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Magnetic and transport properties of polycrystalline La0.7Sr0.3Mn1ÀxFexO3
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The effect of Fe doping (<10%) on polycrystalline samples of La0.7Sr0.3MnO3 has been studied by means
of x-ray diffraction, resistivity, ac susceptibility, magnetization, and magnetoresistance measurements. Fe
doping does not affect the lattice structure, but it weakens the ferromagnetism and substantially augments the
resistivity of the samples. The magnetoresistance of a sample with 10% Fe doping, in a 5 T magnetic field, was
4 times greater than that of the undoped sample near the peak in the resistivity. The results were explained in
terms of the formation of antiferromagnetic clusters of Fe ions. At 5 K the magnetoresistance showed no
significant dependence on Fe doping, but it displayed large variations in fields below 0.5 T for all samples.
This behavior was attributed to spin-polarized tunneling at the grain boundaries of the polycrystalline samples.
A variable-range hopping behavior in the resistivity was also encountered in all the samples at low tempera-
tures.
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Compounds of the typeA12xBxTO3 (A represents a lan
thanide,B an alkali metal, andT a transition metal! have
been the subject of intense research in recent years1–12

These materials have proved to be an ideal natural labora
for the study of strongly correlated electronic systems, si
they incorporate a wide variety of interactions and effects
detailed study of these materials should therefore bring ab
a profound understanding of solid-state physics, opening
new opportunities for technological applications.

At room temperature, the perovskite compound LaMn3
is an insulator in which Mn is trivalent. The partial substit
tion of trivalent La ions with divalent ions such as Ca, B
Sr, Pb, and Cd~Refs. 1–5, 13, and 14! yields a new com-
pound capable of exhibiting strong ferromagnetism and h
metallic conductivity. For example, in the compoun
La12xSrxMnO3 with the ideal stoichiometry, both Mn13 and
Mn14 coexist, allowing the hopping of electrons betwe
them. This phenomenon is usually explained using Zener15

theory of double exchange~DE!. However, there is a grow
ing body of evidence that suggests that the double-excha
model is insufficient to explain the rich variety of phenom
ena observed in these oxides. Perovskites of this type h
been shown to exhibit the effect known as colossal mag
toresistance~CMR!. In this phenomenon the application of
magnetic field near the Curie temperatureTC induces up to a
thousandfold decrease in the material resistivity.1 The effect
was first observed in thin films of the oxides,1,14 but also
occurs in polycrystals2,3 and monocrystals.5 Another strong
effect is spin-polarized tunneling across grain boundarie
polycrystalline samples.6,7 Among other things, such as th
above-mentioned intergranular effect in polycrystalline s
stances, it is now clear that lattice strain and deformat
which affect the Mn13–O–Mn14 bond angle and length
have dramatic consequences on the properties of t
systems.16

Another interesting way of modifying the properties
these systems is to dope the Mn site, which is the hear
DE.3,8,17Most investigations of Fe-doped CMR materials~or
materials doped with other transition metals8! have been per-
formed on oxides whose undoped compound has a ferrom
0163-1829/2000/63~1!/012408~4!/$15.00 63 0124
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netic transition~where the CMR is more pronounced! well
below room temperature.3,8 Ahn et al.3 observed that the
substitution of Mn by Fe encourages an antiferromagn
insulator behavior which opposes the DE effec
Simopoulos et al.18 studied Fe doping of the compoun
La12xCaxMnO3 by means of Mo¨ssbauer spectroscopy an
observed that Fe is coupled antiferromagnetically to its
neighbors. Ogaleet al.19 studied the effect of doping the
compound La0.75Ca0.25Mn12xFexO3 with Fe and observed
the occurrence of a localization-delocalization transition
the system at a critical concentration. Ghoshet al.8 studied
the effect of doping in the compound La0.6Ca0.3MnO3 with
various transition elements on the CMR properties. They
served that the effects of local strains induced by the s
mismatch between the dopant and the host lattice domi
the magnetotransport properties of such materials.

In this work we present results, obtained from measu
ments of x-ray diffraction, resistivity, ac susceptibility, ma
netization, and magnetoresistance~MR!, on the influence of
Fe doping (<10%) on the magnetic and transport propert

FIG. 1. X-ray diffraction pattern of polycrystalline~a!
La12xSrxMnO3 and ~b! La0.7Sr0.3Mn0.9Fe0.1O3 fired at 1000 °C in
air for 20 h, showing the Miller index of the corresponding plan
©2000 The American Physical Society08-1
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of polycrystalline La0.7Sr0.3MnO3 (TC5360 K). There are
two principal reasons why a study of this type is importa
~1! Both Fe and Mn have similar ionic radii, so the crysta
line structure is not modified by the addition of Fe.~2! The
manganite La0.7Sr0.3MnO3 possesses a large bandwid
which is free of phenomena such as electron-phonon in
actions characteristic of narrow-bandwidth materials. Con
quently, lattice effects may be ignored and effects due to
variation in electronic structure become accessible. Fe m
therefore be used as a control parameter to vary only
magnetic and transport properties of these manganites.

The polycrystalline samples were prepared using the
gel process,20,21 which offers unique advantages such as l
sinterization temperature, precise composition control,
versatile powder formation. The precusor gel was heate
100 °C for 20 h after which the powder was fired at 1000
for 20 h. The samples, in the form of compressed tabl

FIG. 2. Temperature dependence ofxac ~a! and r ~b! of poly-
crystalline La0.7Sr0.3Mn12xFexO3 for five different values ofx. Inset
of ~a!: Weiss constant as a function ofx.
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were sintered at 1000 °C and then cut into rectangular sl
on which the measurements were performed. The x-ray
fraction results showed that all the samples had the pe
skite structure in the absence of any secondary phase
impurities ~Fig. 1!.

In order to verify the effect of oxygen stoichiometry
some of the samples were exposed to a pressure of 1 at
oxygen at a temperature of 1000 °C. No significant chan
in their physical properties was observed.

Resistivityr ~in zero and 5 T fields! and MR~in fields up
to 7 T! were measured using the standard four-contact te
nique. A conventional ac susceptometer was used to mea
the magnetic susceptibilityx at a frequency of 17.5 Hz using
a field of 1.5 Oe. Magnetization was measured using a
perconducting quantum interference device~SQUID! from
Quantum Designs Inc.

Figures 2~a! and 2~b! show representative curves demo
strating the temperature dependence ofx and r, respec-
tively. As the Fe concentrationx in the compound
La0.7Sr0.3MnO3 is increased up to 0.1, we observe an atypi
increase inr accompanied by a decrease inTC . All the
samples display a maximum inr at some temperatureTmax
,TC ~see Table I!. It is interesting to note that, for eac
increase of 0.05 inx, the sample resistivity increases by
least an order of magnitude. The magnetoresistance (
5rH502rH /rH50) nearTmax for x50.1 is 4 times greater
than that of the undoped sample.

FIG. 3. Magnetic field dependence of magnetization for fi
different values fixed of temperature of polycrystallin
La0.7Sr0.3Mn0.9Fe0.1O3.

TABLE I. Values of the Curie temperatureTC , resistivity peak
temperatureTmax, MR5Dr/r0 at T5Tmax and 5 K, and resistivity
at zero fieldr0, for five different values ofx of polycrystalline
La0.7Sr0.3Mn12xFexO3.

TC Tmax MR MR r0

x ~K! ~K! T5Tmax T55 K (V cm)

0.000 366 324 0.11 0.44 0.008
0.025 339 275 0.17 0.44 0.028
0.050 322 238 0.26 0.44 0.050
0.075 299 217 0.39 0.48 0.268
0.100 265 179 0.40 0.50 0.462
8-2
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The variations of the resistivity and of the MR due to t
addition of Fe are intimately linked, as already discuss
For T,Tmax, r displays a metallic behavior (]r/]T.0),
but at low temperatures all samples clearly show an incre
in resistivity which decreases with the application of a ma
netic field. This effect is characteristic of polycrystallin
manganites,12 and has been attributed to variable-range h
ping of electrons in the region of disordered grain boun
aries. There does not appear to be a clear correlation betw
a large decrease inr in the metallic state@Fig. 2~b!# and the
ferromagnetic transition temperature as measured from
susceptibility data@Fig. 2~a!#. However, it is worth noting
that the relationship betweenTmax and TC depends on phe
nomena such as the effect of surface phonons associated

FIG. 4. Magnetic field dependence of MR for five different va
ues of x of polycrystalline La0.7Sr0.3Mn12xFexO3, measured at
seven different values of temperature each one.
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the grain size10 and the oxygen stoichiometry.11 Since the
latter affectsTmax andTC equally, we conclude that the dis
crepancies between Figs. 2~a! and 2~b! are due solely to sur-
face effects.

The dependence of magnetization~normalized to the
value at 5 T! on magnetic field for thex50.1 sample is
shown in Fig. 3 at five different temperatures. The dep
dence of the resistivity~normalized to the zero-field value!
on magnetic field is shown in Fig. 4 for five different value
of x. For eachx value the resistivity was measured as
function of field at seven fixed temperature values. A sh
variation in MR (.30%) was observed at low fields
(,5 T) for all the samples. This effect decreased as
temperature was increased. The pronounced change in r
tance over this field range is associated with a field-indu
reduction in the scattering from the domain walls at the gr
boundaries of the polycrystalline samples. This interpretat
is confirmed by the absence of such effects in epitaxial fil
and monocrystals.7,9 As can be seen in Figs. 3 and 4~e!, the
magnetoresistance varies rapidly throughout the region
which the domains undergo rotation. The same behavior
studied, and explained as spin-polarized tunneling,
Hwanget al.7 in a similar polycrystalline sample and by L
et al.9 in polycrystalline films of such oxides.

For x50 the MR above 0.5 T appears to be independ
of temperature, but we observed an interesting tempera
dependence for the Fe-doped samples. This dependenc
pears to be intimately related to the resistivity variation n
Tmax @cf. Figs. 2~b! and 4#, as discussed below.

Previous studies have shown that, for light Fe dopingx
<0.1), Mn31 is directly substituted by Fe31 ~Ref. 22!. De-
spite the coexistence of both Mn31 and Mn41 in
La0.7Sr0.3Mn12xFexO3, almost all the Fe is present as Fe31,
as confirmed by our own Mossba¨uer spectra23 and other
studies.24 Recent Mo¨ssbauer results18 indicate that Fe
couples antiferromagnetically with its Mn neighbors. T
sharp increase in the resistivity of the Fe doped samp
could be related to the appearance of local antiferromagn
~AF! ordering of the Fe atoms and their Mn neighbors. T
presence of antiferromagnetic interactions was checked
measuring the Weiss constant (u) as a function ofx, from a
fit to reciprocal susceptibility in the paramagnetic phase@in-

FIG. 5. Magnetic field dependence of MR for five different va
ues ofx of polycrystalline La0.7Sr0.3Mn0.9Fe0.1O3 measured at 5 K.
8-3
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BRIEF REPORTS PHYSICAL REVIEW B 63 012408
set to Fig. 2~a!#. It is seen thatu decreases rapidly with
increasingx, tending towards a negative value. We note t
at low concentrations in which the atoms are highly dilu
minimizing the probability of appreciable AF clusters, the
should be no increase in resistivity~other than that due to th
increase a reduction in the quantity of Mn31, since Fe31

does not participate in the DE mechanism3!. At the other
extreme (x>0.2), the AF clusters dominate the syste
which becomes insulating.23 In the range 0.05<x<0.1, at
which some clusters are already present, the Fe clusters
polarize the spins of their Mn neighbors. Hence, we belie
that conduction, in this doping regime, is reduced by scat
ing off these depolarized spins. This mechanism explains
large values of MR of these samples at temperatures
Tmax. In this range, thermal fluctuations are very strong. A
plication of intense magnetic fields (;1 T) realigns the Mn
spins, favoring hopping of electrons between Mn ions a
01240
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significantly decreasing the resistivity of the samples. At lo
temperatures AF order is fairly stable, and the magnetic fi
is less able to realign the spins. In this case the MR is alm
solely associated with spin tunneling, and is practically ind
pendent of Fe concentration~Fig. 5!.

In summary, the effect of Fe doping in La0.7Sr0.3MnO3 on
transport and magnetic properties has been studied. An
crease in Fe concentration in this material decreased fe
magnetic ordering, increased resistivity, and produced la
values of MR near the resistivity peak. These results w
explained as due to AF Fe cluster formation. Large values
MR at low temperatures and low fields, attributed to sp
polarized tunneling at the grain boundaries, were observ
Finally, a variable-range hopping behavior was observed
the all samples at low temperatures.
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