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Neutron-diffraction, magnetic and transport measurements, and Mo¨ssbauer spectroscopy have been used in
order to study the structural and magnetic changes of the magnetoresistive La0.7Pb0.3Mn12xFexO3 (x50, 0.05,
0.1, 0.2, 0.3! perovskitelike compounds. Samples were prepared by the sol-gel low-temperature method. In all
cases the exact stoichiometry is different from the nominal one probably due to the presence of cation
vacancies. All the phases exhibit ferromagnetic behavior except the compositions with the highest Fe contents
(x50.2, 0.3!, which show spin-glass order. A 10% Fe contribution lowers theTC by about 130 K. The
magnetic moment continuously decreases with the increasing amount of iron. The magnetoresistance@MR
5DR/R(0)#, between 0 and 6 T applied fields, has been measured only in thex50.05 and 0.1 compositions,
being of about 65% around the magnetic transition in the case of the 10% Fe content sample. For higher Fe
contents, the samples show clearly insulating trends. These results can be interpreted in terms of a hindering of
the double-exchange mechanism by Fe31 ions, which gives rise to the localization of the electronic carriers and
to a subsequent frustration of the long-range magnetic order.
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I. INTRODUCTION

The rare-earth manganites of the typeL12xAxMnO3,
whereL is La31, Sm31, Pr31, Nd31 and A is Ca21, Pb21,
Sr21, Ba21, Cd21, have attracted the attention of the scie
tific community due to the colossal magnetoresistan
~CMR! phenomenon exhibited when the ferromagnetic
dering of Mn spins occurs.1–3

The magnetic and transport properties of these sam
are determined by several factors such as the percentag
the divalent ions, the ionic radii of the metal ions, the meth
used in the preparation of the samples, etc.4–6 These proper-
ties have traditionally been examined within the framewo
of the ‘‘double-exchange’’ theory which considers the ma
netic coupling between Mn31 and Mn41 ions.7 The amount
of pairs of Mn31 and Mn41 changes due to the doping lev
of the perovskite or its oxygen stoichiometry. In both cas
the result is a distortion of the perovskite structure that
direct influence not only on the Mn-O distance, but also
the angle of the Mn31-O-Mn41 bond. It has also been ob
served that the ferromagnetic coupling and the me
PRB 610163-1829/2000/61~13!/9028~8!/$15.00
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insulator transition temperature are very sensitive to
change of these parameters.

In a similar way, the substitution of the Mn ions by oth
transition metal ions in perovskites of compositio
L0.7A0.3Mn12yTy

31O3 (T5transition metal!, which shows
ferromagnetism and CMR for they50 sample, gives rise
also to changes in the Mn31:Mn41 proportion. This alters the
magnetic coupling between these ions, which is reflected
gradual weakening of the ferromagnetism as the doping le
of theT31 ion increases, with important modifications in th
magnetic and transport properties.5–6,8

Regarding the possible technical applications, good m
netotransport properties occurring at or close to amb
temperatures9 are required. In this sense, Pb-doped pero
kites exhibit critical temperatures close to 300 K,10,11 offer-
ing so the possibility of realizing a technologically usef
magnetoresistive effect magnitude around room temperat

In this work we report structural, magnetic, and magn
toresistive properties of La0.7Pb0.3~Mn12xFex!O3 (x50, 0.05,
0.1, 0.2, 0.3! which have been prepared by the sol-gel lo
temperature method.12 This method presents the advanta
9028 ©2000 The American Physical Society
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PRB 61 9029STRUCTURAL AND MAGNETIC PROPERTIES OF . . .
of using low-temperature synthesis, which results not only
smaller grains, but also produces high-purity and homo
neous powders which are easy to use in order to pre
samples. We have focused our effort on the study of
effect caused by the substitution of a substantially
amount of Mn by Fe ions, up to a 30%, in the samples.
have translated the changes in all those properties to fu
mental electronic competitions between Mn31-Mn41 and
Fe31-Mn41 pairs.

II. EXPERIMENT

Mixed oxides of La0.7Pb0.3~Mn12xFex)O3, x50, 0.05,
0.1, 0.2, 0.3, compositions were prepared by the sol
method with the required quantities of La2O3, Pb~NO3!2,
Mn~C2H3O2!2•4H2O and Fe~NO3!3•9H2O as the starting ma
terials. Citric acid and ethylene glycol were used as gell
agents for the La and Mn ions in a nitrate solution. For th
compositions the sol-gel fabrication process is the most a
cuate due to the hugh diffusion ability of the Pb ions. Th
method allows shorter reaction times and lower temperat
than the ceramic one.

After drying in a sand bath at 373 K for 24 h, the g
obtained was subjected to successive heat treatments a
ferent temperatures, 773, 973, and 1073 K, respectively, e
of them for 10 h. In order to measure the electrical resis
ities of the samples, the powder thus obtained was pellet
and sintered at 1173 K for 10 h in flowing oxygen.

The Mn31/Mn41 content of each sample was determin
by redox titration using an excess of FeSO4 ~0.025 M! solu-
tion and back titration with KMnO4 ~0.5 M!. We have ob-
served deviations from the theorical stoichiometries t
could be due to an excess in the oxygen concentration
more probably to the presence of cation vacancies.13 The
iron enters in the composition of the samples as Fe31, which
is the most stable oxidation state for this cation. On the ot
hand, the Mn41 content decreases linearly~from 0.65% for
thex50 composition to 0.33% for thex50.3 one! as the Fe
doping level increases in the nominal composition of
samples. Since Fe31 and Mn41 have different ionic radii,
0.785 and 0.67 Å, respectively,14 we can estimate a relativ
increase of about 5% in the average ionic radius betweex
50 and 0.3 compositions. As a first consequence, the
ume of the unit cell should undergo an increase as the
content increases, as will be discussed in a later section

The first crystallographic characterization of the phase
samples was performed by x-ray powder diffraction analy
using a STOE equipped with a germanium monochroma
working with CuKa1 radiation. At room temperature, th
diffraction maxima of the La phases were indexed in a trig
nal space group (R3̄c).

Magnetic and resistance measurements were conduct
a Quantum Design MPMS-7 superconducting quantum in
ference device~SQUID! magnetometer. The zero-field coo
ing ~ZFC! and field cooling~FC! curves were performed un
der an applied field of 10 mT.M (T) curves at 1 T applied
field and hysteresis loops at 10 K and up to 7 T were also
obtained. The resistance and magnetoresistance versus
perature measurements were taken by a dc four-wire sys
with the current flowing parallel to the applied field. Th
pellets obtained from the synthesis procedure were cu
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rectangular shape ('5 mm36 mm) and silver dag contact
were used. The irregularity of these contacts makes it d
cult to give accurate values of the resistivity of the sampl

Electron spin resonance~ESR! spectra were recorded on
Bruker E.S.P. 300 spectrometer, equipped with a stand
OXFORD low-temperature device, operating at theX andQ
bands. This apparatus was calibrated by NMR probe for
magnetic field and by using a Hewlett-Packard 5352B mic
wave frequency counter for the resonant frequency in
cavity.

Neutron-diffraction measurements were performed at
high-flux reactor at the Institut Laue-Langevin, Grenob
France. Three different instruments were used. For accu
refinements of the crystal and magnetic structures, meas
ments were carried out on D2B, using a wavelength of 1.5
Å. For tracing the temperature dependence of the struct
and magnetic properties, instruments D20 and D1B w
used. Using a wavelength of 2.41 Å for D20 and 2.519 Å
D1B, we studied the range 2u52° – 90° at temperature
ranging from 1.8 to 300 K~from 295 to 395 K for thex
50 sample!. The Rietveld analysis of the diffraction dat
was performed using theFULLPROF program.15 The line
shape of the diffraction peaks was generated by a pse
Voigt function and the background interpolated betwe
some fixed background points of the diagrams. The cohe
neutron scattering lengths for La, Pb, Mn, Fe, and O w
8.24, 9.405,23.73, 9.45, and 5.803 fm, respectively. In th
final run the following parameters were refined: unit-c
parameters, zero-point, half-width, pseudo-Voigt, and as
metry parameters, scale factor, atomic coordinates, and t
mal isotropic factors. The occupancy factors of the La, P
Mn, and Fe were also allowed to vary in the last steps of
refinements. Due to the high correlation between the ther
and occupancy factors, in some cases the refinements did
reach the convergence. In these cases, the occupancy fa
were fixed to the theoretical ones.

Mössbauer spectroscopy was performed in the transm
sion geometry using a conventional constant-accelera
spectrometer with a57Co-Rh source. Velocity was calibrate
by using an Fe foil as standard material. All the spectra h
been fitted using theNORMOS program.16 Because it is not
possible to study by this technique the compositi
La0.7Pb0.3MnO3, another sample with 1%57Fe content was
fabricated. For thex50.1, 0.2, 0.3 compositions, spect
were taken at room temperature, since it happens to be in
paramagnetic region. This is not the case of the 1%57Fe con-
tent sample, which was measured at 365 K, above its C
temperature of 330 K.

III. RESULTS

A. Magnetic properties

Some of the properties concerning thex50 and 0.1 com-
positions were already reported by the authors in a previ
work.6 From magnetic measurements it is inferred that th
is a transition from ferro- to antiferromagnetic behavior
the Fe content in the sample composition increases. Hys
esis loops measured at 10 K corroborate this trend: as
be seen in Fig. 1, samples withx50,0.05 show practically
the same ferromagnetic behavior. The sample withx
50.1 Fe doping content is still purely ferromagnetic, but t
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9030 PRB 61J. GUTIÉRREZ et al.
curves obtained forx50.2 and 0.3 compositions suggest
superposition of both the ferro- and antiferromagnetic co
ponents. The saturation magnetization of the ferromagn
component has been obtained by using Arrot plots, exc
for the x50.3 composition. The obtained values appear
the inset of Fig. 1. From the almost constant value measu
for the x50 and 0.05 compositions, there is a continuo
decrease upon Fe doping. The substitution with Fe ato
clearly supresses the ferromagnetism. In Fig. 2, zero-fi
cooled–field-cooled curves exhibit similar trends and
usual ferro- to paramagnetic transition as the tempera
increases for thex50, 0.05, and 0.1 compositions. The Cur
temperatureTC was obtained as the minimum of the cur
dM/dT calculated from measured ZFC curves. The int
duction of Fe substituting the Mn ion affects strongly t
measuredTC values, lowering them continuously, about 1
K for the x50.1 composition. For thex50.2 and 0.3
samples the magnetic behavior could be interpreted to
antiferromagnetic, showing sharp maxima in the ZFC cur
~see Fig. 3!. In particular, for thex50.2 composition, the
low-field supposed antiferromagnetic behavior together w
the measured magnetic moment at high applied field cle
indicates the existence of field-induced long-range ferrom
netic order.

Using the inverse susceptibility curve and the correspo
ing Curie-Weiss fit@x5C/(T2uP)#, we found minima in
the x21(T) behavior at 55 and 45 K for thex50.2 and 0.3
corresponding compositions, respectively~see Fig. 3!. These

FIG. 1. Hysteresis loops measured at 10 K and up to 7 T applied
field for the La0.7Pb0.3Mn12xFexO3 (x50.05, 0.1, 0.2, 0.3! studied
samples. The inset shows the corresponding saturation mag
moment values.

FIG. 2. Zero-field cooling~ZFC, increasing temperature arrow!
and field cooling~FC, decreasing temperature arrow! magnetization
vs temperature curves for the compositions corresponding tx
50, 0.05, and 0.1, measured atHapp510 mT.
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temperatures could be interpreted as Ne´el temperaturesTN .
In the high-temperature paramagnetic region, we found
the same compositions positive paramagnetic Curie temp
turesuP5150 and 130 K, respectively, which indicates t
presence of strong ferromagnetic interactions still remain
in these samples. Most probably this is the case of thx
50.2 corresponding composition. However, it has not be
possible to measure the value of any ferromagnetic com
nent for thex50.3 sample. It is clear that neutron-diffractio
experiments are needed in order to elucidate the magn
structure of these compositions. All magnetic data are su
marized in Table I.

The X band ESR spectra of the samples have been
corded above and below their Curie temperature. In all ca
only an averaged curve of the Mn/Fe spectra is detected
expected, the low-temperature asymmetric signals bec
Lorentzian-like atT.TC . A clear transition from an insulat
ing state to a conducting one, as the temperature decreas
observed. In Fig. 4, two recorded curves at 200 and 29
for the composition corresponding to a 10% Fe doping le
are shown. The effectiveg factor obtained for all composi

tic

FIG. 3. Zero-field cooling and field cooling magnetization
temperature curves for the compositions corresponding tox50.2
~upper! and 0.3~lower!, measured atHapp510 mT. The inset shows
the 1/x curve obtained from zero-field cooling measurement.

TABLE I. Values of the Curie temperatureTC , magnetization
per magnetic ion,M /NmB at 10 K and 7 T, and transition tempera
ture in the resistance behavior, TSC-M , for the
La0.7Pb0.3(Mn12xFex)O3 (x50, 0.05, 0.1, 0.2, 0.3! samples.

Sample TC ~K! M /NmB TSC-M ~K!

La0.7Pb0.3MnO3 345 3.28 270
La0.7Pb0.3Mn0.95Fe0.05O3 295 3.3 220
La0.7Pb0.3Mn0.9Fe0.1O3 215 2.79 135
La0.7Pb0.3Mn0.8Fe0.2O3 uP5150 1.98
La0.7Pb0.3Mn0.7Fe0.3O3 uP5130 1.15
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PRB 61 9031STRUCTURAL AND MAGNETIC PROPERTIES OF . . .
tions is '2 ~at T.TC). At room temperature the width o
the resonance lines increases as the Fe content incre
This corresponds to a decrease of the exchange narrow
indicating the lowering of the ferromagnetic interactions b
tween the ions.

The dependence of the linewidthDHpp with temperature
shows minima~at 260, 150, and 140 K for thex50.1, 0.2,
and 0.3 compositions, respectively! that usually are inter-
preted as due to spin correlation. These values correlate
the paramagnetic Curie temperatureuP ~at 250, 150, and 130
K for the x50.1, 0.2, and 0.3 compositions, respectivel!.
This fact can be atributed either to the existence of sh
range magnetic order or perhaps to the formation of fe
magnetic clusters.

B. Magnetoresistance behavior

The temperature dependence of the resistance, meas
under zero applied magnetic field, for the samples with d
ferent Fe contents is shown in Fig. 5~upper!. The most re-
markable fact is that only the compositions with the 5% a
10% doping amounts of Fe exhibit magnetoresistivity. Cl
insulating behavior has been observed for the samples
x50.2 and 0.3, even when measuring under 6 T applied
field. The relative change between 0 and 6 T applied fields
on the measured resistance allows us to define its rela
magnitude asDR5@R(6 T)2R(0 T)#/R(0 T).17 In Fig. 5
~lower!, this change for the compositions corresponding
x50, 0.05, and 0.1 is shown. In these last two cases, the
curves show a small peak (x50.05) and a shoulder (x
50.1) precisely at the Curie temperatureTC . This fact
clearly indicates different contributions to the magnetore
tance: an intrinsic one near the Curie temperature, du
the fact that the granular perovskite behaves in the ferrom
netic state as a granular ferromagnet and so similar t
granular transition metal.18,19 On the other hand and esp
cially for the sample with a 10% Fe doping level, there is
peak in the magnetoresistance at a temperature well be
TC , which does not mean a metal-insulator-like transiti
for the granular system, but probably reflects the differe
in magnetic order between surface and core of the perovs
grains.20

FIG. 4. X band ESR spectra for the samp
La0.7Pb0.3Mn0.9Fe0.1O3, measured at 290 K~insulating behavior!
and 200 K~conductive behavior!.
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As is clearly shown in Fig. 5~lower!, the effect of adding
Fe is to increase the magnitude of the measured MR: fr
a value of about 30% for the noncontaining Fe sample, d
ing with a 10% Fe content gives rise to a 65% relati
change of magnetoresistivity.

C. Neutron-diffraction study

The crystal structure of this family of compounds h
been analyzed in the trigonal space group (R3̄c), hexagonal
setting (Z56), using the D2B neutron powder diffractio
data obtained at room temperature. The La atoms ar
~0,0,1/4! position, Mn at~0,0,0!, and O at (x,0,1/4). A rep-
resentation of the structure is shown in Fig. 6. Forx50.1,
0.2, and 0.3, the Fe atom was placed at the Mn site, with
corresponding occupation factor for both ions. The pha
with x50 and 0.1 show weak extra lines corresponding t
small amount of Mn2O3 as impurity~,3%! ~Bixbyite ASTM
No. 41-1442!. This impurity arises from the reduction of th
Mn41 cation when the solid reaction, in the presence of
takes place. For these compositions, Mn2O3 was included in
the refinements as second phase. Figure 7 shows the re
ment of the La0.7Pb0.3Mn0.9Fe0.1O3 neutron-diffraction spec-
trum obtained at 100 K. The final atomic parameters after
refinements are shown in Table II.

The unit-cell volume and the Mn/Fe-O distances incre
with increasing Fe content. The substitution of Mn by
produces only a minor distortion in the MnO6 octahedra, the
O-Mn-O and Mn-O-Mn angles remaining rather consta
Furthermore, the tolerance factor~t! of the perovskite struc-
ture, t5(dLa-O)/2(dMn-O), with dLa-O and dMn-O the
La-O and Mn-O bond distances, remains constantt
50.995) for the different compositions. These geometri
characteristics indicate that the distortion of t

FIG. 5. Resistance vs temperature curves~upper!, at 0 applied
field, for the La0.7Pb0.3Mn12xFexO3 (x50.05, 0.1, 0.2, 0.3! studied
samples, and magnetoresistance vs temperature curves~lower! of
the La0.7Pb0.3Mn12xFexO3 (x50, 0.05, 0.1! samples, measured at
and 6 T applied magnetic fields.
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9032 PRB 61J. GUTIÉRREZ et al.
La0.7Pb0.3Mn12xFexO3 perovskite structure is nearly inde
pendent of thex value, in good agreement with the comp
rable size of Fe31 and Mn31 ions. The already expected vo
ume expansion of the crystal structure arises from
increase of both the Mn/Fe-O distances and unit-cell v
umes, even if this last one turns out to be lower than 1%

The thermal evolution of the diffraction patterns forx
50 to 0.3 was recorded at D20 and D1B instruments.
x50 andx50.1, two reflections with magnetic contributio
at the samed values are observed. This feature is indicat
of an equivalent magnetic structure for both compoun
That is, the magnetic order does not change its struc
when including a 10% of Fe in the La phases. Furthermo
all magnetic reflections can be indexed with the same ce

FIG. 6. A view of the La0.7Pb0.3Mn12xFexO3 crystal structure
showing the relationship with the cubic perovskitelike structu
Lines represent the hexagonal unit cell. Crystallographic axes
also shown.

FIG. 7. Rietveld refinement of the neutron diffraction data
the sample La0.7Pb0.3Mn0.9Fe0.1O3, measured at 100 K. The differ
ence between measured and calculated data is plotted below
second series of tick marks indicates the magnetic contribution,
the third series indicates the reflections of a minor Mn2O3 phase.
n
l-

r

s.
re
e,
s

the nuclear one, indicating an equivalent type of ferrom
netic structure. The evolution with the temperature of t
intensity peaks with magnetic contribution~012! and the
overlapped (110)1(104) is shown in Fig. 8. The magneti
contribution appears at about 370 and 220 K forx50 and
0.1, respectively. The Rietveld refinement of the D2B d
recorded below these temperatures~270 K for x50 and 100
K for x50.1) was performed, taking into account the ma
netic contribution as a second phase. The best solution
obtained with a collinear magnetic structure in which t
magnetic moment of the Mn ion is placed into the~110!
crystallographic plane, in the hexagonal setting~perpendicu-
lar to the @111# direction of the perovskite cubic cell!. The
obtained values of the magnetic moment are 2.44(2)mB , at
T5270 K, for thex50 composition and 2.38(2)mB , at T
5100 K, for thex50.1 one. These values are in good agre
ment with those obtained from magnetic measurements.

The thermal evolution of the diffraction patterns forx
50.2 and 0.3 does not show any magnetic contributi
within the experimental error, in the temperature range st
ied ~down to 1.5 K!. This lack in the long-range magneti
order and the results from magnetic measurements are in
classic trends of a spin-glass structure in opposition to
initally supposed antiferromagnetic one. We must then t
about the spin-glass transition temperatureTSG of those
samples, their values beingTSG555 and 45 K for thex
50.2 and 0.3 compositions, respectively.

D. Mössbauer spectroscopy

The Mössbauer spectra obtained in the paramagnetic
gion, for all compounds, are shown in Fig. 9. The valu
obtained for the isommer shift ranged between IS50.1 and
0.14 mm/s, evidence that the valence of Fe is13. A doublet
with an increase of the quadrupole splitting~QS! value, as
the Fe doping level increases, is observed. This arises f
the anisotropic deformation of the environment of the Fe31

ions located in the distorted octahedral sites. This fact w
not detected by neutron-diffraction experiments, since th
give averaged magnitude values of the Mn/Fe-O distan
and Mn-O-Mn bond angles. It is also the case of EPR
periments, which give only an averaged widening of the s
nal lines, as already discussed. In this sense, Mo¨ssbauer
spectroscopy turns out to be the most appropiate techniqu
study the environment of the Fe atoms. In Fig. 10, the e
lution of the distanced~Mn/Fe-O! and the QS value, with the
Fe content, is shown. Clearly, a correlation between th
two parameters exists.

IV. DISCUSSION AND CONCLUSIONS

Several authors have already reported the effect of
doping in colossal magnetoresistive LaCaMnO3 ~Refs. 21
and 22! and LaSrMnO3 ~Ref. 23! perovskites. In all cases th
same trend is observed: as the Fe doping level in
sample increases, transition temperatures (TC ,TSC-M) and
spontaneous magnetization systematically decrease. Sa
resistivity increases in a continuous way, and there is also
increase in the MR value. These changes are observed u
a 10% Fe doping level. For higher-Fe-content compositio
insulating behavior is observed in the whole temperat
range studied.
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TABLE II. Atomic parameters forx50, 0.1, 0.2, and 0.3 after the Rietveld refinements of the D

neutron-powder-diffraction data at room temperature. Space group (R3̄c), Z56. La and Pb atoms are at 6a
positions~0, 0, 1/4!; Mn and Fe atoms are at 6b(0,0,0); O atoms are at 18e(x,0,1/4).

Sample x50 x50.1 x50.2 x50.3

T ~K! 270 270 300 300

a ~Å! 5.5167~1! 5.5235~1! 5.5272~1! 5.5302~1!

c ~Å! 13.3954~1! 13.3978~1! 13.4115~2! 13.4146~2!

V ~Å! 353.05~1! 353.99~1! 354.83~1! 355.29~1!

t 0.995 0.994 0.995 0.994

La B(Å 2)/FOCC 0.52~2!/0.756 0.57~3!/0.756 0.85~2!/0.7 0.86~2!/0.7

Pb B(Å 2)/FOCC 0.52~2!/0.246 0.57~3!/0.246 0.85~2!/0.3 0.86~2!/0.3

Mn B(Å 2)/FOCC 0.39~3!/1.0 0.79~8!/0.924~1! 0.85~2!/0.8 0.86~2!/0.7

Fe B(Å 2)/FOCC 0.79~8!/0.096~1! 0.85~2!/0.2 0.86~2!/0.3

O x 0.4592~1! 0.4569~1! 0.4574~1! 0.4567~1!

O B(Å 2)/FOCC 0.95~1!/3.0 1.11~2!/3.0 1.33~1!/3.0 1.26~2!/3.0

Mn/Fe-O ~Å! 1.9578(4)36 1.9610(4)36 1.9622(4)36 1.9636(4)36

La/Pb-O~Å! 2.5333(7)33 2.5236(5)33 2.5283(7)33 2.5256(8)33

2.7516(2)36 2.7541(2)36 2.7564(3)36 2.7576(4)36

2.9834(7)33 3.0000(5)33 2.9989(7)37 3.0045(6)33

^La/Pb-O& ~Å! 2.755 2.758 2.760 2.7613

Mn/Fe-O-Mn/Fe~deg! 166.80~4! 166.06~4! 166.23~4! 165.99~4!

O-Mn/Fe-O~deg! 90.71~2! 90.79~2! 90.77~2! 90.79~2!

Mn2O3 ~%! 2.73 2.57

Discrepancy factors

Rp ~%! 4.71 4.82 4.20 4.74

Rwp ~%! 6.69 6.13 5.32 5.97

Re ~%! 1.90 3.09 3.91 3.63

x2 1.25 3.92 1.85 2.7

RB ~%! 3.72 3.89 3.93 5.53

RM ~%! 6.47 6.50~100 K!
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It has been already well established that the doub
exchange mechanism mediates ferromagnetism and me
conduction. However, our experimental work evidences t
the partial replacement of Mn by Fe atoms favors insulat
and antiferromagnetic behavior, in opposition to the effe
of the double exchange. Taking into account that Mn31 and
Fe31 have very similar ionic sizes in octahedral high-sp
coordination, the influence in the lattice parameters can
neglected as it has been proved by neutron-diffraction

FIG. 8. Temperature dependence of the intensity of the Br
peaks~012! and the overlapped (110)1(104), for thex50 and 0.1
compositions. Lines are a guide for the eyes.
-
llic
t

g
s

e
x-

periments. So the mechanism that suppress the double
change must arise only from the electronic structure of
atoms.

The experimental results obtained for our samples are
agreement with previous studies concerning the trans
properties of the LaBaMnFeO3 family of compounds.20,24

Those studies demonstrated that for similar doping Fe le
than those reported in this work, Fe31, Mn31, and Mn41 ions
are present. Thet2g↑ levels are fully occupied, thet2g↓ and
eg↓ levels are empty, and the energies of theeg↑ ones will
determine the electron distribution of the Fe and Mn atom
Following the nominal stoichiometry of our samples, the
eg↑ level is fully occupied and@(0.72x)/2(12x)# of the Mn
eg↑ level is also filled, considering the latter factor one-h
of the fraction of Mn31 ions. This will give us the position of
the Fermi surface above the top of the Feeg↑ level, assuming
uniformity in the filling for simplicity. With the valuesx
50, 0.1, 0.2, and 0.3, of our compositions, the Fermi surf
will lie between 0.28 and 0.35 eV above the top of that ba
~see Fig. 11!. The width of theeg↑ level has been stimated t
be around 1 eV.25 It is clear that electron hopping betwee
Fe and Mn is not possible due to the lack of available sta
in the Feeg↑ level. The only vacant states will locate in th
Fe t2g↓ one. However, it has been demonstrated that the
t2g↓ lies around 2 eV above the top of the Feeg↑ level,26
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and so about 1.65–1.72 eV above the Fermi level of
system. As a direct consequence, the electron hopping f
Mn to Fe is energetically forbidden, and only the Mneg↑
band is electronically active, electronic hopping occurri
still between Mn31 and Mn41. On the other hand and from
electrical resistance measurements, we have calculat

FIG. 9. Fitted Mössbauer data collected for th
La0.7Pb0.3Mn12xFexO3 system in the paramagnetic region:~a! x
50.01 ~at T5365 K), ~b! x50.1, ~c! x50.2, and~d! x50.3 ~at
room temperature!.

FIG. 10. Dependence of the distanced~Mn/Fe-O! and the quad-
rupole splitting~QS! with the Fe content, for the studied sample
r
m

a

value of the forbidden energy gap around 0.2–0.3 eV~see
Fig. 12! for the samples corresponding tox50.2 and 0.3.
These obtained low values could explain the appearanc
ferromagnetic interactions~thermically activated electron
level hopping! around room temperature, which should e
plain the high paramagnetic Curie temperatures obtained
those compositions.

From our measurements it is clear that the Fe enter
these compositions as Fe31, giving rise to an antiferromag
netic coupling between Mn and Fe ions that favors the
perexchange mechanism. However, if titration data ab
Mn41 content are reliable, the Mn31/Mn41 ratio increases
with the Fe content. The Fe31 will fix also the nearest-
neighbor spins, reducing mainly the population of hoppi
electrons and available hopping sites. Double exchang
then progressively suppressed, weakening the ferrom
netism and metallic behavior of the samples.

In conclusion, the ferromagnetic character of the samp
studied in this work remains unchanged up to a 10%
doping level. Nevertheless, a progressive decrease of the
rie temperature values and saturation magnetic momen
observed. These compositions show magnetoresistive be
ior, being a 65% relative change measured for thex50.1
composition.

For the samples corresponding tox50.2 and 0.3, neutron-
diffraction experiments revealed that there is no magn
contribution in the 1.5–300 K temperature range. In the c
of the sample with a 20% Fe doping level, from low-fie
magnetic measurements and especially from the extrapol
~Arrot plot! value of the magnetic moment at high applie
field values (m0H.2 T), we can infer that this compositio
shows a three-dimensional long-range field-induced fe
magnetic order. Finally, thex50.3 corresponding composi

FIG. 11. Energies level diagram of Fe and Mn
La0.7Pb0.3Mn12xFexO3 samples.

FIG. 12. Forbidden energy gap vs 1/T, for the x50.2 ~open
symbols! and 0.3~solid symbols! studied samples.
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tion shows clear features of a spin-glass system. The p
ence of ferromagnetic clusters in these samples could exp
the highuP measured values and linewidth broadening o
served in the EPR measurements at the same tempera
Both x50.2 and 0.3 samples show clearly insulati
behavior.
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