
APPLIED PHYSICS LETTERS VOLUME 77, NUMBER 22 27 NOVEMBER 2000
Magnetic behavior of the La 1ÀyCayMn1ÀxFexO3 perovskites
A. Tzavellas, K. N. Trohidou,a) D. Kechrakos, and N. Moutis
Institute of Materials Science NRCPS ‘‘Demokritos,’’ 153 10 Aghia Paraskevi, Attiki, Greece

~Received 19 July 2000; accepted for publication 29 September 2000!

The magnetic ordering of the compounds La12yCayMn12xFexO3 where 0.2,y,0.5 and 0,x
,0.1 has been studied within the molecular field theory. We introduce a model based on the
competition between ferromagnetic coupling between the Mn ions and strong antiferromagnetic
coupling induced by the presence of Fe ions. The magnetization as a function of temperature and the
critical temperature have been calculated for several values of the parameterx. We show that even
for very smallx, the magnetic order of the system is reduced. Our results are in good agreement with
experimental findings on these systems. ©2000 American Institute of Physics.
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The discovery of colossal magnetoresistance~CMR! in
the mixed valence compounds of the type A12yAy8(A,A8
5La, Ca, Ba)MnO3 has raised the interest in the perovsk
based oxides. The interest has focused on the phase dia
and the magnetic and transport properties. Materials of
type with a rich phase diagram which have been stud
intensively experimentally1–3 are the La12yCayMnO3 com-
pounds.

At low Ca doping (y,0.2) these materials are ferroma
netic insulators, for high Ca doping (y.0.5) the materials
become antiferromagnetic insulators. In the intermed
doping (0.2,y,0.5) they become ferromagnetic and CM
is measured near the ferromagnetic critical temperatureTc .
The ferromagnetic ordering and the appearance of CMR
the intermediate doping range have been initially attribu
to the double exchange~DE! mechanism.4 According to this
mechanism the electrons hop between the manganese
using oxygen as an intermediate, therefore tunneling ta
place between two configurations in which the Mn ions
different charge (Mn13 and Mn14) interchange their valence
However recent experimental and theoretical studies5 have
shown that the carriers in ferromagnetic manganites are h
on the oxygen sites rather than on manganites. Edwards
his co-workers6 have shown that the scattering rate given
the DE model is too small to explain the appearance of C
and theoretical calculations in Ref. 5 have shown that
resistivity of the LaCaMnO compounds can be interpreted
terms of bipolaron formation aboveTc .

More recently several experimental studies appea
concerning the doping of Mn ions with another transiti
metal, e.g., Fe or Co.7–11 In this case modification in the
magnetic and transport properties has been observed.
substitution with Fe has the advantage that it does not ca
lattice distortion since the Fe ion has ionic radius of the sa
size as the Mn ions, as it has been demonstrated by pow
x-ray diffraction experiments. Early experimental stud
have shown that Fe ions are a direct replacement of M13

ions.12 In the La12yCayMn12xFexO3 compounds the effect o
the iron is to induce superexchange interaction between
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Mn and Fe ions via the oxygen ions, which is of antiferr
magnetic nature.

The main point we wish to investigate here is the effe
of the competition between the Mn–Mn and Mn–Fe intera
tions which are of opposite signs, on the magnetic proper
of the La12yCayMn12xFexO3 perovskites. We start with a
simple model considering a simple cubic lattice in which t
magnetic ions~Mn and Fe! are placed randomly~Fig. 1!. The
Mn–Mn coupling leads to ferromagnetic order with couplin
constantJF while the coupling between Mn–Fe ions an
Fe–Fe ions leads to strong antiferromagnetic order with c
pling constantJA . The Hamiltonian is

Hexch5( k i j Ji j s is jSizSjz , ~1!

where the sum is over nearest neighbors. Thez components
Siz of the spins can take two values, 1/2 and21/2, and thes i

are parameters that allow ion dependent couplings. We
s i51 if the site is occupied by an Fe atom ands i50.56 if
the occupancy is Mn.Ji j is the exchange coupling constan

The parameterk i j allows for two types of interaction
We setk i j 521 if the coupling constantJi j 5JF and k i j

51 if Ji j 5JA . We study the effect of the parameterx ~Fe
concentration! on the magnetic properties of th
La12yCayMn12xFexO3 compounds, considering thaty is al-

il:
FIG. 1. Schematic representation of the magnetic lattice studied.
7 © 2000 American Institute of Physics
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ways in the range that creates ferromagnetic ordering
tween the Mn atoms.

The magnetic ions~of Mn and Fe! are randomly distrib-
uted on the sites of a simple cubic lattice. The probability
a site to be occupied by a Mn14 or Fe13 ion is 12x andx
respectively. The probability for Mn–Mn, Mn–Fe, an
Fe–Fe ions to be next to each other is (12x)2, 2x(12x),
andx2, respectively. The formation of clusters ofn Fe ions
has a probability of the order ofxn. This case has bee
neglected. Provided that we are interested in the arex
,0.1, this probability is of the order of 102n and we can
therefore restrict our considerations to the cases where a
ions have Mn ions as nearest neighbors.

We consider Ising interactions between the spins.
applying standard mean field theory for ferromagnetism13

we find that the critical temperature is

Tc5~122x!Ng2mB
2g/kB . ~2!

The molecular field coefficient isg52z^J&/(Ng2mB
2). In our

model z56, for nearest neighbor interactions, and^J&
5JF(x222x11)1JA(22x212x) is the mean value of the
exchange constant.Tc then becomes

Tc5~122x!S x222x111
JA

JF
~22x212x! D 12JF

kB
. ~3!

The critical temperature of the undoped system isTc(x50)
512JF /kB . We setl52JA /JF and find thatTc(x)/Tc(x
50)522(2l11)x31(6l15)x222(l12)x11. In Fig. 2
we plot the functionf l(x)5Tc(x)/Tc(x50) for l52.0 for
several values of the Fe concentrationx ~dashed line! in the
range 0,x,0.1. We have chosen the valuel52 because it
is close to the ratio of the antiferromagnetic versus the
romagnetic interaction strength. In the same figure we h
plotted the linear fitting~full line! of this function. We ob-
serve that the linear fitting is very good, although the fun
tion f l(x) is a third power law. This is expected because
are interested in the low Fe concentration values, so non
ear terms are negligibly small. In the same figure we plot
experimental values for La0.67Ca0.33Mn12xFexO3 ~full
circles!.14 As it can be seen there is a very good agreem
between the theoretical and experimental values.

Also in the same figure we have plotted the experimen
values for the system La0.63Ca0.37Mn12xFexO3 ~squares!
from Ref. 8. We observe that for this compound also

FIG. 2. The functionf l(x)5Tc(x)/Tc(0) for l52 ~dashed line!, together
with the linear fitting~full line! and the experimental data~full circles and
squares!.
e-

r

Fe

y

r-
e

-
e
n-
e

nt

l

e

critical temperature shows the same linear behavior with
variation ofx, in this case a field of 0.01 T has been appli
in the sample; this explains the higher values ofTc . So we
conclude that the linear behavior ofTc is due only to the
presence of Fe and not to the variation of La or Ca.

The net magnetization of the system is

M5~122x!NgmBB1/2~h!, ~4!

where h5gmBH/(kBT) and H5H01gM . H is the total
magnetic field~molecular and external! on each spin. To find
the spontaneous magnetization as a function of tempera
we set the external field equal to zero and solve numeric
Eq. ~4! using an iteration procedure. The results are show
Fig. 3 for l52 and several values of Fe dopingx between 0
and 0.1. From this figure we observe a reduction in the m
netization with increasing Fe doping in agreement with
experimental results of Refs. 7, 8, and 10. This reduction
the magnetization can be easily understood considering
the substitution of Fe creates competition between the fe
magnetic and antiferromagnetic interaction in the system

In conclusion, we have developed a phenomenolog
model based on the molecular field theory in order to stu
the magnetization behavior of the La12yCayMn12xFexO3

pervoskites with 0.2,y,0.5, which exhibit ferromagnetic
metallic behavior. We observe that even a small amoun
Fe doping has a great influence in the magnetic behavio
these compounds. Due to the antiferromagnetic coup
caused by the Fe atoms the magnetization and the C
temperature show a decrease even in the case where onl
of Mn atoms have been substituted by Fe atoms. This i
agreement with experimental findings.
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