PHYSICAL REVIEW B VOLUME 61, NUMBER 13 1 APRIL 2000-I

Structural and magnetic properties of Lag Pby s(Mn;_,Fe,) O3 (0=x=<0.3
giant magnetoresistance perovskites

J. Gutierez
Departamento de Electricidad y Electrica, Universidad del Pai Vasco/EHU, Box 644, E-48080 Bilbao, Spain

A. Péra
Departamento de Qmica Inorganica, Universidad del PaiVasco/EHU, Box 644, E-48080 Bilbao, Spain

J. M. Barandiara
Departamento de Electricidad y Electiza, Universidad del Pal Vasco/EHU, Box 644, E-48080 Bilbao, Spain

J. L. Pizarro
Departamento Mineraloguy Petroloda, Universidad del Pa Vasco/EHU, Box 644, E-48080 Bilbao, Spain

T. Hernandez
Departamento de Electricidad y Electiza, Universidad del Pal Vasco/EHU, Box 644, E-48080 Bilbao, Spain

L. Lezama, M. Insausti, and T. Rojo
Departamento de Qmica Inorganica, Universidad del PaiVasco/EHU, Box 644, E-48080 Bilbao, Spain
(Received 8 June 1999

Neutron-diffraction, magnetic and transport measurements, arssthdoer spectroscopy have been used in
order to study the structural and magnetic changes of the magnetoresigthRildn, ,FeO5 (x=0, 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
(x=0.2, 0.3, which show spin-glass order. A 10% Fe contribution lowers Theby about 130 K. The
magnetic moment continuously decreases with the increasing amount of iron. The magnetoredidRance
=AR/R(0)], between 0 ath 6 T applied fields, has been measured only inx&€.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 Fiens, which gives rise to the localization of the electronic carriers and
to a subsequent frustration of the long-range magnetic order.

I. INTRODUCTION insulator transition temperature are very sensitive to the
change of these parameters.
The rare-earth manganites of the typg ,A,MnOs;, In a similar way, the substitution of the Mn ions by other

wherel is La®", Sn?*, PP*, Nd®" andA is C&*, PB¥",  transition metal ions in perovskites of composition
SP*, B&", C*, have attracted the attention of the scien-Lg 7AqMn;_, T, O; (T=transition metal which shows
tific community due to the colossal magnetoresistanceferromagnetism and CMR for thg=0 sample, gives rise
(CMR) phenomenon exhibited when the ferromagnetic or-also to changes in the MA:Mn*" proportion. This alters the
dering of Mn spins occurs:® magnetic coupling between these ions, which is reflected in a
The magnetic and transport properties of these samplegradual weakening of the ferromagnetism as the doping level
are determined by several factors such as the percentage @fthe T** ion increases, with important modifications in the
the divalent ions, the ionic radii of the metal ions, the methodmagnetic and transport propertis§:®
used in the preparation of the samples,‘efcThese proper- Regarding the possible technical applications, good mag-
ties have traditionally been examined within the frameworknetotransport properties occurring at or close to ambient
of the “double-exchange” theory which considers the mag-temperaturesare required. In this sense, Pb-doped perovs-
netic coupling between M and Mrf* ions! The amount  kites exhibit critical temperatures close to 300% offer-
of pairs of Mr** and Mrf* changes due to the doping level ing so the possibility of realizing a technologically useful
of the perovskite or its oxygen stoichiometry. In both casesnagnetoresistive effect magnitude around room temperature.
the result is a distortion of the perovskite structure that has In this work we report structural, magnetic, and magne-
direct influence not only on the Mn-O distance, but also ontoresistive properties of lgaPh, s(Mn; _,Fe,)O5 (x=0, 0.05,
the angle of the M# -O-Mn** bond. It has also been ob- 0.1, 0.2, 0.3 which have been prepared by the sol-gel low-
served that the ferromagnetic coupling and the metaltemperature metholf. This method presents the advantage
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of using low-temperature synthesis, which results not only irrectangular shape~(5 mmx6 mm) and silver dag contacts
smaller grains, but also produces high-purity and homogewere used. The irregularity of these contacts makes it diffi-
neous powders which are easy to use in order to prepamult to give accurate values of the resistivity of the samples.
samples. We have focused our effort on the study of the Electron spin resonand&SR spectra were recorded on a
effect caused by the substitution of a substantially bigBruker E.S.P. 300 spectrometer, equipped with a standard
amount of Mn by Fe ions, up to a 30%, in the samples. WeOXFORD low-temperature device, operating at ¥iandQ
have translated the changes in all those properties to fund@ands. This apparatus was calibrated by NMR probe for the
mental electronic competitions between MiMn** and  magnetic field and by using a Hewlett-Packard 5352B micro-
Fe*-Mn** pairs. wave frequency counter for the resonant frequency in the
cavity.
Il. EXPERIMENT Neutron-diffraction measurements were pe_rformed at the
high-flux reactor at the Institut Laue-Langevin, Grenoble,
Mixed oxides of Lag/Phk(Mn,_,Fg)O; x=0, 0.05, France. Three different instruments were used. For accurate
0.1, 0.2, 0.3, compositions were prepared by the sol-gelefinements of the crystal and magnetic structures, measure-
method with the required quantities of JG, PHNOg),, ments were carried out on D2B, using a wavelength of 1.594
Mn(C,H30,),-4H,0 and F€NO;)3-9H,0 as the starting ma- A, For tracing the temperature dependence of the structural
terials. Citric acid and ethylene glycol were used as gellingand magnetic properties, instruments D20 and D1B were
agents for the La and Mn ions in a nitrate solution. For theseised. Using a wavelength of 2.41 A for D20 and 2.519 A for
compositions the sol-gel fabrication process is the most ade®1B, we studied the range #2=2°—-90° at temperatures
cuate due to the hugh diffusion ability of the Pb ions. Thisranging from 1.8 to 300 Kfrom 295 to 395 K for thex
method allows shorter reaction times and lower temperatures 0 samplg¢. The Rietveld analysis of the diffraction data
than the ceramic one. was performed using theuLLPROF program®® The line
After drying in a sand bath at 373 K for 24 h, the gel shape of the diffraction peaks was generated by a pseudo-
obtained was subjected to successive heat treatments at difoigt function and the background interpolated between
ferent temperatures, 773, 973, and 1073 K, respectively, eadibme fixed background points of the diagrams. The coherent
of them for 10 h. In order to measure the electrical resistivneutron scattering lengths for La, Pb, Mn, Fe, and O were
ities of the samples, the powder thus obtained was pelletizeg.24, 9.405,—3.73, 9.45, and 5.803 fm, respectively. In the
and sintered at 1173 K for 10 h in flowing oxygen. final run the following parameters were refined: unit-cell
The Mr#*/Mn** content of each sample was determinedparameters, zero-point, half-width, pseudo-Voigt, and asim-
by redox titration using an excess of F&S0.025 M solu-  metry parameters, scale factor, atomic coordinates, and ther-
tion and back titration with KMn® (0.5 M). We have ob- mal isotropic factors. The occupancy factors of the La, Pb,
served deviations from the theorical stoichiometries thaMn, and Fe were also allowed to vary in the last steps of the
could be due to an excess in the oxygen concentration aefinements. Due to the high correlation between the thermal
more probably to the presence of cation vacantiéBhe  and occupancy factors, in some cases the refinements did not
iron enters in the composition of the samples a§'Favhich  reach the convergence. In these cases, the occupancy factors
is the most stable oxidation state for this cation. On the othewere fixed to the theoretical ones.
hand, the MA" content decreases linearlfrom 0.65% for Mossbauer spectroscopy was performed in the transmis-
thex=0 composition to 0.33% for the=0.3 ong as the Fe sion geometry using a conventional constant-acceleration
doping level increases in the nominal composition of thespectrometer with 8’Co-Rh source. Velocity was calibrated
samples. Since Bé and Mrf* have different ionic radii, by using an Fe foil as standard material. All the spectra have
0.785 and 0.67 A, respectivel§,we can estimate a relative been fitted using theiormos program'® Because it is not
increase of about 5% in the average ionic radius between possible to study by this technique the composition
=0 and 0.3 compositions. As a first consequence, the volka, Pk, ;MnOs, another sample with 1%Fe content was
ume of the unit cell should undergo an increase as the Fabricated. For thex=0.1, 0.2, 0.3 compositions, spectra
content increases, as will be discussed in a later section. were taken at room temperature, since it happens to be in the
The first crystallographic characterization of the phases oparamagnetic region. This is not the case of the’ % con-
samples was performed by x-ray powder diffraction analysigent sample, which was measured at 365 K, above its Curie
using a STOE equipped with a germanium monochromatortemperature of 330 K.
working with CuK«a4 radiation. At room temperature, the
diffraction maxima of the La phases were indexed in a trigo- 1. RESULTS
nal space groupR3c).
Magnetic and resistance measurements were conducted in
a Quantum Design MPMS-7 superconducting quantum inter- Some of the properties concerning tke 0 and 0.1 com-
ference devicéSQUID) magnetometer. The zero-field cool- positions were already reported by the authors in a previous
ing (ZFC) and field cooling FC) curves were performed un- work.® From magnetic measurements it is inferred that there
der an applied field of 10 mTM(T) curves &1 T applied is a transition from ferro- to antiferromagnetic behavior as
field and hysteresis loops at 10 K and up7 T were also the Fe content in the sample composition increases. Hyster-
obtained. The resistance and magnetoresistance versus teesis loops measured at 10 K corroborate this trend: as can
perature measurements were taken by a dc four-wire systelre seen in Fig. 1, samples wii=0,0.05 show practically
with the current flowing parallel to the applied field. The the same ferromagnetic behavior. The sample with
pellets obtained from the synthesis procedure were cut ir-0.1 Fe doping content is still purely ferromagnetic, but the

A. Magnetic properties



9030 J. GUTIERREZ et al. PRB 61

3.5:""I""I""\3;"'I""I""I""I"'
3 T :
E * & 25 ]
5 R ]
N S E 8 5
g g 2F « B F ,.- 11
Eoe = sb oy 8,=150K § ]
3 3 1'5:' R * % soﬂo 300 350 300 350 9
= = B0 . ) ]
0_52_..'. .o' x=0.2
- O\J{..\,‘| : ARARREENE
H(TeSIa) o= g sof
0.15+ : L 40} 4
FIG. 1. Hysteresis loops measured at 10 K andaup T applied S Pt F o ]
field for the Lg Py Mn,_,Fe 05 (x=0.05, 0.1, 0.2, 0.8studied S 01k .' ';& Tk ; oo130k 11
samples. The inset shows the corresponding saturation magnetic qE, . TNl B 510
moment values. E 005_: T(K) b
. . . x=0.3
curves obtained fok=0.2 and 0.3 compositions suggest a _ ]
HH H H s oy s b Tv i aan [
superposition of both_ the ferro- a_lnd.anuferromagnetlc com- 00 ™ 50 106156 206250 300 350 400
ponents. The saturation magnetization of the ferromagnetic
component has been obtained by using Arrot plots, except T(K)

for the x=0.3 composition. The obtained values appear in
the inset of Fig. 1. From the almost constant value measured FIG. 3. Zero-field cooling and field cooling magnetization vs
for the x=0 and 0.05 compositions, there is a continuoustemperature curves for the compositions corresponding=t@.2
decrease upon Fe doping. The substitution with Fe atom@Ppe) and 0.3(lower), measured &t ;,,=10 mT. The inset shows
clearly supresses the ferromagnetism. In Fig. 2, zero-fieldthe 1k curve obtained from zero-field cooling measurement.
cooled—field-cooled curves exhibit similar trends and the )
usual ferro- to paramagnetic transition as the temperaturemperatures could be interpreted assNemperaturedy .
increases for the=0, 0.05, and 0.1 compositions. The Curie In the high-temperature paramagnetic region, we found for
temperatureT . was obtained as the minimum of the curve the same compositions positive paramagnetic Curie tempera-
dM/dT calculated from measured ZFC curves. The intro-tures 6p=150 and 130 K, respectively, which indicates the
duction of Fe substituting the Mn ion affects strongly the presence of strong ferromagnetic interactions still remaining
measured ¢ values, lowering them continuously, about 130in these samples. Most probably this is the case ofxhe
K for the x=0.1 composition. For thex=0.2 and 0.3 =0.2 corresponding composition. However, it has not been
samples the magnetic behavior could be interpreted to bpossible to measure the value of any ferromagnetic compo-
antiferromagnetic, showing sharp maxima in the ZFC curvegent for thex=0.3 sample. It is clear that neutron-diffraction
(see Fig. 3 In particular, for thex=0.2 composition, the €xperiments are needed in order to elucidate the magnetic
low-field supposed antiferromagnetic behavior together wittstructure of these compositions. All magnetic data are sum-
the measured magnetic moment at high applied field clearlynarized in Table I.
indicates the existence of field-induced long-range ferromag- The X band ESR spectra of the samples have been re-
netic order. corded above and below their Curie temperature. In all cases
Using the inverse susceptibility curve and the correspondonly an averaged curve of the Mn/Fe spectra is detected. As
ing Curie-Weiss fiff y=C/(T—6p)], we found minima in expected, the low-temperature asymmetric signals become
the y"*(T) behavior at 55 and 45 K for the=0.2 and 0.3 Lorentzian-like aff>T. A clear transition from an insulat-
corresponding compositions, respectivedge Fig. 3 These ing state to a conducting one, as the temperature decreases, is
observed. In Fig. 4, two recorded curves at 200 and 290 K
for the composition corresponding to a 10% Fe doping level
are shown. The effectivg factor obtained for all composi-

TABLE I. Values of the Curie temperatufe:, magnetization
per magnetic ionM/Nug at 10 K and 7 T, and transition tempera-
ture in the resistance behavior, Tgcy, for the
Lay Phy s(Mn; _,Fg)O; (x=0, 0.05, 0.1, 0.2, 0)3samples.

M(emu/g)

0 Sample Tc (K) M/Npg  Tsem (K)
0 50 100 150 200 250 300 350 400
TK) Lay Pk sMnO; 345 3.28 270
Lag Py sMNgp o€ 00z 295 3.3 220
FIG. 2. Zero-field coolingZFC, increasing temperature arrpw  Lag Ply sMng oFey 1053 215 2.79 135
and field coolingFC, decreasing temperature arjawagnetization Lag Py ;Mng gFey 505 0p=150 1.98
vs temperature curves for the compositions corresponding to  Lay Pk, Mng Fe 05 0p=130 1.15

=0, 0.05, and 0.1, measuredHdfy,=10 mT.
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tions is~2 (at T>T¢). At room temperature the width of T(K)
the resonance lines increases as the Fe content increases.
This corresponds to a decrease of the exchange narrowing, FIG. 5. Resistance vs temperature cur¢espe), at O applied
indicating the lowering of the ferromagnetic interactions be-field, for the Lg -Phy sMn;_,Fg,03 (x=0.05, 0.1, 0.2, 0.Bstudied
tween the ions. samples, and magnetoresistance vs temperature c(lovesr) of

The dependence of the linewidthH ;, with temperature  the La Py Mn;_,Fe03(x=0, 0.05, 0.1 samples, measured at 0
shows minima(at 260, 150, and 140 K for the=0.1, 0.2, and 6 T applied magnetic fields.
and 0.3 compositions, respectivelthat usually are inter-
preted as due to spin correlation. These values correlate with As is clearly shown in Fig. Slower), the effect of adding
the paramagnetic Curie temperatée(at 250, 150, and 130 Fe is to increase the magnitude of the measured MR:  from
K for the x=0.1, 0.2, and 0.3 compositions, respectiyely a value of about 30% for the noncontaining Fe sample, dop-
This fact can be atributed either to the existence of shorting with a 10% Fe content gives rise to a 65% relative
range magnetic order or perhaps to the formation of ferrochange of magnetoresistivity.
magnetic clusters.

C. Neutron-diffraction study

B. Magnetoresistance behavior The crystal structure of this family of compounds has

The temperature dependence of the resistance, measureeen analyzed in the trigonal space gro®3¢), hexagonal
under zero applied magnetic field, for the samples with dif-setting €=6), using the D2B neutron powder diffraction
ferent Fe contents is shown in Fig.(6ppe). The most re- data obtained at room temperature. The La atoms are at
markable fact is that only the compositions with the 5% and(0,0,1/4 position, Mn at(0,0,0, and O at §,0,1/4). A rep-
10% doping amounts of Fe exhibit magnetoresistivity. Clearesentation of the structure is shown in Fig. 6. Ket0.1,
insulating behavior has been observed for the samples with.2, and 0.3, the Fe atom was placed at the Mn site, with the
x=0.2 and 0.3, even when measuring un@eT applied corresponding occupation factor for both ions. The phases
field. The relative change between 0dad T applied fields with x=0 and 0.1 show weak extra lines corresponding to a
on the measured resistance allows us to define its relativemall amount of MpO; as impurity(<3%) (Bixbyite ASTM
magnitude asAR=[R(6 T)—R(0T)]/R(0T).*" In Fig. 5  No. 41-1442. This impurity arises from the reduction of the
(lowen), this change for the compositions corresponding toMn** cation when the solid reaction, in the presence of air,
x=0, 0.05, and 0.1 is shown. In these last two cases, the MRakes place. For these compositions, nwas included in
curves show a small peakx£0.05) and a shoulderx( the refinements as second phase. Figure 7 shows the refine-
=0.1) precisely at the Curie temperatufe.. This fact ment of the Lg Pl Mng oF& 103 neutron-diffraction spec-
clearly indicates different contributions to the magnetoresistrum obtained at 100 K. The final atomic parameters after the
tance: an intrinsic one near the Curie temperature, due teefinements are shown in Table 1.
the fact that the granular perovskite behaves in the ferromag- The unit-cell volume and the Mn/Fe-O distances increase
netic state as a granular ferromagnet and so similar to with increasing Fe content. The substitution of Mn by Fe
granular transition metaf'® On the other hand and espe- produces only a minor distortion in the Mg©@ctahedra, the
cially for the sample with a 10% Fe doping level, there is aO-Mn-O and Mn-O-Mn angles remaining rather constant.
peak in the magnetoresistance at a temperature well belofwurthermore, the tolerance factty of the perovskite struc-
Tc, which does not mean a metal-insulator-like transitionture, t=(dLa-0)/2(dMn-O), with dLa-O anddMn-O the
for the granular system, but probably reflects the differencda-O and Mn-O bond distances, remains constant (
in magnetic order between surface and core of the perovskite 0.995) for the different compositions. These geometrical
grains?® characteristics indicate that the distortion of the
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the nuclear one, indicating an equivalent type of ferromag-
netic structure. The evolution with the temperature of the
intensity peaks with magnetic contributio®®12) and the
overlapped (110) (104) is shown in Fig. 8. The magnetic
contribution appears at about 370 and 220 K XerO and
0.1, respectively. The Rietveld refinement of the D2B data
recorded below these temperatu(2g0 K forx=0 and 100
K for x=0.1) was performed, taking into account the mag-
netic contribution as a second phase. The best solution was
obtained with a collinear magnetic structure in which the
magnetic moment of the Mn ion is placed into thELO
crystallographic plane, in the hexagonal settipgrpendicu-
lar to the[111] direction of the perovskite cubic cgllThe
obtained values of the magnetic moment are 2.44¢2)at
T=270K, for thex=0 composition and 2.38(2)g, at T
=100K, for thex=0.1 one. These values are in good agree-
ment with those obtained from magnetic measurements.
The thermal evolution of the diffraction patterns fer
=0.2 and 0.3 does not show any magnetic contribution,
FIG. 6. A view of the LgPhyMn;_,Fe 05 crystal structure  within the experimental error, in the temperature range stud-
showing the relationship with the cubic perovskitelike structure.jed (down to 1.5 K. This lack in the long-range magnetic
Lines represent the hexagonal unit cell. Crystallographic axes argrger and the results from magnetic measurements are in fact
also shown. classic trends of a spin-glass structure in opposition to the
) ) ) initally supposed antiferromagnetic one. We must then talk
Lag Py Mn; _«FeO; perovskite structure is nearly inde- apout the spin-glass transition temperatdigs of those

pendent of thec value, in good agreement with the compa- sagmples, their values beinfisc=55 and 45 K for thex
rable size of F& and Mr#* ions. The already expected vol- — 2 and 0.3 compositions, respectively.

ume expansion of the crystal structure arises from an

increase of both the Mn/Fe-O distances and unit-cell vol- D. Mossbauer spectroscopy

umes, even if this last one turns out to be lower than 1%.
The thermal evolution of the diffraction patterns fer

=0 to 0.3 was recorded at D20 and D1B instruments. Fo

x=0 andx=0.1, two reflections with “_“agne“c c_on_trlb_utm_n 0.14 mm/s, evidence that the valence of Fe-& A doublet
at the samel values are observed. This feature is indicative . L
with an increase of the quadrupole splittiiQS) value, as

of an equivalent magnetic structure for both compoundsthe Fe doping level increases, is observed. This arises from

That is, the magnetic order does not change its structur . - . .
when including a 10% of Fe in the La phases. Furthermore.ﬁ‘]e anisotropic deformation of the environment of thé'Fe

. : . ) fons located in the distorted octahedral sites. This fact was
all magnetic reflections can be indexed with the same cell as . : . :
not detected by neutron-diffraction experiments, since they
give averaged magnitude values of the Mn/Fe-O distances
and Mn-O-Mn bond angles. It is also the case of EPR ex-
periments, which give only an averaged widening of the sig-
nal lines, as already discussed. In this senséssidauer
] spectroscopy turns out to be the most appropiate technique to
B 1 study the environment of the Fe atoms. In Fig. 10, the evo-
1 lution of the distancel(Mn/Fe-O and the QS value, with the
Fe content, is shown. Clearly, a correlation between these
two parameters exists.

The Massbauer spectra obtained in the paramagnetic re-
rgion, for all compounds, are shown in Fig. 9. The values
obtained for the isommer shift ranged betweer (51 and

units)

110)+(104)

IV. DISCUSSION AND CONCLUSIONS

Intensity (arb
_Z

! LD U N 'R VI 1T R AT VRIS AR

| [ I T O O T T VI T A T T T T TR A || Several authors have a|ready reported the effect of Fe
A N R AR R R RN RN RN N AR IR R NN RO A | doplng in C0|Ossa| magnetoresistive LaCaMn(Refs. 21
- - e e o] and 22 and LaSrMnQ (Ref. 23 perovskites. In all cases the
e '4'0' s '6'0' - '8'0- . :1(1)0' - -1!2(): —40 same tr(_and is observed_:_ as the Fe doping level in the
20(deg.) sample increases, transition temperatur@s ,{sc..) and

spontaneous magnetization systematically decrease. Sample

FIG. 7. Rietveld refinement of the neutron diffraction data for resistivity increases in a continuous way, and there is also an
the sample LgPh, Mn, oFe, 103, measured at 100 K. The differ- increase in the MR value. These changes are observed up to
ence between measured and calculated data is plotted below. Tiee10% Fe doping level. For higher-Fe-content compositions,
second series of tick marks indicates the magnetic contribution, anthsulating behavior is observed in the whole temperature
the third series indicates the reflections of a minor,®jphase. range studied.
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TABLE Il. Atomic parameters fox=0, 0.1, 0.2, and 0.3 after the Rietveld refinements of the D2B
neutron-powder-diffraction data at room temperature. Space giR8p)( Z=6. La and Pb atoms are at6

positions(0, 0, 1/9; Mn and Fe atoms are a$§0,0,0); O atoms are at &8x,0,1/4).

Sample x=0 x=0.1 x=0.2 x=0.3

T (K) 270 270 300 300

a(A) 5.51671) 5.523%1) 5.52721) 5.53021)

c (R 13.39541) 13.39781) 13.4115%2) 13.41462)

vV (A) 353.0%1) 353.991) 354.831) 355.291)

t 0.995 0.994 0.995 0.994

La B(A?)/Foce 0.522)/0.756 0.573)/0.756 0.852)/0.7 0.862)/0.7

PbB(A2%)/Focc 0.522)/0.246 0.573)/0.246 0.8%2)/0.3 0.862)/0.3

Mn B(A?)/Focc 0.393)/1.0 0.798)/0.9241)  0.852)/0.8 0.862)/0.7

FeB(A?)/Focc 0.798)/0.0961) 0.852)/0.2 0.862)/0.3

Ox 0.45921) 0.45691) 0.45741) 0.45671)

O B(A?)/Focc 0.951)/3.0 1.112)/3.0 1.331)/3.0 1.262)/3.0

Mn/Fe-O(A) 1.9578(4)X 6 1.9610(4)X 6 1.9622(4)X 6 1.9636(4)X 6

La/Pb-O(A) 2.5333(7)x3 2.5236(5)x 3 2.5283(7x3 2.5256(8)% 3
2.7516(2)< 6 2.7541(2)X 6 2.7564(3)% 6 2.7576(4) 6
2.9834(7)X3 3.0000(5)< 3 2.9989(7x7 3.0045(6) 3

(La/Pb-Q (R) 2.755 2.758 2.760 2.7613

Mn/Fe-O-Mn/Fe(deg 166.804) 166.064) 166.234) 165.994)

O-Mn/Fe-O(deg 90.712) 90.792) 90.712) 90.792)

Mn,0; (%) 2.73 2.57

Discrepancy factors

R, (%) 4.71 4.82 4.20 4.74

Rup (%) 6.69 6.13 5.32 5.97

Re (%) 1.90 3.09 3.91 3.63

x° 1.25 3.92 1.85 2.7

Rg (%) 3.72 3.89 3.93 5.53

Ry (%) 6.47 6.50(100 K)

It has been already well established that the doubleperiments. So the mechanism that suppress the double ex-
exchange mechanism mediates ferromagnetism and metalldhange must arise only from the electronic structure of the
conduction. However, our experimental work evidences thaatoms.
the partial replacement of Mn by Fe atoms favors insulating The experimental results obtained for our samples are in
and antiferromagnetic behavior, in opposition to the effectsagreement with previous studies concerning the transport

of the double exchange. Taking into account thattMand

properties of the LaBaMnFeQOfamily of compoundg®24

Fe’" have very similar ionic sizes in octahedral high-spinThose studies demonstrated that for similar doping Fe levels
coordination, the influence in the lattice parameters can bg,5n those reported in this work, ¥e Mn®*, and M ions

neglected as it has been proved by neutron-diffraction exj o present. The,y, levels are fully occupied, theyy, and

(012) .

x=0 ‘:

€y, levels are empty, and the energies of te ones will
determine the electron distribution of the Fe and Mn atoms.
Following the nominal stoichiometry of our samples, the Fe
g1 level is fully occupied anl(0.7—x)/2(1—x) ] of the Mn

ey level is also filled, considering the latter factor one-half
of the fraction of M ions. This will give us the position of
the Fermi surface above the top of thedge level, assuming

Intensity (arb. units)

oLl b b LW b L LW

0 50 100 150 200 250 300 350 400

(110)+(104)]

:"(110)+(104)

T (K)

uniformity in the filling for simplicity. With the values

=0, 0.1, 0.2, and 0.3, of our compositions, the Fermi surface
will lie between 0.28 and 0.35 eV above the top of that band
(see Fig. 11 The width of theey; level has been stimated to
be around 1 eV It is clear that electron hopping between
Fe and Mn is not possible due to the lack of available states

FIG. 8. Temperature dependence of the intensity of the Bragdh the Feeg; level. The only vacant states will locate in the
peaks(012) and the overlapped (116)(104), for thex=0 and 0.1
compositions. Lines are a guide for the eyes.

Fet,, one. However, it has been demonstrated that the Fe
tog lies around 2 eV above the top of the Eg level?®
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FIG. 9. Fitted Mwsbauer data collected for the
Lag Phy sMn,; _,FeO5 system in the paramagnetic regioni@) x
=0.01 (at T=365K), (b) x=0.1, (c) x=0.2, and(d) x=0.3 (at
room temperatune

b qev | ~15eV
i
S =
tog = t 29
3
Fe* Mn

FIG. 11. Energies level diagram of Fe and Mn in
Lay Ply sMn; _,Fe O; samples.

value of the forbidden energy gap around 0.2—0.3(s&k

Fig. 12 for the samples corresponding xe=0.2 and 0.3.
These obtained low values could explain the appearance of
ferromagnetic interactiongthermically activated electron
level hopping around room temperature, which should ex-
plain the high paramagnetic Curie temperatures obtained for
those compositions.

From our measurements it is clear that the Fe enters in
these compositions as Fe giving rise to an antiferromag-
netic coupling between Mn and Fe ions that favors the su-
perexchange mechanism. However, if titration data about
Mn** content are reliable, the MA/Mn** ratio increases
with the Fe content. The Bé will fix also the nearest-
neighbor spins, reducing mainly the population of hopping
electrons and available hopping sites. Double exchange is
then progressively suppressed, weakening the ferromag-
netism and metallic behavior of the samples.

In conclusion, the ferromagnetic character of the samples
studied in this work remains unchanged up to a 10% Fe
doping level. Nevertheless, a progressive decrease of the Cu-
rie temperature values and saturation magnetic moment is
observed. These compositions show magnetoresistive behav-
ior, being a 65% relative change measured for xis€0.1
composition.

For the samples correspondingde 0.2 and 0.3, neutron-
diffraction experiments revealed that there is no magnetic
contribution in the 1.5-300 K temperature range. In the case

and so about 1.65-1.72 eV above the Fermi level of oubf the sample with a 20% Fe doping level, from low-field
system. As a direct consequence, the electron hopping frofagnetic measurements and especially from the extrapolated

Mn to Fe is energetically forbidden, and only the Mg,

(Arrot plot) value of the magnetic moment at high applied

band is electronically acti\ie, electronic hopping occurringfield values fuoH>2 T), we can infer that this composition
still between MA™ and Mrf*. On the other hand and from shows a three-dimensional long-range field-induced ferro-

electrical resistance measurements, we have calculated igagnetic order. Finally, the=0.3 corresponding composi-

1.965
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FIG. 10. Dependence of the distara@n/Fe-O and the quad-
rupole splitting(QS) with the Fe content, for the studied samples.
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FIG. 12. Forbidden energy gap vsTl/for the x=0.2 (open
symbolg and 0.3(solid symbol$ studied samples.
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