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Magnetotransport and magnetic properties of weak ferromagnetic
semiconductors: Ca doped LaCrO3

G. A. Alvarez, X. L. Wang,a� G. Peleckis, and S. X. Dou
Spintronic and Electronic Materials Group, Institute for Superconducting and Electronic Materials,
University of Wollongong, Wollongong, New South Wales 2522, Australia

J. G. Zhu and Z. W. Lin
Faculty of Engineering, University of Technology Sydney, Sydney, New South Wales 2007, Australia

�Presented on 7 November 2007; received 11 September 2007; accepted 14 November 2007;
published online 26 March 2008�

We report the magnetic and magnetotransport properties of Ca doped La1−xCaxCrO3 �x=0, 0.1, 0.2,
and 0.3�. Both the magnetic and transport properties are very sensitive to Ca substitution. The Néel
temperature TN decreases substantially with increasing calcium doping concentration from
290 to 160 K. A weak ferromagnetic state with large coercive fields of up to 3 T is present for the
Ca doped LaCrO3. The temperature dependence of the resistivity shows that all the Ca doped
compounds are semiconducting and their resistivities decrease with increasing Ca for low doping
levels. The resistivity curves show thermally activated behavior and a variable range hopping
behavior at high temperatures. The magnetotransport measurements show a negative
magnetoresistance. Furthermore, an anomalous peak was observed in the field dependence of
magnetoresistance for the LCCO materials. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2837624�

INTRODUCTION

The manganese oxides have been studied extensively be-
cause of the strong coupling among the charge, lattice, and
spin degrees of freedom that leads to colossal
magnetoresistance.1 Similar behavior has been observed in
some cobalt oxides which exhibit a well-known low-spin to
high-spin transition.2 The electrical, magnetic, and structural
properties of Cr oxides have been reported in a number of
publications. LaCrO3 is antiferromagnetic3,4 below 290 K. It
is a poor electrical conductor at room temperature, but its
high conductivity at high temperature as well as its ability to
withstand high temperatures has made it useful as an inter-
connect between fuel cells and as a material for heating
elements.4 A limited number of doping studies of LaCrO3,
focusing on the electrical and magnetic properties, have been
conducted whereby divalent ions such as Sr or Ca are sub-
stituted for trivalent La. Sakai et al.3 investigated doping
levels up to 75% Ca and a number of oxygen concentrations.
They reported the crystal structure over a wide range of tem-
peratures 12�T�1300 K, revealing an orthorhombic to
rhombohedral phase transition at about 600 K for
La0.80Ca0.20CrO3. In addition, they reported the antiferro-
magnetic structure as G type for a number of Ca concentra-
tions and conducted some magnetic susceptibility measure-
ments. Tezuka et al.4 published an investigation of the
magnetic and structural properties of La1−xSrxCrO3 with 0
�x�0.25. They also found an orthorhombic to rhombohe-
dral phase transition for 0% and 5% Sr doping at 526 and
413 K, respectively. Furthermore, they were able to establish
the antiferromagnetic structure associated with both of these

phases for x=0.15 as G type. The dc electrical transport of
La1−xSrxCrO3 �0�x�0.40� is thermally activated in the
range 300�T�2000 K with activation energies between
0.11 and 0.19 eV and temperature-dependent behavior con-
sistent with conduction by small polarons.5,6

LaCrO3 is an interesting compound with transition metal
ions that have three electrons in the 3d shell, which leads to
total spin S= 3

2 . The antiferromagnetic structure is G type,
whereby each Cr3+ ion is antiferromagnetically coupled to its
neighbor. This structure is predicted by considerations of co-
valency by Goodenough,7 arguments which should be valid
for the Cr transition metal compounds. Structural transitions,
such as the orthorhombic to rhombohedral phase transition,
were observed3,4 in La0.80Ca0.20CrO3.

In the present paper, the structural, magnetic, and elec-
trical properties of La1−xCaxCrO3 are investigated. The main
goal of this paper is to provide more information about the
influence of doping on the antiferromagnetism and weak fer-
romagnetic moment. Detailed measurements of the magnetic
properties reveal that the weak ferromagnetic moment is
likely due to canting of the antiferromagnetically ordered Cr
moments.

EXPERIMENTAL

The polycrystalline samples of La1−xCaxCrO3 �x=0, 0.1,
0.2, and 0.3� were synthesized using standard solid-state re-
action. Stoichiometric quantities of La2O3, CaCO3, and
Cr2O3 were weighed and mixed in a mortar followed by
reaction in an alumina crucible at 1200 °C overnight. The
samples were then reground, pressed into pellets, and reacted
at 1450 °C for 48 h followed by slow cooling in air at a rate
of 1.5 °C /min. All samples were investigated with powder
x-ray diffraction and found to exhibit only the perovskite

a�Author to whom correspondence should be addressed. Electronic mail:
xiaolin@uow.edu.au.
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phase typical to these compounds and no secondary impurity
phases. Measurements were conducted using a Quantum De-
sign physical properties measurement system. In measuring
the magnetization M versus T, samples are cooled in a field
from 350 K at a rate of 1 K /min under magnetic fields up to
8 T. Data are acquired in the temperature sweep mode. The
magnetoresistance and electrical resistivity were measured
using a four-probe dc technique.

RESULTS AND DISCUSSION

Phase purity of the as prepared La1−xCaxCrO3 samples
was analyzed utilizing x-ray diffraction and Rietveld refine-
ment. The x-ray diffraction patterns for these samples are
shown in Fig. 1�a�. As we can see, samples are of character-
istic orthorhombic LaCrO3 phase with minute amounts of
unreacted Cr2O3 impurities. Rietveld refinement analysis re-
vealed that the amount of Cr2O3 impurity for the samples
was below 1%. Ca substitution for La caused shrinkage of all
three lattice parameters, and correspondingly unit cell vol-
ume �Fig. 1�b��. These results are in a good agreement with
previously published data,3 where similar decrease in unit
cell volume was obtained for oxidized and reduced Ca-
substituted LaCrO3 samples. In an octahedral coordination
r�Ca2+�=1.12 Å and r�La3+�=1.16 Å, respectively. Thus, the
observed decrease in unit cell volume with increasing Ca
content in the samples is reasonable. Furthermore, Rietveld
analysis revealed that with increasing Ca content, site occu-
pancy for oxygen ions in the structure decreases. This might
be caused by the charge imbalance, as triply charged La3+

ions are replaced by doubly charged Ca2+ ions. Similarly,
Sakai et al.3 showed that in La rich samples, the created
oxygen vacancies are confined to small Ca2+–VO–Ca2+ clus-
ters. In addition, the increase in Ca content causes a shift in
the arrangement of CrO6 octahedrons in the structure. The
Cr–O–Cr angles in the CrO2 planes become larger with in-
creasing Ca content.

The magnetization M versus temperature T in an applied
magnetic field H=2000 Oe is plotted in Fig. 2 for selected
specimens. These data were collected by cooling the samples
in the constant magnetic field from 350 K. Ca doping de-
presses the magnetic transition TN in a manner that is more
severe than that observed for Sr doping.4 This can be under-
stood through structural considerations. It is important to
note that the average Cr–O–Cr bond angle is about 160°,
according to powder neutron diffraction data on LaCrO3;

also, a 30% substitution of Ca for La increases the angle by
only3 about 1°. As a result, since Ca substitution has a rather
small effect on the bond angle important for magnetic ex-
change, it is highly possible that the majority of the herein
observed depression of TN results from the doped-hole con-
centration which increases with x. Thus, the La1−xCaxCrO3

system provides a better measure of the influence of the
d-orbital electron vacancies on TN.

Doping Ca into LaCrO3 enhances the magnitude of M
below the magnetic transition and has a strong effect on the
temperature dependence of M in the antiferromagnetic state.
We investigated the behavior of M on H in some detail in
order to better understand this effect. Some example data are
illustrated in Fig. 3 for La1−xCaxCrO3 samples where M ver-
sus H is shown at different temperatures above and below
TN. We observe in Fig. 3 extremely large coercive fields for
this system. For example, the coercive field at 10 K is about
3.5 T for x=0.1 and 3 T for x=0.20. The observation of
large coercive fields reveals that a substantial magnetic field
is required to orient the magnetic domains along the direc-
tion of the applied field. The large coercive field may be
associated with the microstructure of the specimens.8 It
would probably not be present if the ferromagnetic compo-
nent were due to impurities. Thus, we believe the observed

FIG. 1. �Color online� �a� X-ray diffraction patterns and �b� unit cell volume
as determined from Rietveld refinement of powder x-ray diffraction data for
La1−xCaxCrO3 samples.

FIG. 2. �Color online� Magnetization vs temperature at 2000 Oe for
La1−xCaxCrO3 samples with x=0, 0.10, and 0.30.

FIG. 3. �Color online� Magnetization M vs magnetic field H at 10 K for
La1−xCaxCrO3 samples with x=0.10, 0.20, and 0.30.
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ferromagnetic component to be intrinsic and the result of a
minor amount of canting of the antiferromagnetic moments.
Such canting or noncollinear ferromagnetism is common in
perovskite compounds9,10 and has been reported3 from neu-
tron powder diffraction for La�Ca�CaO3.

Manetoresistance measurements for x=0.1 and 0.3 �Fig.
4� show a butterfly-hysteresis curve at 90 K obtained on cy-
cling the field from +8 to −8 T. This small ferromagnetic
component shrinks in magnitude with increasing tempera-
ture, vanishing close to the Néel temperature. As a function
of x, the ferromagnetic component increases rapidly at x
=0.2, followed by a decrease at x=0.3. One effect that may
contribute to the observed magnetoresistance is the aniso-
tropic magnetoresistance effect, commonly associated with
the presence of substantial d-band splitting and spin-orbit
coupling in transition metals and alloys.11 In this case, the
magnetoresistance ratio is a function of the angle between
the current and the magnetization of the samples and is de-
pendent on the density of d-like states at the Fermi level,
sample quality, temperature, etc. As the spins are gradually
turned from their random local easy directions toward the
directions of the applied field, this generates most of the
hysteresis in the magnetoresistance, but little hysteresis in
the magnetization. The hysteresis of the magneto resistance
arises because there is some modification of the short range
order among the transverse components as the spin configu-
ration falls back from its aligned state with the removal of
the applied field. These correlations may be antiferromag-
netic in the virgin state,12 and then end to be ferromagnetic
as saturation is approached, turning antiferromagnetic again
when the field is reversed.

The data may suggest that weak localization is possible
in the presence of magnetic scattering from magnetically
concentrated impurities,13 however, it is highly possible that
a different magnetization process operates at temperatures
below TN for our LCCO samples.

The dc electrical resistivity � was measured in the tem-
perature range 100�T�350 K. Example data for x=0.1,
0.2, and 0.3 are presented in Fig. 5 as ln��� versus 1000 /T.
No features are apparent in the region near TN for any of the
samples, suggesting weak coupling between the charge car-
riers and the magnetism. It is interesting to note that �
�300 K� falls with x until 0.20, then a sharp increase is ob-

served at x=0.30. This value of x coincides as well with a
loss of the ferromagnetic moment, suggesting that the mag-
netism and electrical conduction both exhibit unusual behav-
ior at x=0.30; such behavior could result from a change in
the spin arrangement associated with the antiferromagnetic
order and coupling between the charge carriers and magnetic
moments. Doping-induced changes in the spin arrangement
of the magnetic lattice are well known in systems such as
La1−xCaxMnO3.14 To provide an energy gap Eg that gives a
measure of the thermal excitation needed for conduction, we
fit the data to ��T�=� exp�Eg /kBT�. The data were fitted in
the temperature range 200�T�500 K; straight-line behav-
ior was observed in this temperature range and the obtained
energy gaps values are in the same range as those reported6

for La1−xSrxCrO3. We believe that electrical resistivity data
on single crystals or high-quality thin films are necessary to
fully investigate the electrical conduction properties of this
system. For this reason, the results presented herein are sim-
ply a guide to the general behavior and are certainly influ-
enced by grain boundary effects due to the polycrystalline
nature of the samples.

This work was supported by the funding from the Aus-
tralian Research Council through ARC Discovery project.
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FIG. 4. Butterfly magnetoresistance of La1−xCaxCrO3 samples measured at
90 K, obtained on cycling the field from +8 T to −8 T. �a� x=0.1, �b� x
=0.3.

FIG. 5. �Color online� Electrical resistivity vs inverse temperature for
La1−xCaxCrO3 samples in zero magnetic field.
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