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Abstract. Mn site is substituted with closed shell ions (Al, Ga, Ti, Zr and a certain combination of
Zr and Al) and also with Fe and Ru ions carrying the magnetic moment (S=5/2 and 2 respectively) at
a fixed concentration of 5 at %. Substitution did not change either the crystal symmetry or the oxygen
stoichiometry. All substituents were found to suppress both the metal–insulator and ferromagnetic
transition temperatures (Tp(ρ) and TC, respectively) to varied extents. Two main contributions iden-
tified for the suppression are the lattice disorder arising due to difference in the ionic radii between
the substituent (rM) and the Mn3+ ion (rMn3+ ) and in the case of the substituents carrying a magnetic
moment, the type of magnetic coupling between the substituent and that of the neighboring Mn ion.
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1. Introduction

The hole-doped mixed valent La0.67Ca0.33MnO3 compound belonging to the perovskite
family exhibits interesting electrical and magneto transport properties especially, the colos-
sal magneto-resistance phenomena [1–3]. Though the well-known double exchange (DE)
mechanism could explain the general feature viz., the metallic state coexisting with the fer-
romagnetic ordering [4,5], subsequent works have shown the need to incorporate polaron
(PO) mechanism due to the presence of strong electron–phonon coupling to account for
the temperature dependence of resistivity in the paramagnetic insulating state [6].

Extensive La-site substitution studies have established the role of hole concentration,
average Mn–O bond length (dMn–O) and the average Mn–O–Mn bond angle (〈Mn–O–Mn〉)
in controlling the effective one electron bandwidth, and hence, the transport properties
and the magnetic transition temperatures, TC [7–10]. Effects of Mn-site substitution with
different elements such as Fe, Al, Cr, Co, Ga, Ti etc. on TC and other physical properties
have been reported by many workers [11–20]. It has been observed that all the substituents
suppress the TC although to varied extents. Though the suppression in the TC has been
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broadly ascribed to the weakening of the double exchange interaction, the variation in the
magnitudes of the suppression rate remains unexplained.

In addition to the average bond length and the bond angle, other factors such as the local
structural disorder, the nature of the magnetic coupling between the neighboring spins and
the destabilization of the Mn–O network are pertinent to DE and PO mechanisms and
have not been addressed by the La-site substitution studies. Effecting appropriate Mn-site
substitutions can delineate the different roles and in this paper we address the role of first
two effects viz., the local structural disorder and the local magnetic coupling. We effect
Mn-site substitutions for a fixed concentration (5 at %) with (a) closed shell ions with
smaller (Al, Ti and Ga) as well as larger (Zr) ionic radii compared to that of Mn3+ to
probe the effects of the local structural disorder arising from the ionic radius mismatch,
and (b) magnetic ions Fe3+ (high spin – t3

2ge2
g) of the same ionic radius and Ru4+ (high

spin state – t3
g e1

g), isoelectronic to Mn3+ to delineate the effect of magnetic coupling.
In this paper we show that local structural disorder suppresses TC. We also show that the

substitutions with magnetic ions coupling antiferromagnetically (Fe3+) with neighboring
spins suppress TC. Based on our studies, we argue that the enhancement of TC is possible
on substituting a suitable magnetic ion which ferromagnetically couples with the Mn ions,
although it is not observed experimentally so far.

2. Experiment

The polycrystalline La0.67Ca0.33MnO3 and La0.67Ca0.33Mn0.95M0.05O3 (M = Al, Ga, Ti, Zr,
[Zr0.03Al0.02], Fe and Ru) were synthesized through standard solid-state reactions. Powder
X-ray diffraction in reflection mode was carried out using CuKα radiation. No impurity
phase could be detected from the X-ray diffraction studies. Lattice parameters were ob-
tained by Rietveld refinement. Resistivity measurement in Van der Pauw geometry was
carried out [21] using silver paint for contacts. ac Susceptibility measurement was carried
out using a home-built ac susceptometer. The reported Curie transition temperature (TC)
corresponds to the onset of ac susceptibility signal, estimated by the tangent method. Oxy-
gen stoichiometry was estimated from weight loss in thermogravimetric studies under the
reduced mixture of Ar (96%) and H2 (4%).

3. Results and discussion

The powder X-ray diffraction patterns of the undoped and the substituted compounds were
recorded and representative data are shown in figure 1. All the patterns except that for
[Zr0.03Al0.02] could be indexed to orthorhombic phases (space group: Pnma). The refined
lattice parameters are presented in table 1. Among the substituents, while Al results in
a substantial reduction in the lattice parameters and the unit cell volume, appreciable in-
creases were observed in the case of Zr substitution compared to that of the undoped com-
pound. These observations are consistent with the magnitude and sign of the ionic radius
mismatch with respect to Mn3+ ion.

Temperature dependence of resistivity and ac susceptibility for undoped and the substi-
tuted samples were measured and representative data are shown in figures 2 and 3, respec-
tively. All the samples showed metal–insulator transitions signified by characteristic peaks
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Figure 1. Powder X-ray diffraction patterns of the undoped and the substituted
La0.67Ca0.33Mn0.95 M0.05O3 (M = Al3+, Ru4+, Fe3+ and Zr4+) compounds.

in resistivity at T = Tp(ρ) marking the metal to insulator transition. The values are given in
table 1 along with TC from ac susceptibility measurements. For all the compounds Tp(ρ)

matches closely with TC. Below Tp(ρ), there is a sharp change in the resistivity exhibiting a
positive dρ/dT . A progressive shift of Tp(ρ) to lower temperatures, an overall increase of
resistivity over the entire temperature range and progressive broadening at the peak were
observed for the substituents Al, Ti, Ga, Fe, Zr and [Zr0.03Al0.02] in that order. Interest-
ingly, the resistivity of Ru-substituted compound is lower than that of undoped compound
over the entire temperature range of measurement. Similar features, viz., lowering of TC

and broadening of the transition could also be seen, with the exception of Ru and Zr, in
the susceptibility behavior (figure 3). In each case, the resistivity in the high temperature
paramagnetic region could be fitted to an adiabatic small polaron model [12] and as a rep-
resentative we show such a fitting for the Al-doped compound as an inset in figure 2. The
thermally activated hopping energy (EH) and the pre-exponential factor (B) are estimated
and are given in table 1. Due to the proximity of TC to room temperature, fitting to the small
polaron model was not possible for the undoped and Ru-doped samples. EH for the doped
compounds are substantially higher (∼ 140 meV) compared to that of undoped (85 meV)
compound. Such an enhancement is in general agreement with earlier observations [12].
However, we could not deduce any systematics.

In earlier works it is reported that Al3+, Ga3+, Fe3+, Ru4+, Ti4+ [11–13,15,19] and Zr4+
[22] substitute the Mn3+ site. In figure 4, the TC suppression rate (dTC/dx) with respect
to concentration, for all the substituents is plotted as a function of their ionic radii (rM).
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Figure 2. Resistivity vs. temperature of the undoped and the substituted La0.67 Ca0.33
Mn0.95 M0.05O3 (M = Al3+, Ru4+, Fe3+ and Zr4+). Arrow indicates the hump in
the resistivity of Ru-doped compound. Inset shows the fitting of the resistivity in the
paramagnetic region of the Al-doped compound to small polaron model. Refer text for
details.

Considering the closed shell substituents, viz., Al, Ga, Ti and Zr, it is seen that (dTC/dx)
varies monotonically with the absolute magnitude of ionic radii mismatch (	r ) between
the dopant and the Mn3+ ion barring the Al-doped compound. This indicates that the local
structural disorder arising from the ionic mismatch weakens the DE interaction, probably
through altering the dMn−O and/or 〈Mn–O–Mn〉, which is reflected in the enhanced values
of EH for the doped compounds. In order to reduce the effect of 	r , a combination of
Zr (larger ionic radius) and Al (smaller ionic radius) with their combined average ionic
radius being equal to that of Mn3+ was substituted. Though TC had marginally increased,
substantial suppression was still observed. As of now, the different behaviors of both the Al
and [Zr0.03Al0.02] substituted systems could not be explained and need further investigation.

Let us consider dTC/dx of compounds substituted with magnetic ions namely, Fe3+
(S = 5/2) and Ru4+ (S = 2). Going by the ionic mismatch alone, it is expected that Fe
substitution should result in the least suppression rate as it has the same ionic radius as
that of Mn3+. On the contrary, a large suppression rate of 18 K/at % was observed. In this
context, it is also to be noted here that Ga3+ having the same ionic size (hence same 	r) as
that of Ru4+ results in a suppression rate of 16 K/at %. On the other hand, the suppression
rate for the Ru4+ substituted system is low, which is 2 K/at %. Such striking differences
in the suppression rates can be rationalized by taking into account the nature of magnetic
interaction between the magnetic moments of the substituents and the Mn ion.
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Figure 3. ac Susceptibility vs. temperature of the undoped and the substituted
La0.67Ca0.33Mn0.95 M0.05O3 (M = Al3+, Ru4+, Fe3+ and Zr4+) compounds.

It has been shown from magnetization and Mössbauer measurements that Fe ion couples
antiferromagnetically with the neighboring Mn ions [15], which intrinsically weakens, the
strength of the DE interaction, and hence, decreases TC. However, Ru4+ is isoelectronic to
Mn3+ and is known to couple ferromagnetically [23]. Such an interaction can substantially
compensate for the TC suppression due to ionic radius mismatch. Thus Ru substitution re-
sults in a lower value of dTC/dx compared to Ga substitution despite the fact that both
have the same ionic radii. Another interesting feature in the resistivity curve of Ru doped
compound is the presence of a hump in the metallic phase (marked by an arrow in figure 2)
which is much less prominent in the case of the undoped and the Fe-doped compounds.
However, no additional feature was observed in ac susceptibility in the temperature range
where the hump in the resistivity is seen. High-resolution powder X-ray diffraction stud-
ies on Ru, Fe-doped and the undoped system indicated no impurity phase. Hence, the low
temperature hump in the resistivity is intrinsic to the sample. Such a hump is also reported
for Cr-doped samples, which is also known to couple ferromagnetically with the neighbor-
ing Mn moments [24]. It appears that the resistivity hump in the metallic region of these
systems is a generic feature for ferromagnetically coupled substituents.
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Figure 4. Transition temperature and dTC/dx vs. ionic radius of undoped and
La0.67Ca0.33Mn0.95 M0.05O3 (M = Al3+, Ti4+, Ru4+, Ga3+, Fe3+, Zr4+ and [Zr:Al])
compounds. Pair of arrows indicate ferro (↑↑) and antiferro magnetic (↑↓) coupling
between the magnetic moment of the substituent and Mn ion.

4. Conclusion

We have investigated the electrical and transport properties of La0.67Ca0.33Mn0.95 M0.05O3

(M = Al, Ti, Ru, Ga, Fe, Zr and [Zr0.03Al0.02]). Substitutions did neither alter the crystal
symmetry nor the oxygen stoichiometry. Both the metal–insulator and ferromagnetic tran-
sition temperatures were found to be suppressed with substitutions to varied extents. Two
contributions affecting the transition temperature were identified: (1) Local disorder aris-
ing from the ionic radius mismatch between the substituent and Mn ion; the suppression
rate was found to monotonically increase with the absolute magnitude of ionic radius mis-
match (|rMn3+ − rM|); (2) Type of magnetic coupling between the magnetic moments of the
substituents and Mn ion; ions, which couple antiferromagnetically with Mn ions, suppress
the transition temperature.
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