental data are shown in Fig. 8. Features previ-
ously discussed can be clearly seen from this figure.
At low temperature one observes only one compo-
nent — a well defined sextet. As the temperature
increases, a central collapsed component emerges
gradually growing at the expense of the sextet. We
also found that the total area of the spectrum shows
a sharp decrease between 145 and 170 K indicating
softening of the lattice, a feature similar to that ob-
served by us for all CMR manganites. At a temper-

ature of 186 K, i.e., above TC, application of an ex-
ternal magnetic field of 6 T restores well defined
sextet typical for bulk the ferromagnet indicating
the coalescence of nano spin clusters.

On the basis the these observations one can infer
that in many respects CMR pyrochlore and chalco-
spinels demonstrate similar behavior, namely: (i)
the long range ferromagnetic order breaks down
gradually when approaching TC from below, with
formation of spin clusters; (ii) nano size spin clus-
ters survive well above TC; (iii) application of an
external magnetic field at, as well as above TC
causes coalescence of those clusters with restora-
tion of bulk-like ferromagnetism, and lowering of
resistivity. These common features among widely
different magnetoresistive materials indicate that
existence of nano size clusters with super-
paramagnetic-like behavior is a prerequisite to ob-
serving bulk negative magnetoresistivity in such
systems.
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