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Abstract. The magnetoresistance behaviour of La1−xCaxMnO3 has been systematically
investigated between 77 and 300 K; it depends strongly upon the Mn4+ content in the sample.
For 0 6 xMn4+ 6 0.1 and 0.5 6 xMn4+ 6 0.71, the samples exhibit antiferromagnetic
and semiconducting characters, and the resistance obeys Mott’s law: lnR ∝ 1/T 1/4. For
0.25 6 xMn4+ 6 0.375, the sample is ferromagnetic and metallic in the temperature range
below Tc. A negative magnetoresistance as large as 50% was observed in a bulk sample
with xMn4+ = 0.27 in a field of 1 T. In the two phase ranges(0.1 < xMn4+ < 0.25 and
0.375 < xMn4+ < 0.5), antiferromagnetic domains and ferromagnetic domains are assumed to
distribute randomly inonecrystallographic lattice, and the effective-medium theory provides a
satisfactory interpretation for the resistance behaviour of the samples.

1. Introduction

The discovery of high-temperature superconductivity has renewed interest in mixed-valence
cubic perovskite compounds. Recently, large negative magnetoresistance (GMR) effects
have been observed in films of perovskite of the general formula R1−xAxMnO3 (R = La or
Nd, A = Ca, Sr or Ba) [1–3], which are considerably larger than the GMR effects observed
in magnetic multilayers and alloys. Most previous studies on the GMR in R1−xAxMnO3

focused on a particular composition aroundx = 1/3, at which the double-exchange
interaction between Mn3+ and Mn4+ ions in these compounds is believed to be optimal
and responsible for the occurrence of both ferromagnetism and metallic conductivity [4, 5].
The GMR effect in these films could be strongly influenced by the preparation conditions
[1], which essentially change the Mn4+ content in the sample in addition to affecting the
epitaxy, defect density, chemical homogenization and substrate–film interactions. According
to the theory of semicovalent exchange [6], the Mn4+ content in R1−xAxMnO3 plays a
crucial role in controlling the magnetic lattice, the crystallographic lattice and the electrical
resistivity of the compounds. In this paper, we report our systematic investigation of the
magnetoresistance behaviour of the bulk samples of La1−xCaxMnO3 with different Mn4+

contents, which should be helpful for understanding the mechanism of the GMR effect in
these perovskites and for optimizing the preparation conditions.

2. Experimental procedures

La1−xCaxMnO3 (x = 0–0.6) samples were prepared by calcining stoichiometric mixtures
of La2O3, MnCO3 and CaCO3 at 1123 K for 24 h. The powder thus obtained was
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Table 1. The Mn4+ content and the Curie temperature in La1−xCaxMnO3.

x xMn4+ a Tc (K)a xMn4+ b Tc (K)b xMn4+ c Tc (K)c

0.0 0.23 254 0.24 257 0.10 —
0.05 0.28 266 0.25 261 0.12 —
0.10 0.27 250 0.34 270 0.14 182
0.15 0.28 251 0.35 270 0.18 186
0.20 0.29 264 0.31 260 0.22 221
0.25 0.32 266 0.38 278 0.33 274
0.30 0.36 272 0.42 277 0.30 261
0.35 0.40 276 0.47 274 0.43 272
0.40 0.42 274 0.45 273 0.44 273
0.45 0.48 261 0.49 270 0.46 275

aSamples sintered in air.
bSamples sintered in O2.
cSamples sintered in N2.

Figure 1. The dependence of the Curie temperature on the Mn4+ content in La1−xCaxMnO3.

ground, pelletized and sintered at 1373 K for another 24–72 h, then furnace cooled to
room temperature. The phase purity and crystal structure were checked by using a four-
layer monochromatic focusing Guinier de Wolff camera and Cu Kα radiation. The Mn4+

content in the sample was determined by iodometric titration and is believed to be reliable
to within about 5%. The low-field ac susceptibility between 77 and 300 K was measured
by means of a sensitive mutual inductance method with a frequency of 320 Hz. The
resistance measurements were carried out on sintered pellets by the standard four-probe
method in a field of zero or 1 T. The magnitude of the magnetoresistance is defined as
1R/R = [R(H) − R(0)]/R(0), whereR(H) andR(0) are the resistances in a field of 1 T
and in zero field, respectively.
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3. Experimental results

X-ray diffraction and ac susceptibility measurements revealed that a single phase was
obtained in La1−xCaxMnO3 with x = 0− 0.6. Table 1 presents the measured Mn4+ content
in the sample and the Curie temperature. The measured Mn4+ content,xMn4+ , in the sample
sintered in air was considerably larger than the nominal Ca content,x, at lowerx-values,
and was close to the nominal Ca content at higherx-values (>45%). Postannealing samples
in O2 (or N2) at 1273 K for 24 h increased (or decreased) the Mn4+ content in the samples,
especially in those with lowerx-values. A rhombohedral structure, which belongs to the
distorted perovskite structure, was observed in the samples withxMn4+ < 0.2, and a cubic
perovskite structure was obtained in the samples withxMn4+ > 0.2. The present XRD
analysis is consistent with a previous report [7].

Figure 1 shows the dependence of the Curie temperature,Tc, on the Mn4+ content in
the sample. A maximum at aroundxMn4+ = 0.38 is present. ForxMn4+ < 0.38, Tc increases
with Mn4+ content, while forxMn4+ > 0.38, Tc decreases slightly withxMn4+ . The present
result agrees well with the neutron diffraction experiment [8].

Typical temperature dependences of the resistivity and MR effect are shown in figure 2.
The downwards arrows indicate the magnetic transition temperatures determined by ac
susceptibility measurements. The temperature dependence of the resistivity is strongly
influenced by the Mn4+ content in the sample. For 06 xMn4+ 6 0.1 andxMn4+ > 0.5, the
samples exhibit insulator or semiconductor characters (figure 2(a)). For 0.25 6 xMn4+ 6
0.375, both the resistance and MR effect have sharp peaks at around the Curie temperature,
Tc (figure 2(c)). A MR effect with|1R/R| = 50% was observed in the sample with
xMn4+ = 0.27 in a field of 1 T. For 0.1 < xMn4+ < 0.25 and 0.375 < xMn4+ < 0.5, the
resistance exhibits two peaks (figure 2(b)): a sharp one at aroundTc and a broad one below
Tc. As the Mn4+ content deviates from 0.3, the optimal value for the double-exchange
interaction, the height of the broad peak increases and the peak shifts to lower temperature
(figure 3).

Figure 4 shows the temperature dependence of the low-field ac susceptibility of the
sample with different Mn4+ contents. There is a close correlation between the magnetic
properties and the resistivity behaviour, as discussed below.

4. Discussions

Based on the theory of semicovalent exchange and with the hypothesis of covalent and
semicovalent bonding between the oxygen and the manganese ions plus the mechanism
of double exchange, Goodenough qualitatively predicted the magnetic phase diagram of
the perovskite-type manganate La1−xAxMnO3 (A = Ca, Sr, Ba) [6]. The prediction
coincided well with the findings from neutron diffraction and x-ray diffraction as well
as the magnetic saturation data [8]. It is striking that the resistivity and MR behaviours in
La1−xCaxMnO3 observed in the present investigation closely mimic the predicted magnetic
phase diagram. The behaviours shown in figures 1(a)–1(c) correspond to phase regionsα

(or γ ), α + β (or β + γ ) andβ, respectively.
Phaseα (0 6 xMn4+ 6 0.1) is the terminal solid solution of LaMnO3 and is anti-

ferromagnetic with high resistivity, while the parent insulator LaMnO3 is a Mott insulator
due to strong correlation of the eg electrons [9]. Phaseγ (0.5 6 xMn4+ 6 0.71) is an ordered
phase and is also antiferromagnetic with relatively high resistivity. Magnetoresistance in
these two phases is negligible in a field of 1 T. However, the resistances of both phases
obey well Mott’s law: lnρ ∝ 1/T 1/4, in the temperature range between 77 and 300 K
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Figure 2. Typical magnetoresistance behaviour of La1−xCaxMnO3 with different Mn4+
contents. Magnetic transition temperatures are marked by downwards arrows. (a)xMn4+ = 0.60;
(b) xMn4+ = 0.40; (c) xMn4+ = 0.27.

(see the inset in figure 2(a)), which indicates that the conductivity is dominated by the
variable-range hopping (VRH) process of the carriers. In fact, the competing interactions:
covalent, semicovalent and double exchange [6], existing in La1−xCaxMnO3 give rise to a
strongly perturbed spin lattice, which in combination with the narrow conduction band can
lead to the localization of states and the formation of polarons, as originally suggested by
Mott (see [10]).
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Figure 3. The resistivity behaviour of La1−xCaxMnO3 in the two-phase region. Solid and
dotted lines represent the resistivities in fields of zero and 1 T, respectively. The Mn4+ content
is indicated by the numbers.

Figure 4. Temperature dependences of the low-field ac susceptibility of the samples with
different Mn4+ contents. The Mn4+ contents are indicated by the numbers. The dashed line
represents the base-line forχac.

The magnetoresistance behaviour of phaseβ (0.25 6 xMn4+ 6 0.375) has been
extensively investigated recently [1–3, 9, 11]. In phaseβ, Mn3+ and Mn4+ are randomly
distributed. The double-exchange interaction between Mn3+ and Mn4+ gives rise to both
ferromagnetism and metallic conductivity of phaseβ [4–6]. As the temperature approaches
Tc, the increase of resistance results from the increase in the carrier scattering by thermal
spin fluctuation, since the double-exchange theory indicates that the effective electron (hole)
transfer( tij ) between the neighbouring sites depends on the relative angle(12ij ) of the
local spins astij = tij cos(12ij/2). An intuitive view on the MR effect is that the magnetic
field tends to align the local spins, and the forcedly spin-polarized conduction electron
suffers less from the scattering by local spins and becomes more itinerant. Above the
Curie temperature, much of the behaviour of the resistivity data is indicative of a hopping
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conduction of magnetic polarons [12], i.e. the spin of a conducting electron induces a local
distortion of the spin lattice and moves on surrounded by this spin polarization. Experimental
evidence for magnetic polarons aboveTc was found from spin-polarized neutron scattering
for the similar compound Nd0.5Pb0.5MnO3 [12] and from the magnetovolume effect for
(La3/4Tb1/4)2/3Ca1/3MnO3 [13]. An applied field will increase the ferromagnetic order in
a crystal, so magnetic polaron formation will be inhibited and a very prominent MR effect
will occur at aroundTc.

In the two-phase rangeα + β (0.1 < xMn4+ < 0.25), Tc increases withxMn4+ , while
in the two-phase rangeβ + γ (0.375 < xMn4+ < 0.5), Tc decreases asxMn4+ increases.
Moreover, the two-phase character in these two-phase ranges could only be detected by
neutron diffraction instead of x-ray diffraction [6]. These observations indicate that the
two-phase character is not a simple mechanical mixture ofα and β (or β and γ ), but
a distribution of antiferromagnetic (AF) domains and ferromagnetic (F) domains inone
crystallographic lattice. Taking into account the temperature dependences of the resistances
in phasesα, β and γ (figure 2) and assuming that the AF domains and F domains are
distributed randomly in the lattice, we can use effective-medium theory [14, 15] to describe
the resistance of the samples in the two-phase region:

ρ = 4ρ1ρ2

[(3p − 1)ρ1 + (2 − 3p)ρ2] +
√

[(3p − 1)ρ1 + (2 − 3p)ρ2]2 + 8ρ1ρ2

(1)

wherep is the volume fraction of phaseβ, ρ1 is the resistivity of phaseα or γ , which
decreases with temperature after Mott’s VRH law:ρ1 = a1e(T0/T )1/4

, while ρ2 is the
resistivity of phaseβ, which increases with temperature belowTc. According to equation (1),
the opposite temperature dependences ofρ1 and ρ2 would give rise to the broad peak far
below Tc as shown in figure 2(b).

To model the resistivity data of the sample in the two-phase range by using equation (1),
it is necessary to know the analytical expressions for the temperature dependence ofρ1 and
ρ2. Unfortunately, there is no report of such a expression for phaseβ, partially due to the
complex conduction mechanism aroundTc. According to the double-exchange theory, the
resistivity of phaseβ can be approximated asρ2 = a2 + b2T , at a temperature far below
Tc [4]. As shown in figure 2(c), the resistivity of phaseβ increases with temperature and
deviates from the linear metallic behaviour strikingly as the temperature approaches the
Curie temperature. However, if the resistivity peak aroundTc is very small, it is expected
that the linear metallic resistivity:ρ2 = a2 + b2T , will provide a good approximation for
the resistivity of phaseβ.

Among our experimental data, resistivity data fulfilling above condition are obtained
exclusively in a very limited number of samples. Figure 5 shows the resistivity data for the
sample withxMn4+ = 0.46. The solid lines indicate that equation (1) gives a satisfactory
fitting to the measured temperature dependences witha1 = (1.48±0.66)×10−18 � cm,T0 =
(7.63±0.30)×108 K, a2 = (5.25±0.47)×10−3 � cm,b2 = (1.34±0.04)×10−4 � cm K−1

andp = 0.340±0.009 forρ(0). a1 = (7.29±1.54)×10−17 � cm,T0 = (5.13±0.11)×108 K,
a2 = (3.25±2.39)×10−4 � cm,b2 = (1.43±0.02)×10−4 � cm K−1 andp = 0.340±0.008
for ρ(H). The value ofp obtained is consistent with the measured Mn4+ content in the
sample and the magnetic phase diagram according to the lever rule. When an external
field is applied,a2 (the residue resistance of phaseβ) and T0 decrease, whileb2 slightly
increases. The value ofT0 obtained is an order of magnitude larger than that of pure phase
γ (T0 = (7.14± 0.22)× 107 K from fitting the data in figure 1(a)), which seems to indicate
that the randomly distributing F domains make some contribution to the random potential in
the lattice. Assuming that the density of states at the Fermi level is of the order of 1019, the
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Figure 5. The magnetoresistance behaviour of La1−xCaxMnO3 with xMn4+ = 0.46. The
symbols show some of the data read from measuredR–T curves. The solid MR–T curve is
derived from the calculatedR(0) andR(H) instead of from fitting the MR data.

coefficient of the exponential decay of the localized states,α, is estimated to be 3×107 cm−1,
which is within the general estimation range [16], and the most probable hopping distance
r∗ ≈ 60 Å at 100 K, which is about 16 times the distance between two nearest Mn3+/Mn4+

ions in the crystal structure (∼3.89 Å [1]). Therefore, the satisfactory fitting of equation (1)
to the measured resistance data and the meaningful parameters obtained seem to justify
our proposed model for the resistance behaviour of the samples in the two-phase ranges,
especially for the existence of the broad peak far belowTc.

To examine the dependence on Mn4+ content of the height and position of the broad
peak, the variation of Mn4+ content is assumed to changep-value only within the first-
order approximation; thus it is easy to derive from equation (1) and the above-obtained
parameters that the peak height decreases and the peak position shifts to higher temperature
as the Mn4+ content decreases, which is consistent with the present observation (figure 3).

The resistivity behaviour in the two-phase region is characterized by the existence
of a broad resistivity peak far belowTc, which is less reported in previous publications.
Neumeieret al observed that the broad peak could be induced by the application of an
external pressure in La1−xCaxMnO3, and attributed this feature to a magnetic transition
from a ferromagnetic state to a canted ferromagnetic state [17]. The effective-medium theory
provides an alternative interpretation and is actually based upon a magnetic inhomogeneity
in the sample [18]. Neutron diffraction favours the magnetic inhomogeneity model due to
the presence of the phase boundary [8, 19]. In the two-phase region, the MR behaviour of
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the AF phase might be different from that of the pure AF phase, owing to the influence
of the coexisting F phase and the size effect of the AF domain. When the AF domain is
small and surrounded by F domains, an appreciable number of carriers near the AF domain
boundary have a high probability of being delocalized and this gives rise to a noticeable
MR effect.

As shown in figure 4, the ac susceptibility of the sample close to theβ +γ /γ boundary
exhibits another magnetic transition belowTc, which probably indicates the formation of
spin glass [18]. Hysteresis in the temperature dependence of the resistivity was observed
on cooling and heating. It was also found that when the external field was switched off, the
resistivity recovered the zero-field value very sluggishly. The resistivity and MR behaviours
of these samples are under further investigation.

5. Summary

In summary, the magnetoresistance behaviour of La1−xCaxMnO3 (0 6 x 6 0.6) was
systematically investigated. The magnetoresistance behaviour depends strongly on the Mn4+

content in the sample and closely mimics the magnetic phase diagram predicted based upon
the theory of semicovalent exchange. The phaseβ (0.25 6 xMn4+ 6 0.375) is ferromagnetic
and metallic in the temperature range belowTc. The conduction in the antiferromagnetic
phasesα (0 6 xMn4+ 6 0.1) and γ (0.5 6 xMn4+ 6 0.71) proceeds via variable-range
hopping of carriers: lnR ∝ 1/T 1/4. In the two-phase ranges (α+β or β +γ ), the effective-
medium theory provides a satisfactory interpretation for the magnetoresistance behaviour of
the samples. The present investigation should be helpful for understanding the mechanism
of the MR effect in R1−xAxMnO3 and for optimizing sample preparation conditions.
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