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Abstract. Emission and transmission Mossbauer studies of Lag.gSro.2CoQO3_s perovskites doped with ~0.02
stoichiometric units of oxygen vacancy or 2.5% iron corroborate the occurrence of electronic phase sepa-
ration in these systems. The effect of the small perturbation of the CoOs sublattice with either iron ions
or oxygen vacancies on the bulk magnetization as well as on the Mdossbauer spectra is in good agreement
with the double exchange based cluster model. The magnetoresistance does not show any peak near the
Curie temperature, but reaches —84% in a field of 7.5 T at T' = 8 K. Below Tc =~ 180 K the Mossbauer
spectra distinctly include the contribution from paramagnetic and ferromagnetic regions, providing direct
evidence for phase separation. No contribution to the spectra from Fe?™ ions can be observed, which is
an unambiguous evidence that at low concentration iron (either directly doped or formed from *"Co by
nuclear decay) is accommodated in the cobaltate lattice as Fe3' ion

PACS. 75.47.Gk Colossal magnetoresistance — 75.30.Kz Magnetic phase boundaries — 75.10.Nr Spin-
glass and other random models — 71.30.+h Metal-insulator transitions and other electronic transitions —

76.80.4+y Mossbauer effect; other gamma-ray spectroscopy

1 Introduction

The ongoing interest in doped transition metal oxides is
due to their complex electronic and magnetic structures
which result in a series of intriguing phenomena such as
high-temperature superconductivity and colossal magne-
toresistance. One family of the promising magnetoresistive
materials are LaCoOgs based perovskites doped with diva-
lent ions (e.g. Ca, Sr) at the rare-earth site [1-6]. The
partial replacement of trivalent lanthanum cations with
divalent strontium introduces electron holes in the tran-
sition metal network (i.e. converting some Co®* ions into
Co%T) as well as oxygen vacancies [7,8]. Consequently, the
conductivity of Sr doped LaCoOQOgs increases with stron-
tium concentration. La;_,Sr,CoO3_s displays semicon-
ducting characteristics for low Sr doping levels, but it
becomes metallic if the strontium concentration is in-
creased beyond x =~ 0.18 [1-4,7,8]. The distinctions used
in this classification are not rigorous: “semiconducting”
and “metallic” means dp/dT < 0 and dp/dT > 0, re-
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spectively, where p is the resistivity and 7' is the tem-
perature. The resistivity of some of the materials satisfy-
ing the latter criterion for metallicity exceeds the p <
1073 Q m limit set by Mott. The classification of the
magnetic states of Laj_,Sr,CoO3_s perovskites is even
more problematic, because magnetic phase separation oc-
curs from very low Sr concentrations onwards. Follow-
ing the observation of the coexistence of ferromagnetic-
like and spin glass properties in these perovskites [2,9],
it was suggested recently that the magnetic behavior of
La;_;Sr;CoO3_s5 perovskites can be best described as
“glassy ferromagnetism” [4]. That is, at low Sr doping
levels only short range magnetic correlation is formed be-
low the magnetic transition temperature, with a charac-
teristic coherence length of a few nanometers [10]. Ac-
cording to some authors the resulting magnetic clusters
may behave superparamagnetically [11], however recent
experimental data did not support this picture [12]. At a
lower temperature the magnetization freezes out to some
locally preferred direction, and the material enters a glassy
phase. The proportion of magnetic clusters as well as the
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magnetic coherence length increases with increasing Sr
doping level [13], and at about x & 0.18 the clusters co-
alesce, giving rise to a metallic and unconventional ferro-
magnetic state [4,13], which can be described as the coex-
istence of coalesced, long range ordered magnetic clusters
and isolated magnetically disordered regions. The long
range order can be characterized by several hundred nm
long magnetic coherence [13]. The ferromagnetic and con-
ductive nature of the clusters is related to the double
exchange process between intermediate-spin trivalent and
low-spin tetravalent cobalt ions. The magnetic phase sep-
aration in Laj;_,Sr,CoO3_s (0.1 < x < 0.5) perovskites
was confirmed by 59Co NMR spectroscopy [14]: it was
shown that three distinct spontaneously separated mag-
netic phases (ferromagnetic, spin glass and paramagnetic)
exist simultaneously in these compounds [12,14,15].

The magnetoresistance (MR) of La;_,Sr;CoOs_s de-
pends strongly on the Sr doping level. While for > 0.2 a
dominant MR peak was observed around the Curie tem-
perature, for x < 0.18 the MR was found to increase with
decreasing temperature [1,4,15]. This low-temperature
MR upturn is possibly due to weak localization effects.
For intermediate doping rates (0.18 < z < 0.2) the
combination of the two types of magnetoresistance was
found [1,4,15].

The effect of doping Laj_,Sr,CoOs_;s perovskites at
the transition metal site (i.e. replacement of some cobalt
ions with iron ions resulting in La;_,SryFe,Co;_,O3_s
perovskites) on the magnetoresistance has already been
examined for x = 0.2 and = = 0.33 with y > 0.05 [16-19].
It was suggested that the alteration of the MR properties
of the investigated iron doped cobalt perovskites can be
interpreted either by the modification of the magnetic field
induced low-spin to high-spin transition of Co®* ions [18],
or by the changes in size distribution of the ferromag-
netic clusters [19]. However, the electronic and magnetic
properties and thus the physical roots of the magnetore-
sistance of cobalt-based perovskites are not clarified un-
ambiguously yet.

Apart from the z and y concentrations of dop-
ing ions, the magnetic and electronic properties of
Laj_;Sr,Co1_yFe,O3_s are also expected to depend sen-
sitively on the § oxygen deficiency. As the procedure of
preparation as well as the type(s) and concentration(s)
of applied dopant ions may well have an influence on
the value of §, the elucidation of the effect of oxygen
deficiency on the electronic and magnetic structure of
La;_,Sr,CoO3_s perovskites is also highly desirable.

In this paper we present magnetic, transport and
Mossbauer measurements on 0.02 stoichiometric oxygen
vacancy and 2.5% iron doped Laj_,Sr,CoO3_s samples.
The phase diagram [4,20] of the parent compound de-
scribed above motivated the choice of Sr concentration,
20%. This composition is in the cluster-glass region, very
close to the dividing line to the spin-glass phase at 18% Sr
doping level. In this intermediate region, according to our
earlier study [21], below the Curie temperature (220 K)
a pure paramagnetic phase converts to the coexistence
of ferromagnetic and paramagnetic phases. The weight of
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the ferromagnetic phase increases with decreasing tem-
perature, however a part of the paramagnetic phase re-
mains even at the lowest temperature studied (78 K). Dis-
tinct difference was observed in the electron localization in
paramagnetic and ferromagnetic phases: independently of
temperature, the ferromagnetic phase showed character-
istically lower isomer shift values than the paramagnetic
phase (corresponding to lower 3d electron density on nu-
cleogenic Fe in the former phase).

The consequences of iron substitution on the Co sub-
lattice or oxygen removal have been studied before and the
outcome was invariably that both effects are detrimental
to ferromagnetism and, consequently, to the formation of
ferromagnetic clusters [16-19]. A variety of mechanisms
has been put forward as being responsible for this effect,
but no consensus has emerged yet. Our purpose was to
study this effect close to the transition to the spin-glass
phase, where the clusters can be expected to be unstable.
This expectation dictated the choice of a low concentra-
tion of iron and oxygen removal. In addition, the amount
of doping iron ions (2.5%) was chosen with regard to the
effect of 5% iron doping on the same parent perovskite.
The latter material showed substantial change in the lo-
cal magnetic structure as an emerging relaxation of the
nanosize magnetic clusters [19]. The purpose of investi-
gating the present 2.5% iron doped sample was to unveil
whether an even smaller iron concentration can cause the
same effect.

The local electronic and magnetic properties of the re-
sulting compounds were examined with 57 Co emission and
57Fe transmission Mdssbauer spectroscopy, while the bulk
properties of the 2.5% iron doped Laj_,Sr,CoO3_s sam-
ple was studied by AC magnetic susceptibility and mag-
netoresistance measurements. The interpreted results are
compared to those of the parent Lag gSrg2CoO3_s per-
ovskite [21] and its doped Lag.gSrg.2°"Feg.05C00.0503_s
derivative [19].

2 Experimental

The parent Lag gSrg.2oCoOs_s sample (prepared by sol-
gel method) was the same as that characterized in [21].
While the parent sample contained also oxygen vacancies
(hence its oxygen stoichiometry is defined as 3 — d), the
oxygen content was further reduced after the first series
of 57Co emission Mossbauer measurements [21] by treat-
ing the sample in continuous Ny flow for 3 h at 650 °C.
The change of oxygen concentration upon the heating was
determined by the decrease of the mass of the sample: a
change of ~0.02 stoichiometric units was found.

The Lag gSrg.2Feq.025Cog.97503_s sample was prepared
as described in [16]. For the purpose of *"Fe Md&ssbauer
measurements, a sample enriched in *’Fe was also pre-
pared as follows. First, the precursors were vacuum evap-
orated (70 °C, 6 h), and the mixed solutions of SrCOs,
La(CH3CO0)3-1.5 HoO, CoCls, and 57Fe dissolved in 1 M
HCl1 + 0.1 M HNOj3 were dried at 120 °C for 4 h. The mix-
ture was pre-heated at 400 °C for 2 h in air, and then a
pellet was made at 1000 kg/cm? pressure by CIP (Cold
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Isostatic Pressing). Pyrolysis (800 °C, 1 day) and anneal-
ing (1000 °C for 4 days and 1200 °C for 2 days) of the
sample was carried out to obtain the final composition.
During the annealing treatments repetitive grinding and
pressing to a pellet shape was carried out. The structures
of the prepared perovskites were checked by X-ray diffrac-
tometry.

The ®7Fe transmission Mossbauer measurements of the
Lag gSro.2° " Feg.025Co0.97503_5 sample were carried out
on a powder sample using transmission geometry. Be-
tween 78 K and 300 K the temperature of the sample
was controlled by a continuous flow liquid nitrogen cryo-
stat (Leybold). An additional spectrum at 4.2 K was also
recorded in a liquid helium cryostat. The y-rays were pro-
vided by a ®"Co(Rh) source with 10° Bq activity. Isomer
shift values are given relative to a-Fe at room tempera-
ture.

The 5"Co emission Mossbauer measurements on the
Lag.gSrg.2Co03_5 sample before the oxygen removal
process were carried out using °’Co doping as de-
scribed in [21]. Emission Méssbauer spectra were recorded
between 78 K and 300 K in the above mentioned
continuous flow liquid nitrogen cryostat using the con-
ventional emission geometry. A standard potassium-
hexacyanoferrate(Il) (PFC) absorber of 0.5 mg/cm? *"Fe
was moved relative to the sample. Calibration was done
using a combined PFC + a-Fe absorber: isomer shifts in
emission Mdssbauer spectra are given relative to a-Fe with
sign convention used in transmission measurements. All
Mossbauer spectra were analyzed with the MossWinn 3.0
program [22].

AC magnetic susceptibility measurements of Lag g-
Srg.2Feq.025C00.97503 were performed in the temperature
range of 7-225 K using a 365 A/m AC magnetic field with
133 Hz, 1 kHz, and 10 kHz frequencies. Magnetoresistance
of the iron doped sample was recorded using the standard
four point contact method between 8 K and 290 K in a
magnetic field of 7.5 T.

3 Results and discussions

The X-ray diffractogram of Lag gSro.2”"Feg.o25Co0.975-
O3_5 (Fig. 1) reflects single phase perovskite system in
very good accordance with the X-ray diffraction patterns
of Lag.gSrg.aFe,Coi_,O3_s5 perovskites with 0 < y <
0.3 [4,16,19].

The lower panel of Figure 2 shows AC magnetic suscep-
tibﬂity data of La0_8Sr0,2F€0,025COO,97503_5. The Curie
temperature of magnetic clusters, as signalized by the on-
set of magnetic losses with decreasing temperature, is esti-
mated at about T = 180 K. This temperature is roughly
40 K lower than that of the undoped compound [21]. The
broad high-temperature peak in the susceptibility indi-
cates glassy behavior and wide cluster size distribution.
The former can be concluded from the frequency depen-
dent nature of the peak, while the latter leads to its widen-
ing. At ~60 K another structure can be observed in the
susceptibility, which corresponds to the transition to a
spin-glass or cluster-glass state.
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Fig. 1. X-ray diffraction pattern of Lag.gSro.2
5TFeo.025C00.975 O3_s measured at room temperature. The hkl
indexes are indicated above the peaks in brackets. Intensity is
given in arbitrary units. The diffractogram was recorded using
Nifiltered Cu K radiation.
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Fig. 2. Plot of (a) magnetoresistance at B = 7.5 T magnetic
field and (b) AC magnetic susceptibility (real and imaginary
part) of Lag.gSro.2 57 Feq.025C00.975 035 as a function of tem-
perature. AC magnetic susceptibility data were recorded at
133 Hz frequency and 365 A/m magnetic field.

The upper panel of Figure 2 shows the magnetoresis-
tance (MR) data for Lag gSrg.2Feg. 025 Cog.97503—s, defined
as MR = (Rg — Ro)/Ro, where Rp and Ry are the electric
resistances measured at B = 7.5 T and 0 external mag-
netic field, respectively. The MR decreases monotonically
down to —84% at 8 K, which is the largest MR observed
for iron doped cobalt perovskites up to now, according to
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our knowledge. The MR signal starts to exceed the er-
ror of measurement at around the same temperature as
in the parent compound (Fig. 2a, [21]). In contrast to the
iron-free compound no distinguishable MR peak was ob-
served at any temperatures. It should be noted though
that around the magnetic transition temperature (where
the MR peak could be expected) the value of the mono-
tonically growing MR is of the same order of magnitude
as the MR peak in the parent material.

Before discussing the results of Mossbauer spectrome-
try, we would like to remark that, as described in [23], in
the case of the ®”Co emission Mossbauer measurements of
cobaltate perovskites the resultant spectra reflect the elec-
tronic state of the nucleogenic iron ions, as the electronic

relaxation processes after the 7Co =< 5MFe trans-
formation are completed well within the life time of the
excited ®"™Fe nucleus state (7 ~ 141 ns). However, this
time is not enough to modify the number of the coordinat-
ing oxygen anions around the transition metal ion, thus
the nucleogenic °"Fe ion possesses the oxygen environment
of the parent Co. Furthermore, the detection of the fer-
romagnetic component in our case indicates the presence
of exchange coupling between iron and cobalt. Therefore,
whereas the hyperfine parameters obtained from the emis-
sion Mossbauer spectra reflect the electronic and magnetic
properties of the nucleogenic iron ions, these parameters
should be strongly influenced by the inherited environ-
ment of the parent cobalt ions (e.g. average density of
electron holes, magnetic order, and presence of oxygen
vacancies). On the other hand, assuming a homogeneous
distribution of both the 5"Co (in the case of the emission
Méssbauer measurements) and 5“Fe dopants (in the iron

doped sample), the emission and transmission Mdssbauer
spectra can be compared after proper velocity calibration.

The °"Co emission Mossbauer spectra recorded af-
ter oxygen removal of LaggSrg2CoOs_s and the °"Fe
transmission Mossbauer spectra of Lag.gSrg.2®”Feg.o2s-
Cog.97503_5 showed a coexistence of magnetic (FM) and
paramagnetic (PM) subspectra below the magnetic tran-
sition temperature, similar to spectra observed in the un-
altered parent compound (Fig. 3, [21]). In all cases the
FM/PM ratios change quite abruptly at the transition
temperature (Fig. 4). On the other hand, these spectra
show marked difference to those found at higher doping
levels [19]. At 5% Fe doping a transition from the pure
paramagnetic state to the pure magnetic state takes place
in a temperature window (from 120 K to 65 K) with slow
relaxation process, which arise due to the small size (and
thus the easiness of relaxing) of the magnetic clusters (or
droplets) [19]. At y < 2.5% the magnetic sextets show
no relaxation effect (beside a small distribution of hy-
perfine magnetic field), i.e. well defined magnetic sextets
appear at around T¢ (that is, the temperature window
of the transition is far below of our temperature resolu-
tion). The FM/PM ratio increases below T with decreas-
ing temperature but still at 78 K a dominant fraction of
the iron ions contribute to a paramagnetic Mossbauer sub-
spectrum (Fig. 4). These imply that the magnetic struc-
tures of y < 0.025 and y = 0.05 iron doped perovskites
differ. Up to y = 2.5% iron doping traces of long range
magnetic order still persist and the magnetic state of
the investigated cobalt perovskites resembles the metal-
lic FM side of the metal-to-insulator transition (MIT)
of Laj_,Sr,CoO3_s type perovskites. This means that
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Fig. 4. Area ratio in percentage of the magnetic (and param-
agnetic) subspectrum in the ®"Co emission and °"Fe transmis-
sion Mossbauer spectra of Lag.gSro.2Fe,Co1—yO3_s (y = 0 and
0.025, respectively) as a function of temperature (the data of
the as prepared Lag.gSro.2CoO3_5 were taken from [21]).

for Lag.gSrg 2Fe,Coi_,O3_5 an MIT transition, similar to
that found at about x = 0.18 strontium doping in the
iron free La;_,Sr,CoOs_s perovskites, can be observed
between y = 0.025 and y = 0.05 iron doping values.

The change of electron localization in the PM and
FM phases can be well followed by the comparison of
Mossbauer isomer shifts of the sextets (05) and doublets
(04). These shifts differ explicitly in each measured spec-
trum (Fig. 5; for comparison, the data of the as pre-
pared Lag gSrgp.2CoO3_s5 are quoted from [21]): while 4
of Lal_l.Srl.mFeyCol_yOg_(; with y = 0 and 0.025 varies
between 0.46 mm/s and 0.24 mm/s for 78 K < T' < 300 K
(see grey area in Fig. 5), the values of J; are in the
range of 0.35 mm/s and 0.21 mm/s between 78 K and
190 K. At a given temperature, one observes an aver-
age gap of about 0.15 mm/s between d4 and J,. It should
be noted that these isomer shifts are clearly outside the
range where Fe** ions would contribute, which is expected
near § ~ 0.1 mm/s at room temperature [24], and they
also exceed the value of § = 0.18 mm/s determined for
Lag 5Sr0.5° Feg.0220C00.97803 and assigned to Fe*t with
delocalized 3d electrons [25]. It follows then that the ob-
served room temperature isomer shifts refer to Fe3*t ions.
Moreover, the fit of all the doublets result quadrupole
splittings of about 0.25 mm/s. From the absence of a sub-
stantial quadrupole splitting we can also conclude that
in all cases we are dealing with high-spin trivalent ions.
The gap between 4 and s indicates the existence of an
electronic phase separation in the investigated perovskites
below the magnetic transition temperature, which is in
good agreement with the cluster model. In the FM metal-
lic cobalt clusters the e, electrons of the intermediate-
spin Co®* ions are delocalized due to the double exchange
interaction between the trivalent and tetravalent cobalt
ions, while in the paramagnetic, presumably strontium-
poor matrix they remain more localized, which can be
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Fig. 5. ®"Fe Mossbauer isomer shift (§) of the fitted quadrupo-
lar doublets (empty symbols) and sextets (full symbols) of
Lag.sSrg.2Co03_5 (as prepared (taken from [21]) and after oxy-
gen removal) and Lag.gSro.2 5"Feo.025 Coo.975 035 at different
temperatures. The separation of grey and white areas is arbi-
trary and serves only didactic reasons (see text).

well seen as the difference of the observed isomer shifts of
the Mossbauer doublets and sextets. That is, the doublets
with higher isomer shifts correspond to formally Fe3* ions
embedded in a nonmetallic matrix, while the lower §, val-
ues to Fe3* ions with 3d electrons sufficiently delocalized
to provide a metallic matrix. Evidently, the level of delo-
calization in iron-doped Lag 551 5CoO3 [25] exceeds what
we see here in the Lag gSrg 2CoOs-based samples. As the
temperature increases above T, the long-range ferromag-
netic coherence is destroyed by thermal agitation, which
leads to the localization of the e4 electrons (and so of the
electron holes) within the clusters. Surprisingly the isomer
shift of the quadrupolar doublet in the Mdssbauer spectra
above the Curie temperature is in good agreement with
the values of §; below T¢. This suggests that the elec-
tron localization in the clusters above T seems to prefer
the (nucleogenic or doping) iron ions. Otherwise, an ad-
ditional doublet with lower isomer shift (corresponding
to Fe't valence state) should have appeared above T¢,
as well.

Within the limit of experimental resolution and in con-
trast with the outcome of bulk magnetic susceptibility
measurements, the paramagnetic-to-ferromagnetic tran-
sition temperature as shown by the Mdssbauer spectra
is not affected by the small iron doping. However, we
find that the relative area of the magnetic subspectrum
is smaller in the case of the 2.5% iron doped as well
as the higher oxygen deficient samples than in the par-
ent Lag gSrg2C003_s (cf. Fig. 4). As the concentration of
oxygen vacancies in Lag.gSrg.2%" Feg.025C00.97503_s is not
known, this result cannot be unambiguously interpreted in
the case of the iron doped sample, however, the authors
believe that this does not alter qualitatively the influence
of 2.5% iron doping. The effect of oxygen removal and iron
doping shown in Figure 4 implies that the relative weight
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of the FM component decreases, which in turn substan-
tially affects bulk electronic and magnetic properties. In
the case of oxygen removal this can be attributed mainly
to the decreasing number of Co** ions, as the oxygen va-
cancies compensate the extra electrons from Sr?*. Addi-
tionally, the shortening of the long-range magnetic coher-
ence within the clusters can be explained by the partial
removal of the double exchange process between Co®t and
Co** ions, which is caused either by the missing interme-
diate oxygen ion in the case of the oxygen vacancy doped
Lag.gSrg.2Co0O3_;5 perovskite or by the change of exchange
interaction due to the Co3* /Fe3* replacement in the case
of the 2.5% iron containing descendant perovskite.

This change of the underlying magnetic cluster struc-
ture is reflected in the observed magnetoresistance, most
conspicuously in the absence of the MR peak at the
Curie temperature [Fig. 2a], which was present in the as-
prepared Lag gSrg.2CoO35_s perovskite [21]. That is, in the
latter case the MR peak around the Curie temperature is
expected to arise due to the ordering effect of an external
magnetic field. The efficiency of ordering depends on the
size, number and interconnectivity of available clusters,
which factor enhances most drastically at the percolation
threshold. This is the reason, why a maximum of MR at
Te versus strontium doping level appears at this regime,
as was presented by Aarbogh et al. in [26]. In this region
introducing a small amount of oxygen vacancies or iron
ions should reduce the effect of the applied magnetic field
significantly. Consequently, the suppression of the CMR
peak upon doping cobalt perovskites on the cobalt sites
can be comprehended as the clusters becoming too sepa-
rated to produce colossal magnetoresistance around T¢.

On the other hand, the low-temperature magnetore-
sistance is enhanced drastically with small iron doping
[Fig. 2a]. This type of magnetoresistance of cobaltate per-
ovskites is believed to origin from spin-dependent electron
transfer between isolated ferromagnetic clusters, where
the external magnetic field orientates the spins of clusters,
thus increasing hopping probability [13]. The intensity of
the resulting MR should depend on the size and distance of
clusters, and increases with decreasing strontium content
in La; _,Sr, CoO3_; perovskites [4,13,26]. In our case, the
intense growth of MR at low temperatures as a result of
2.5% iron doping can also be explained by the breaking
up of the clusters, which was discussed above. However, it
should be noted that further increase of iron content de-
creases low-T' MR [18,19]. As a first assumption, we can
explain this effect with the iron ions blocking the electron
transfer between FM cobalt clusters. On the other hand,
field induced tunneling between polycrystalline grains, re-
sulting grain size dependent MR, cannot be excluded as
an additional factor to low-T magnetoresistance, so fur-
ther experimental work is needed to clarify this point.

4 Conclusions

Investigations by means of 5”Co emission and 5"Fe trans-
mission Mdssbauer spectrometry proved the coexistence of
magnetic and paramagnetic regions in Lag gSrg2CoO3_g

The European Physical Journal B

doped with ~0.02 stoichiometric oxygen units or 2.5% iron
below the Curie temperature. The Mossbauer spectra con-
firmed the 3+ oxidation state of doping or nucleogenic
iron ions, however in the magnetic phase the 3d electrons
of Fe were found to be more delocalized. Slight increase of
the oxygen vacancy concentration as well as small (2.5%)
iron doping shrink the ferromagnetically ordered regions
in Lag gSrg.2CoO3_s perovskite, however the long range
magnetic order seems to disappear between 2.5% and 5%
iron doping. Our results can be well described by the elec-
tronic phase separation model introduced for doped per-
ovskite systems. We conclude that the obstruction of the
double exchange interaction between neighboring Co*
and Co** ions either by removing the intermediate oxy-
gen ion or by replacing the Co®* with Fe3t derogates the
magnetic clusters. As a result, the MR peak around the
Curie temperature diminishes, because the external mag-
netic field applied slightly above T can not achieve the
coalescence of the magnetic clusters to counterbalance the
disordering effect of the temperature. On the other hand,
the separation of the clusters by iron doping or oxygen
removal forms smaller scale magnetic areas, the presence
of which induces strong low temperature MR effect.
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