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Colossal magnetoresistance and hyperfine interactions in iron-doped La0.75Ca0.25MnO3
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Detailed measurements and analysis of hyperfine properties of iron-doped La0.75Ca0.25Mn12xFexO3 are re-
ported. In a previous paper@Phys. Rev. B57, 7841~1998!# it was shown that a very small increase ofx from
0.0425 to 0.045 causes dramatic changes in the transport properties, whereas no changes are detected either in
the structural phase or the Mo¨ssbauer data. In the present study a complete analysis of Mo¨ssbauer data
registered in the temperature range of 300–4 K is presented. From 300 K down to 190 K the samples are in a
paramagnetic state. Below 190 K a magnetic order begins to develop, although a paramagnetic contribution
persists down to 77 K. This existence of paramagneticlike domains deep into the so-called ferromagnetic
metallic regime provides evidence of the two-phase character of the metallic state in the mixed-valent man-
ganite system. The quadrupole splitting of the major spectral component shows a jump at the para-ferro
transition. This reflects lowering of the local point-charge symmetry in the remaining paramagneticlike phase
in the ferromagnetic regime, presumably because of the changes in its shape function or its character, as the
ferromagnetic clusters stabilize in space. Another small component of the spectrum, which appears to represent
the grain-boundary region, exhibits ferromagnetic ordering at around 100 K and also a behavior opposite to
that of the major fraction under external magnetic field.
id

ly
sa

ns

se
e

e

s
s
be
w
M

In

e
v-
s
ed
ous
the
-

ag-
t of
m-
e-

r is

n
.
ed
of
es a
-

I. INTRODUCTION

Interest in the transport and magnetic properties of ox
perovskite systems belonging to theA12xBxMnO31y (A
5La, Nd, Y; B5Ca, Ba, Sr) family has grown rather sharp
during the past few years since the discovery of ‘‘colos
magnetoresistance’’ ~CMR! in such (x;0.33)
compounds.1–4 Relatively recent interesting observatio
dealing with charge ordering and stripe formation5 and or-
bital ordering,6 as well as the suggestions of two-pha
models7–8 and percolative transport,7–8,9 have enhanced th
activity in this field even further.

Different explanations of the CMR mechanism have be
proposed, but the role of Mn31-O-Mn41 superexchange in
the magnetic properties of Mn based perovskites remain
be fully understood.10–13 Thus introduction of perturbation
into the magnetic Mn lattice sites themselves appears to
promising approach for fruitful investigations. Only a fe
studies have been conducted thus far on doping at the
sites, which are at the heart of the double exchange.
PRB 610163-1829/2000/61~14!/9613~8!/$15.00
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recent paper, Blascoet al.14 have studied the effect of th
substitution for Mn with Al in the magnetoresistive pero
skite La2/3Ca1/3MnO3. Al has no magnetic moment but it
atomic radius is smaller than that of Mn. The substitut
compounds were found to be magnetically inhomogene
because of the introduction of a structural disorder and
formation of oxygen vacancies in the lattice. At low tem
peratures, coexistence of regions with very different m
netic coherence lengths was found. The replacemen
Mn31 by Fe31 presents a great interest because of their co
patible ionic sizes and their different magnetic moments. R
cently, it has been shown that the the lattice paramete
essentially unchanged by iron substitution.15–16 However,
Righi et al. think that the presence of Fe31 produces distor-
tions ~change in the Mn-O distances and in the Mn-O-M
angles! which are not detected in x-ray-diffraction pattern16

The CMR was dramatically enhanced for 12% Mn replac
by Fe.15 The effect of Fe doping was explained in terms
the changes in band structure as doping with Fe caus
depletion of the Mn31/Mn41 ratio, the population of the hop
9613 ©2000 The American Physical Society
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ping electrons and the number of available hopping site15

Thus the double exchange is suppressed, resulting in th
duction of ferromagnetism and metallic conduction.

To our knowledge, only one Mo¨ssbauer study of iron
doped La0.75Ca0.25MnO3 ~LCMO! has been performed t
probe the magnetic effects induced after a light substitu
of 57Fe ~2%! for Mn.17 In the said work, the Mo¨ssbauer
spectrum consisted of a single doublet at room tempera
and, at the Curie temperature (Tc5210 K), part of the spec-
trum was magnetically split. The area of this part increa
with the lowering of the temperature. At 150 K an increa
of the quadrupolar splitting of the doublet was noted, a
was explained by a possible structural transformation of
matrix. Finally, at liquid-helium temperature, the spectru
displayed a single magnetic sextet. The evolution of
Mössbauer spectrum as a function of temperature was at
uted to the existence of ferromagnetic clusters with a s
distribution. The same research group has recently in
preted the temperature evolution of the Mo¨ssbauer spectrum
obtained for a La0.67Ca0.33Mn0.99Fe0.01O3 sample using a
model based on an antiferromagnetic impurity in a ferrom
netic host.18

In a preceeding paper, we have examined the trans
properties for iron substitution ‘‘x’’ in the range 0–5% of
Mn.19 In accordance with results reported previously20–24the
undoped sample undergoes an insulator to metal transitio
Tp5240 K, the peak temperature. The sample resistivity w
found to increase with iron doping, relatively slowly up
x50.0425, but dramatic changes occurred in the trans
properties whenx was increased from 0.0425 to 0.045. T
peak resistivityTp decreased sharply from 167 to 88
whereas no structural phase change was detected by x
diffraction analysis. No change was observed in magnet
tion as well. Our conclusion was that at a critical dopa
concentration~when the average Fe-Fe separation is sma
than three lattice units!, a localization-delocalization-type
transition occurs for the quasiparticles~possibly magnetic
polarons! as introduced by Hundleyet al. and Jaimeet al.20

In the present study, we report a complete analysis of
Mössbauer spectra registered forx50.0425 and 0.045 in the
temperature range 300–4 K. Note that the Fe concentra
examined here is near the threshold of the localizati
delocalization transition, as against the work of Pis
et al.17 where it was much below this threshold.

II. EXPERIMENT

Ceramic samples of La0.75Ca0.25Mn12xFexO3 with x vary-
ing in the range 0–0.05 were prepared by the standard
ramic route. Stoichiometric proportions of La2O3, CaCO3,
MnO2, and Fe2O3 with 99.999% purity were mixed, heate
in air at 1223 K for 12 h, and then sintered at 1573 K f
more than 20 h. In the case of thex50.0425 and 0.045
powdered samples examined by Mo¨ssbauer spectrometry
about 25% of the Fe2O3 powder used for Fe doping wa
enriched in 57Fe, the Mössbauer isotope, to enhance t
Mössbauer signal. The resistivity measurements were ca
out using four-probe method. For magnetoresistance m
surements a maximum applied field of 1 T was used.

Mössbauer spectra were recorded in transmission ge
etry using57Co~Rh! source in a constant acceleration mo
re-
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at different temperatures from 300 K down to 4.2 K. T
velocity scale and all the data are referred to metallica-Fe
absorber at room temperature. The spectra were analyze
means of least-square Mosfit program in which discrete
perfine field distributions are considered.25 Mössbauer mea-
surements under applied external field parallel to theg radia-
tion were performed using a cryomagnetic device.

III. RESULTS

Figure 1 shows the temperature dependence of the re
tivity r and the CMR effect @Dr/r5$r(T,H50)
2r(T,H)%/r(T,H50)# for the LCMO samples withx
50.0425 and 0.0450. The entire set of data for 0<x<0.05
has appeared in our preceding paper. Betweenx50.0425 and
0.045 the resistivity is seen to jump by a factor of 20. Int
estingly, it is also observed that the maximum of the CM
effect occurs at temperaturesTMR which are lower than the
resistivity peak temperaturesTp whenx<4.25%, but higher
whenx>4.5%. As Fe is doped in the sample, bothTp and
TMR are systematically lowered as shown in Fig. 2. There
a net correlation between the dependence versus temper
of Tp andTMR . It is worthwhile to note that the two curve
show a discontinuity whenx>0.0425, which could be cor
related to the appearance of a second peak in the C
curves at a fixed temperature of 170 K whatever the value
x above 0.045. Lowering ofTp (TC) signifies a weaker
Fe31-O-Mn41 coupling than the Mn31-O-Mn41 coupling as

FIG. 1. Temperature dependence of the resistivity and MR~at 1
T! of La0.75Ca0.25Mn12xFexO3 perovskite for x50.0425 andx
50.0450.
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it has been demonstrated in spinel systems.26

The transmission Mo¨ssbauer spectra for thex50.045 case
recorded at different temperatures from 170 K down to 77
are shown in Fig. 3. The spectra taken at 300 and 4.2 K
shown separately in Fig. 4 along with the fitted compone
for clarity. Since the spectra for thex50.0425 case were
found very similar,19 they are not presented. From 300
down to 190 K the samples are fully paramagnetic, and
doublets can fit the Mo¨ssbauer spectra as illustrated for t

FIG. 2. Iron concentration dependence of the temperatures
responding to the insulator-metal transitionTp ~n! and to the maxi-
mum of the MR effectTMB ~j!.

FIG. 3. Transmission Mo¨ssbauer spectra for th
La0.75C0.25Mn0.955Fe0.045O3 sample at different temperatures b
tween 170 and 77 K.
re
ts

o
room temperature case in Fig. 4~a!. At room temperature, the
main doublet has hyperfine parameters~isomer shift IS
50.35 mm/s, quadrupolar splitting QS50.12 mm/s and line-
width G50.32 mm/s! which are not very different from thos
~IS50.364 mm/s, QS50.176 mm/s, G50.316 mm/s! ob-
tained by Pissaset al.17 Such low QS has its origin in the
orthorhombic distortion of the ideal perovskite structu
However, at variance with the cited authors, a second w
doublet with a large quadrupolar splitting~QS51.42 mm/s,
IS50.37 mm/s,G50.28 mm/s! had to be considered to ob
tain a good fit. This large QS reflects a very distorted s
which can have different explanations: Fe ions located i
defect structure or at the grain boundary, presence of
atoms with different numbers of Fe-Mn neighbors.26 On ac-
count of the isomer shift values the charge state of iron
exclusively 31, without coexistence of the 41 charge state.
Even when the temperature is lowered from 300 K down
190 K the quadrupolar splitting values and the proportions
both iron sites remain temperature constant@Fig. 5~a!#. At
190 K, the appearance of broad lines makes the structur
the Mössbauer spectra complex. In the temperature ra
between 190 and 77 K, one observes a quadrupolar dou
like component with broad lines superposed on a magn
component. At lower temperatures the spectra clearly re
from different magnetic components. This implies that
magnetic order begins to develop at about 190 K, yet a p
magnetic contribution remains present even down to;77 K
@Fig. 5~b!#. At 4.2 K @Fig. 4~b!# three different contributions
can be distinguished in the spectrum. The most popula
subspectrum~60%! has an isomer shift equal to 0.50 mm
and a hyperfine magnetic fieldB of 53~1! T. The second
sextet with a nearly identical isomer shift~0.46 mm/s! has a
lower hyperfine fieldB549(1) T. The remaining contribu
tion to the spectrum~10%! consists of a distribution of mag
netic fields (̂ B&544(2) T). Our spectrum significantly dif
fers from the one published by Pissaset al.17 The latter only
comprised of one sextet with sharp lines withB553.3 T,
which agrees fairly well with the main component of o
spectrum. In Ref. 18, the same authors have detected
components: a well defined sextet withB553 T representing

r-

FIG. 4. Transmission Mo¨ssbauer spectra for th
La0.75C0.25Mn0.955Fe0.045O3 sample at~a! 300 K and~b! 4.2 K, with
fitted components.
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9616 PRB 61B. HANNOYER et al.
90% of the Mössbauer spectrum, and a weaker~10%! broad
spectral feature with a lower hyperfine field. Before we p
ceed to discuss the fitting and the corresponding analys
Mössbauer spectra, it is important to emphasize that
spectra for the two values ofx are similar whereas the tw
samples are in regions of entirely different electron transp
regimes.

In order to obtain the hyperfine interaction parameters
the temperature range 77–170 K, where the paramagn
like and ferromagnetic contributions appear to coexist,
attempted three different fitting procedures:

~i! The first fitting procedure involved use of a uniqu
continuous and discrete distribution of static hyperfine fiel
The objective here was to examine the quality of fitti
achievable under the assumption that all the probe Fe at
are in ferromagnetic state below the Curie temperature of
CMR and what, if any, can be learned from the evolution
the fitted hyperfine parameters with temperature. Under
procedure, the mean isomer shift^IS& is found to be charac
teristic of Fe31. Examples of distributions obtained at diffe
ent temperatures are shown in Fig. 6. It is important to n
the presence of two humps in the distributions. For 77,T
,170 K, the position of the high-field peak shifts towar

FIG. 5. ~a! Quadrupole splitting~QS! and the corresponding
area ratio~%! as a function of temperature obtained from the Mo¨ss-
bauer spectra forx50.0425 and 0.0450 samples. Here~n! corre-
sponds to the component with low QS and~s! corresponds to the
component with high QS value. The data shown with~h! represent
the magnetic contribution to the spectrum;~b! The paramagnetic
contribution to the spectrum as a function of temperature. No
significant contribution belowTC .
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higher fields when the temperature decreases, whereas
low-field peak progressively diminishes although its positi
remains nearly temperature independent. If the apparent
field contribution were truly ferromagnetic in origin, albe
with low mean field, one would have expected its position
shift to higher mean field with decreasing temperature,
observed for the high-field component. The fact that t
shift is not seen strongly suggests that the apparent low-fi
contribution should actually be paramagnetic in nature w
some quadrupole broadening. This motivated the next fitt
procedure. Before presenting the same, it is useful to s
that within the current procedure the average magnetic fi
increases when the temperature decreases, as shown in
7. The same characteristic evolution was found forx
50.0425 and 0.0450.

~ii ! The second fitting procedure was based on a distri
tion of static hyperfine fields and two quadrupolar comp
nents, similar to those observed within the paramagn
range (T.TC). The use of the latter components was sp
cifically motivated by the consideration that the parama
netic contribution belowTC may be emerging in the form o
the residue of the same paramagnetic phase~with due tem-
perature evolution!, which is the main phase aboveTC . In

a

FIG. 6. Hyperfine field distributions as a function of the tem
perature: 170, 150, 120, 100, 77 K.P(B) is a measure of the rela
tive contribution of the component representing magnetic hyper
field B at temperatureT to the spectrum.

FIG. 7. Evolutions of the averagêB& hyperfine field forx
50.0425 ~d! and 0.045~m!, and of the average hyperfine fiel
without consideration of the paramagnetic component~,!.
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PRB 61 9617COLOSSAL MAGNETORESISTANCE AND HYPERFINE . . .
this scheme, remarkably, the value of the smallest QS is s
to increase suddenly at 190 K when the magnetic compo
appears@Fig. 5~a!#. The quadrupolar splitting of the secon
doublet also increases but only when the temperature is
ered below 120 K. Interestingly, the area ratio evolution o
served in Fig. 5~a! shows that it is the component with th
low QS which first encounters a paramagnetic-magnetic t
sition around 190 K.

Remembering that the QS parameter, which effectiv
measures the electric-field gradient at the Fe site, is a se
tive reflection of local lattice symmetry; the observed evo
tions could be related to some structural transformati
within the residual paramagnetic region. We will discuss t
issue further in the course of discussion based on the ana
of suggested models for the so-called ferromagnetic met
state. Under this fitting procedure as well, the total magn
contribution to the spectrum is seen to enhance with the l
ering of temperature, as expected.

~iii ! Finally, the series of these spectra were also analy
using a distribution of static hyperfine magnetic fields in a
dition to a quadrupolar component accounting for the lo
field contribution. Use of this third procedure was motivat
by the thinking that the paramagneticlike phase seen be
TC could be characteristically different as compared to
paramagnetic phase aboveTC , and as such, the search f
the fitting parameters need not necessarily revolve aro
the parameters for the phase aboveTC , as was done in the
second procedure. In fact, Ueharaet al. suggest that in
LCMO the nonmagnetic component belowTC is in the form
of 50:50 charge ordered state, with charge defects inco
rated to compensate for the mean Mn31/Mn41 ratio.

With this third procedure, the quadrupolar component
hibits broad lines, which strongly increase when the tempe
ture decreases, and progressively split into a broad magn
feature. The evolution of the mean value of the hyperfi
field due to the magnetic contribution is compared to pre
ous ones in Fig. 7.

Mössbauer spectra were also registered at 100 and
under an external field of 6 T applied in the direction of t
57Co beam line in order to reduce the thermal fluctuations
the Fe magnetic moments~Fig. 8!. At 100 K, the intensities
of the intermediate lines 2 and 5 are seen to diminish in
presence of field~compared with the no-field 100-K data i
Fig. 3!, indicating that the iron moments become align
along the external field. The distribution of effective hype
fine field is also shifted towards high fields, as illustrated
Fig. 9. At 8 K, the disappearance of the intermediate line
complete and one clearly observes three well-defined m
netic components~Fig. 8!. Let us examine the effective-fiel
values, which result from the vector sum of the hyperfi
field and the applied field. The effective fields of the tw
main components of 59~1! T and 54~1! T are consistent with
a perfect antiparallel alignment of Fe31 magnetic moments
with the external field, since it is well known that the sign
hyperfine field in Fe31 oxide systems is negative. On th
contrary, the last component exhibits an effective field
39~1! T which is lower than the hyperfine field and wou
suggest that the Fe31 moments are oriented parallel to th
external field.
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IV. DISCUSSION

In a previous paper~Ref. 19!, we have shown that the iron
atoms do not directly contribute to the carrier transport
LCMO but that they drastically affect the transport prope
ties with the creation of localization centers for the char
carriers. Above a well-defined threshold of iron concent
tion (x>0.04) the distance between iron atoms becom
smaller than three lattice units, and the hopping of the q
siparticles associated with the double exchange process
counters the hindrance of the iron networks. This produ
sudden modifications of the transport properties. Howev
since the ferromagnetic coupling appears for temperatu
different than the peak temperaturesTp , we did not find a
direct correlation between the transport and the macrosc
magnetism properties. Interestingly, a second hump on
low-temperature side appears in the CMR vsT dependence
~Fig. 1! for Fe concentrations above the threshold value
x;0.0425, at which significant changes in the transport a
occur.

While x-ray-diffraction analysis reveals the existence
only one phase with no perceptible modification with iro
incorporation, our Mo¨ssbauer spectra indicate that all Fe31

FIG. 8. Mössbauer spectra forx50.045 registered under a lon
gitudinal external applied field of 6 T at 100 and 8 K.

FIG. 9. Hyperfine field distributionP(B) corresponding to the
Mössbauer spectra registered at 100 K without~d! and with~j! an
applied external field of 6 T.
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9618 PRB 61B. HANNOYER et al.
cations do not experience similar hyperfine interaction en
ronments. Pissaset al. have also found indications of th
presence of two phases in their Mo¨ssbauer spectra.17 The
first phase corresponds to the ferromagnetic part of the s
trum and the second to the paramagnetic~or relaxed! part of
the spectrum. In fact our data show that the ferromagn
metallic state in these systems is intrinsically inhomo
neous, with paramagnetic contributions persisting down
temperatures much lower than the Curie temperature. T
information revealed from magnetic relaxation effects sho
also reflect on the nature of carrier dynamics in this unus
metal in its ferromagnetic state. Our results support the v
that different Mn31/Mn41 environments in terms of their dy
namics and couplings are intrinsically formed in manganit
The various couplings between Fe and Mn then induce
ferent electronic relaxation times for the Fe atoms. Also,
the case of large distances between two iron atoms, the
fective Fe-Fe exchange energy is weak and, because o
fast electronic relaxation, it is necessary to cool down
sample to very low temperature to observe full magnetic
der. This intrinsic inhomogeneity should translate into a d
tribution of magnetoresistance temperatures. Let us
whether this scenario can explain the second hump in
CMR curve and a broad rising CMR at lower temperatu
for higher Fe concentrations. In this context it is useful
point out the observations of De Teresaet al.27 who detected
spontaneous formation of localized magnetic clusters of
between 0.8 and 2 nm in diameter aboveTC and showed tha
application of a magnetic field causes growth of the clus
but decrease in their number. These authors attributed
occurrence of CMR effect nearTC to the existence of such
small magnetic polarons~resulting from short-range ferro
magnetic interactions! and their growth under magnetic fiel
leading to percolation. Given our mean Fe-Fe separatio
three lattice units or;1.2 nm at the threshold when sudde
changes in the transport features are seen~which is close to
the polaron size regime of De Teresaet al.27!, we can see
that regions where the Fe-Fe separation is higher than
polaron size would begin to percolate leading to the fi
normal peak in the CMR. For other regions, lower the te
perature more will be the number of local regions conver
by the magnetic field into ferromagnetic metallic state a
therefore larger will be the MR, as seen. Pissaset al.17 did
not see these different temperatures and two humps per
because the iron concentration in their samples was too
(x,0.02). Indeed, in our study as well, the CMR curves d
not clearly display a second hump whenx,0.0425. This
also eliminates the possibility of grain-boundary phenom
as being the major cause of the peculiar structure in MR vT
dependence seen in our samples at larger Fe concentra
since we did not see any differences in the grain structure
the concentrations of 0.04 and 0.045.

Our observation of the nonferromagnetic Fe belowTC
@Fig. 5~b!# almost down to 77 K is interesting, and shou
find its origin in the unusual and probably two-phase nat
of the manganite system. Boothet al.28 employed x-ray-
absorption fine-structure measurements to obtain the dis
tions of Mn-O bond length and thereby the temperature e
lution of the delocalized hole concentration. They found t
the distortions are present even at temperatures much b
TC , implying the presence of a significant concentration
i-
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localized holes in the so-called ferromagnetic regime. Per
tence of lattice distortions at temperatures much belowTC

was also found to be necessary for the theoretical expla
tion of the unusual transport behavior in terms of the dou
exchange and Jahn-Teller coupling. Checherskyet al.29 per-
formed temperature- and field-dependent Mo¨ssbauer study of
La0.8Ca0.2MnO3 compound by replacing a few parts per m
lion of Mn with Co57. They found that disappearance of fe
romagnetic species occurs progressively starting atT/TC
.0.65, which is much belowTC . They suggested a gradua
crumbling of ferromagnetic order into small superparam
netic clusters asTC is approached from below. Jaimeet al.9

have analyzed the temperature dependence of resistivit
using an effective-medium approach for a two-compon
system. They found that a low percolation threshold seem
explain the data well, and argued that the metal regions w
sticklike or stripelike shape could yield such a low thresho
Similarly, studies of the decrease of the density of sta
from photoemission studies,30–32 density of holes from the
Hall effect,33 the decrease in the height of the pa
distribution function peak,34 and the development of quas
elastic neutron-scattering component with temperature35 col-
lectively suggest that changes occur in the LCMO syst
over a span of temperatures belowTC and not exactly atTC .
All these results and analyses imply that even much be
TC the state of manganite could have two components:
ferromagnetic metal and another paramagneticlike insula
Ueharaet al.7 suggest that the latter is in fact the 50:5
charge ordered state, but with charge defects to accom
date charge neutrality. Thus the nonmagnetic Fe reflecte
our spectra could be the iron within such a paramagnetic
component itself or that in a small cluster which undergo
rapid superparamagnetic relaxation. Indeed, small clus
display paramagneticlike Mo¨ssbauer spectra due to fast flu
tuation of their magnetic moment. At lower temperatures,
fluctuation frequency decreases and a magnetic hype
splitting occurs for frequencies smaller than the Larmor f
quency of the57Fe magnetic moment (53108 s21). The pro-
gressive evolution observed in the temperature interval 7
170 K could be explained by a distribution of sizes of the
clusters or by different neighboring configurations. Such
perimental features agree well with those observed by Pi
et al.17

It is now interesting to examine if Mo¨ssbauer spectrom
etry can confirm some simultaneous structural changes
the transition temperatureTC . In Ref. 27 lattice distortions
produced by the polaronic effect were detected by measu
the volume thermal expansion between 1.8TC and TC . At
TC the lattice distortion was seen to disappear due to
delocalization of the carriers at the insulator-metal transiti
Recently, it has been shown by neutron diffraction
La0.65Ca0.35MnO3 that around the Curie temperature a
anomalous change of the volume as well as modification
oxygen-manganese distances take place while the struc
remains orthorhombic whatever the temperature.29 X-ray-
absorption fine-structure~XAFS! measurements have als
shown a rapid change in the Debye-Waller broadening
rameters2 for the Mn-O and Mn-Mn atom pairs nearTC .22

Another study using high-resolution synchrotron x-ray po
der diffraction on La0.75Ca0.25MnO3 has revealed an abrup
decrease of all lattice parameters and a volume discontin
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below the Curie temperature.25 All these results are in agree
ment with the theoretical predictions of Milliset al.13 and
confirm that the dynamic Jahn-Teller distortion has to
taken into account for the understanding of the microsco
origin of the CMR effect. Another publication concernin
the same system and reporting thermoelectric power
electrical resistivity measurements supports the theory o
electrical conduction dominated by polaron effects hav
both lattice and magnetic character.20

In our samples, it is clear that the temperature depende
of the quadrupolar splittings is rather unusual@Fig. 5~a!#. The
enhancement of the quadrupolar splitting below 175 K
the most populated doublet and below 100 K for the sec
doublet reflects some local structural transformations. In f
the interesting evolution of quadrupole splitting with tem
perature appears to find a natural explanation in the perc
tive picture of transport provided by Jaimeet al.9 In the re-
gion much aboveTC (Tp), the quadrupole splitting of the
main fraction represents the paramagnetic state, which c
have transient ferromagnetic fluctuations. As the para-fe
transition is approached from aboveTC , the ferromagnetic
clusters would tend to stabilize in space. Since within th
clusters there are no or negligible Jahn-Teller distortio
formation of such stable clusters would cause changes in
strain distribution around them. In fact, the establishmen
connectivity of ferromagnetic regions at the transition wou
change the shape function of the paramagnetic regions f
a global three-dimensional form to more of a plateletli
configuration, especially if the clusters are sticklike or strip
like as suggested by Cheonget al.36 and Jaimeet al.9 The
change in the shape function should introduce further as
metry in strain fields in the leftover paramagneticlike r
gions, causing enhancement of the splitting concurre
with the reduction of the paramagnetic component, as
served. As the temperature is reduced even further the s
asymmetry should grow further as reflected by a furt
gradual rise in the quadrupole splitting too. There is anot
interesting possibility that the sudden increase in the qua
pole splitting could be due to the fact that the paramagn
clike regions left in the ferromagnetic regime do not have
same character as the paramagnetic phase aboveTC , but
rather a charged ordered state~with charge defects! as pro-
posed by Ueharaet al.7 in their phase separation scenar
However, between the fittings obtained by using the sec
o

t
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and third procedures discussed earlier, the second one ga
better fit. Thus the former explanation in terms of changes
the shape function appears more reasonable.

We believe that the smaller~,10%! component in the
spectrum which corresponds to larger quadrupole splitt
possibly represents the regions near grain boundaries in
polycrystalline samples. The large quadrupole splitting
this case can be attributed to the extended-defect-rel
strain fields. Also, the para-ferro transition in such regio
would occur at lower temperature. The rise in the quadrup
splitting of this smaller fraction at about 120 K appears to
the signature of this temperature. It may be noted tha
contrast to the changes in the main component nearTC , the
changes near 120 K are over a broader temperature s
which further supports that this small contribution originat
from grain-boundary regions. In each case these lattice m
fications which take place when magnetism appears sup
the existence of a strong coupling between the lattice
magnetism as proposed by Daiet al.37

Experiments performed under an applied external fi
confirm the existence of two different couplings. The fa
that the moments of the major fraction of Fe atoms are
sentially anti-parallel to the moments of Mn atoms sho
that the Mn-O-Fe exchange is anti-ferromagnetic; appare
because no double exchange occurs between these two a
and therefore thet2g superexchange dominates. However,
cannot exclude that iron atoms near grain boundaries beh
differently as compared to the iron atoms embedded in
romagnetic clusters due to the additional parameter of lo
strain variable. It seems that the small contribution of ab
10% of Fe atoms aligning parallel to the external field a
the Mn moments represent the grain-boundary region. In
estingly, the paramagneticlike spectral component wh
shows rise in the quadrupole splitting at lower temperature
100 K is also about 10%, which could be attributed to t
grain-boundary region.
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