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Abstract
The electrical and magnetic properties of Ln0.4Ca0.6MnO3 compositions (Ln = La, Pr, Nd, Sm)
have been investigated. The effect of 〈rA〉 on the charge-ordering behavior of the manganites is
considered to be profound. The charge-ordering temperature TCO increases with decreasing
〈rA〉, the antiferromagnetic charge-ordering state transforms from long-range into local
short-range ordering and the magnetic behaviors for Ln = La, Pr, Nd, Sm are all different.
Through the M–T , M–H , and electron spin resonance measurements, it is found that the
magnetization in M–T curves comes from the paramagnetic contribution of disordered Mn ions
at the B-site and magnetic ions at the A-site. The rise of TCO is attributed to the fact that eg

electrons are localized by decreasing 〈rA〉, and the different behavior of M–T curves below TCO

originates from the number of remaining spin disordered Mn ions after the formation of the
charge-ordering phase in the manganites.

1. Introduction

Manganites of the ABO3 type have attracted much attention
from researchers in recent years due to their fascinating
properties such as colossal magnetoresistance, charge ordering,
and their potential for applications [1]. Decades of research
have allowed us to completely understand the full range of
ordering phases that occur in the R1−xAx MnO3 perovskites
(R = La, Pr, Nd and A = Ca, Sr, Ba) [2]. For a sample with
x � 0.5, complex competition occurs among ferromagnetic
(FM), paramagnetic (PM), and antiferromagnetic (AFM)
phases. In this regime, inhomogeneous phase separation
(PS) gives rise to the well-known colossal magnetoresistance
(CMR) effect [3–7]. On the other hand, highly doped
manganites with x � 0.5 display orbital and charge order with
an antiferromagnetic ground state below the charge-ordering
(CO) temperature TCO [8, 9].

Recently, there have been a number of reports on the
fact that the reduction of particle size has influence on the
properties of manganites, especially charge ordering [10–15].

Moreover, the properties of manganites are not only sensitive
to the manganese valency, but are also strongly affected by
chemical factors such as average cationic radius 〈rA〉 in the
A-site [16–18] and A-site cationic size mismatch [19, 20]
quantified by σ 2 = ∑

xir 2
i − 〈rA〉2 (xi is the fractional

occupancy of A-site ions, and ri is the corresponding ionic
radius) [19]. For instance, when the hole concentration is
kept constant in the Mn3+ rich FM compositions, it has been
shown that the decrease of 〈rA〉 tends to diminish the Mn–O–
Mn angle, which consequently reduces the bandwidth (W ) and
TC [17]. In contrast, a small 〈rA〉 value is required for the
appearance of CMR in Mn4+-rich manganites [21]. Finally,
whatever the values of 〈rA〉 and manganese valency, increase
in σ 2 tends to suppress the magnetic interactions, FM or
AFM, and destabilize CO [19, 20]. These behaviors show
the great complexity of the relationships between the chemical
factors (〈rA〉, σ 2, carrier nature, and concentration) and the
magnetotransport properties of manganites.

Charge ordering in the manganites is governed by the
width of the eg band which is directly determined by the
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weighted average radius of A-site cations 〈rA〉, or the tolerance
factor t . This is because a distortion of the Mn–O–Mn bond
angle affects the transfer interaction of the eg conduction
electrons (holes) [22]. A comparative study of the nature of
the charge-ordered state has been carried out in hole-doped and
electron-doped manganites, which revealed that the electronic
structures of the two manganites have basic differences [23].
Damay et al investigated the relationships between Curie
temperature TC (Neél temperature TN) and average ionic radius
of the A-site cations in manganite perovskites Ln0.5Sr0.5MnO3

(Ln = Gd, Sm, Y, Pr, La). Their results show that TC

increases dramatically as the 〈rA〉 increases, ranging from
110 K with an ionic radius of 1.225 Å to 310 K with an
ionic radius of 1.263 Å, while TN is almost constant and
ranges from 135 to 145 K for ionic radii ranging from
1.228 to 1.264 Å [24]. Arulraj et al have investigated the
structure as well as the electrical and magnetic properties
of Ln0.5Ca0.5MnO3 compositions (Ln = Nd, Sm, Gd, and
Dy) wherein 〈rA〉 varies over the range 1.17–1.13 Å. Their
results show that the lattice distortion index, D = ∑ |(ai −
a)|/3ai , and charge-ordering transition temperature, TCO, of
the manganites increase with decreasing 〈rA〉 [25].

These observations revealed that 〈rA〉 has a profound
effect on the charge-ordering behavior of manganites.
However, previous studies mostly focused on the half-doped
manganites which locate at the boundary in the phase diagram.
Although early researchers reported the relationship between
TCO and 〈rA〉, they ignored the discrepancy in the behavior of
M–T curves. The reason for these different behaviors and the
physics involved has not been clarified, so further investigation
for A-site average radius will provide interesting insights. In
this paper we systemically study the electrical and magnetic
properties of Ln0.4Ca0.6MnO3 manganites (Ln = La, Pr, Nd,
Sm) which exhibit a charge-ordering state with a relatively
high TCO. The reason why we choose Ln0.4Ca0.6MnO3 is
to keep away from the phase boundary of FM and AFM,
while avoiding the considerable magnetic fluctuation. The
results indicate that with decreasing 〈rA〉 from 1.19 to 1.16 Å
the charge-ordering temperature TCO increases, and the AFM
charge-ordering state transforms from a long-range into a
local short-range ordering state. The different behavior of
M–T curves below TCO is mainly attributed to the number of
remaining spin-disordered Mn ions after the formation of the
charge-ordering phase.

2. Experiment

Polycrystalline Ln0.4Ca0.6MnO3 (Ln = La, Pr, Nd, Sm)
samples were prepared by a traditional solid-state reaction
method. Stoichiometric quantities of high-purity oxides of
the rare earths, CaCO3, and MnO2 were thoroughly mixed
and ground, then preheated at 1173 K for 24 h. With
intermediate grinding, they reacted at 1673 K for 24 h.
After the samples pressed were into pellets, a final sintering
was carried out at 1673 K for 48 h. The structure and
phase purity of the as-prepared samples were checked by
powder x-ray diffraction (XRD) using Cu Kα radiation at room
temperature. The XRD patterns prove that the structure of

Figure 1. Temperature dependence of the resistivity of
Ln0.4Ca0.6MnO3 (Ln = La, Pr, Nd, Sm).

all samples are single-phase with an orthorhombic perovskite
structure. Magnetization measurements were performed using
a SQUID magnetometer (Quantum Design MPMS). Resistivity
properties were measured by the standard four-probe method.
Electron spin resonance (ESR) measurement was also carried
out on the samples using a JES-FA200 spectrometer at
9.06 GHz.

3. Results and discussion

The resistivity of Ln0.4Ca0.6MnO3 (Ln = La, Pr, Nd, Sm) as a
function of temperature is presented in figure 1. The resistivity
is relatively small (about 10−3 � cm) at room temperature,
while it rises rapidly with cooling and reaches 103 � cm
at the lowest temperature. A charge-ordering transition in
manganites is often characterized as a change of slope in the
resistivity curve. The charge-ordering temperature TCO of
Ln0.4Ca0.6MnO3 (Ln = La, Pr, Nd, Sm) is marked by an arrow
in figure 1, at which point the system undergoes a transition
from a charge-disordering to a charge-ordering state. We
have summarized the lattice parameters, 〈rA〉, t , and TCO in
table 1. The weighted average radius of the A-site cations
〈rA〉 (〈rA〉 = ∑

xiri ) and tolerance factor t (t = (〈rA〉 +
〈rO〉)/√2(〈rB〉 + 〈rO〉)) are calculated using nine-coordinated
ionic radii given by Shannon [26]. It is found that TCO increases
with the decrease of 〈rA〉. The tolerance factor t , which is
used to define the mismatch between the A-site and B-site,
decreases smoothly with 〈rA〉. This indicates that the distortion
of MnO6 octahedra increases with Ln changing from La to
Sm. It is well known that 〈rA〉 directly affects the Mn–O–Mn
angle, bandwidth W , and the average Mn–O distance in the
manganites. According to Arulraj’s work [25] it can be inferred
that the Mn–O–Mn angle and bandwidth W decreases with
〈rA〉, while the average Mn–O distance increases smoothly
with the 〈rA〉 in the present range. These changes weaken
the hopping integral of eg electrons, and tend to facilitate
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Figure 2. Temperature dependence of magnetization (empty circle for ZFC; solid circle for FC) in Ln0.4Ca0.6MnO3 (Ln = La, Pr, Nd, Sm)
and the calculated magnetization (dotted line) of Ln ions (Ln = Pr, Nd, Sm). The inset shows the temperature dependence of magnetization
after subtracting the PM contribution of Ln ions (Ln = Pr, Nd, Sm).

Table 1. Lattice parameters, 〈rA〉, t factor, and TCO of
Ln0.4Ca0.6MnO3 manganites.

TCO (K)

Ln a (Å) b (Å) c (Å) 〈rA〉 (Å) t M–T ρ–T ESR

La 5.4057 7.5951 5.4022 1.1944 0.9421 270 270 270
Pr 5.3951 7.5893 5.3889 1.1796 0.9285 275 275 280
Nd 5.3808 7.5673 5.3747 1.1732 0.9226 275 280 280
Sm 5.3560 7.5325 5.3915 1.1608 0.9112 290 290 300

the localization of separate Mn3+ and Mn4+ ions through the
formation of polarons, which cause the increases in TCO. Our
experiment results are in agreement with a previous study [25].

Figure 2 shows the temperature dependence of magnetiza-
tion, determined in warming-up processes with an applied field
H = 0.01 T after the samples were first cooled down to 4 K
either with 0.01 T (FC) or without any magnetic field (ZFC).
All samples experience a magnetic transition from PM to AFM
with temperature cooling, and a broad transition peak occurs at
the temperature which is defined as the charge-ordering tem-
perature TCO (see table 1). It can also be seen that TCO increases
with decreasing 〈rA〉. Generally speaking, the charge-ordering
state in manganites is associated with insulating and antiferro-
magnetic (or paramagnetic) behavior. The peak of magnetiza-
tion at TCO indicates the charge-ordering transition of the man-
ganites, where the double exchange interaction is suppressed
due to the localization of the charge carriers, producing a large
drop in the magnetization. Here there are two further issues
worth considering. First, the drop of magnetization below TCO

in M–T curves is weakened with decreasing 〈rA〉. It should
be pointed out that the drop of magnetization means from its
maximum value at TCO to its lowest value below TCO. Second,
the behavior of M–T curves below TCO for Ln = La, Pr, Nd,
Sm is different for each Ln. In order to clarify these issues, the
origin of the magnetization should be determined first.

The magnetization in M–T curves could come from PM
or FM. To distinguish these cases, the micro- and macro-
magnetism of the samples were investigated through ESR and
M–H measurements. ESR spectra are shown in figure 3.
Clearly, only the paramagnetic signals with g ≈ 2 were
detected in Ln0.4Ca0.6MnO3 manganites [27, 28]. Throughout
the temperature range in which we observe the EPR signal,
it is found that the EPR spectra from the powder samples are
Lorentzian in shape, similar to those from powder samples of
Pr1−x Cax MnO3 [28, 29]. With decreasing temperature, the
intensity of the PM signal increases first, reaches a maximum
at a certain temperature, and then decreases. Since there
is no ferromagnetic signal with g < 2, the above results
indicate that the decrease of intensity of the PM signal should
be attributed to the formation of the AFM phase. In the
temperature dependence of double integrated intensities (DIN)
shown in figure 4, a noticeable peak occurs in all samples
and the corresponding temperatures are defined as TCO [30]
which are also summarized in table 1. Figure 5 presents the
temperature dependence of linewidth. The linewidth �HPP

was straightforwardly deduced from the peak-to-peak distance
between the maximum and the minimum of the ESR spectra.
As shown in figure 5, the linewidth shows a non-monotonic
behavior. It decreases as the temperature is lowered from
370 K down to the temperature of TCO and then increases
with further cooling. The increase of linewidth above TCO

can be interpreted in terms of spin–lattice relaxation [31, 32].
Figure 6 shows the temperature dependence of the g-factor.
It can be seen that the g-factor for the Ln = La composition
exhibits remarkable differences from the others. The g values
show a monotonic increase as the temperature is reduced from
370 K in the La doped compound, showing a crossover from
less than the free electron g value ge to a value larger than
ge. This behavior is similar to that of PCMO-e [29]. The
g-factor of Ln = Pr, Nd, and Sm compositions shows a non-
monotonic behavior. It also can be noticed that the magnitude
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Figure 3. Temperature dependence of ESR signal for
Ln0.4Ca0.6MnO3 (Ln = La, Pr, Nd, Sm).

of g is less than ge throughout the temperature range. In
spite of the existence of the AFM phase, AFM signals have
not been detected in the spectra. This may be because the
coupling of AFM is too strong to be detected in the ESR
measurement. That is, a PM–AFM phase transition has taken
place at temperatures below TCO. The magnetic behavior
around TCO should stem from the competition between PM and
AFM.

In order to clarify further the origin of magnetization, the
M–H relationship has been measured at typical temperatures
as shown in figure 7. Apart from those for Ln = Nd at the
lowest temperature 4 K and Ln = Sm at T � 40 K, which
are shown in the inset of figures 7(c) and (d), the M–H
curves show a straight line indicating PM behavior. It has also
been noticed that the slope of the M–H curves changes with
temperature variation and this behavior is coincident with the
M–T curves. This result indicates the existence of an AFM
phase. At the same time, the AFM coupling is so strong as
to remain stable under a magnetic field as high as 6 T, which
also discloses the reason why we cannot detect the AFM signal
in ESR measurement. As for Ln = Sm, only few FM phases
occur and the PM phase is still in the majority, as shown in the
inset of figure 7(d). Based on the above experimental results,
it can be concluded that the magnetization in M–T curves
originates from the PM contribution.

Figure 4. Temperature dependence of double integrated intensities
(DIN) for the samples.

In Ln0.4Ca0.6MnO3 manganites, the magnetic ions at the
A-site and Mn ions at the B-site could make a contribution
to paramagnetism. In order to verify their contribution, the
magnetization of PM for Ln (Ln = Pr, Nd, Sm) ions at the A-
site in Ln0.4Ca0.6MnO3 manganites per gram is calculated by
Langevin theory:

M = N JgJ μB BJ (x)

BJ (x) = 2J + 1

2J
coth

2J + 1

2J
x − 1

2J
coth

1

2J
x,

x = JgJ μB B/kBT

where BJ (x) is the Brillouin function, N is the number of
Ln ions and J is the quantum number of angular moment.
The dotted line in figure 2 shows theoretical M–T relation at
T > 100 K for magnetic ions at the A-site. The inset in figure 2
shows the temperature dependence of net magnetization, in
which the calculated contribution of magnetic ions at the
A-site has been subtracted from experimental result at high
temperature (T > 100 K). It can be seen that the charge-
ordering behavior remains stable, which indicates that the
magnetism of magnetic ions at the A-site has no effect
on charge-ordering in the manganites regardless of different
magnetic moments. This result is reasonable since the
magnetic interactions of the 4f ions are much weaker (the
ordering temperature is usually <10 K) than those of the
Mn ions. It is clearer in the inset of figure 2 that the drop
of magnetization below TCO is weakened with decreasing
〈rA〉. It should be emphasized that for Ln = Sm with small
〈rA〉, the net magnetization decreases to the lowest value then
increases upon cooling after the formation of the AFM-CO
state. Since the contribution of magnetic ions at the A-site has
been subtracted, the increase of net magnetization could only
be attributed to the PM behavior of residual spin-disordered
Mn ions after the formation of the AFM-CO state. And the
different behavior of M–T curves below TCO should also arise
mainly from those spin-disordered Mn ions.

4
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Figure 5. The variation of the linewidth �HPP as a function of temperature for the samples (the lines are guides for the eye).

(This figure is in colour only in the electronic version)

Figure 6. The temperature dependence of the g-factor for the samples.

Here, a question may be raised: why is it concluded that
the relative change of DIN of ESR spectra following from
figure 4(d) is different from the M–T relation in the inset
of figure 2(d) for Sm compositions. This experimental result
should not be due to the formation of AFM phase. Though the
DIN of ESR spectra could decrease with the formation of AFM
phase and the AFM phase could still have a static susceptibility,
the increase of magnetization with temperature cooling below
250 K in the inset of figure 2(d) should not originate from the
AFM contribution. We suppose that the abnormal drop of DIN
may result from the ferromagnetic superexchange interaction
between the residual neighboring Mn3+ and Mn4+ ions, which
favors the parallel spin configuration. This spin configuration
still makes a contribution to the M–T curve with cooling, but
cannot be detected in the ESR spectrum. This is the reason
why M–T and DIN curves behave in an opposite fashion
below TCO.

These results imply that the region transformed into
the AFM-CO state becomes smaller with decreasing 〈rA〉.

That is the AFM-CO state transfers from long-range ordering
to local short-range ordering with decreasing 〈rA〉. The
absence of long-range magnetic order and the onset of short-
range AFM order in Y0.5Ca0.5MnO3 with a very small 〈rA〉
have been investigated in previous work [33]. Moreover,
Raveau et al revealed that the ruthenium doping of electron-
doped manganites Ln0.4Ca0.6MnO3 tends to weaken the charge
ordering and to induce ferromagnetism and metallicity at low
temperature [34]. We propose the following explanation for
the experiment results. As mentioned previously, the tolerance
factor t decreases smoothly with 〈rA〉. This indicates that the
distortion of MnO6 octahedra increases with Ln changing from
La to Sm, which may result in the collapse of the long-range
ordering state and the formation of a short-range ordering state
with higher TCO.

Based on the aforementioned results, we suggest the
following interpretation for the system magnetism. The
magnetic behavior around TCO is determined by 〈rA〉 instead of
the magnetism of A-site ions. Below TCO, AFM coupling starts

5
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Figure 7. Magnetic field dependence of magnetization for Ln0.4Ca0.6MnO3 (Ln = La, Pr, Nd, Sm) at typical temperatures.

to form and a PM–AFM phase transition takes place. However,
due to the diminution of 〈rA〉, the region of the AFM phase
shrinks. Thus the number of residual spin-disordered Mn ions
increases and dominates the magnetic behavior below TCO. It
is natural to expect that the more spin-disordered Mn ions exist,
the stronger the magnetization will appear at low temperature.
This is the reason responsible for the different behavior of
M–T curves from Ln = La with large 〈rA〉 to that of Ln = Sm
with small 〈rA〉. For Ln = La, when T < 100 K the
magnetization remains almost unchangeable, which indicates
that the majority of Mn ions in the manganite establish AFM
coupling and transfer into the AFM phase. While for Ln = Sm,
only a fraction of Mn ions in the manganite form AFM
coupling and the residual spin-disordered Mn ions result in the
rapid increase of magnetization with cooling. After a careful
investigation of M–H curves in figure 7(d), it is found that
there are very small hysteresis loops at 4, 30, and 40 K, which
indicate the existence of a small FM region under the PM
matrix. This small FM phase below 40 K should originate from
the superexchange interaction among the residual Mn3+ and
Mn4+ ions. This result is represented in M–T curves. From
figure 2(d) it can be seen that magnetization drops suddenly
below 40 K in the ZFC curve while it rises rapidly in the FC
curve, which is the typical ‘λ’ phase transition of an FM cluster
glass state [35–38]. Finally, 〈rA〉 for Ln = Pr is larger than
that for Ln = Nd. Therefore, there are fewer residual spin-
disordered Mn ions and magnetization increases more slowly
with temperature cooling for Ln = Pr than for Ln = Nd.

4. Conclusion

The electrical and magnetic properties of Ln0.4Ca0.6MnO3

compositions (Ln = La, Pr, Nd, Sm) have been investigated.
The effect of 〈rA〉 on the charge-ordering behavior of the man-
ganites is seen to be particularly profound. The experimental
results indicate that the charge-ordering temperature TCO in-
creases with decreasing 〈rA〉. The distortion of MnO6 octa-
hedra increases with decreasing 〈rA〉, which may result in the

collapse of the long-range ordering state and the formation of
a short-range ordering state with higher TCO. The different be-
havior of M–T curves below TCO originates from the number
of remaining spin-disordered Mn ions after the formation of
the charge-ordering state in the manganites.
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