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A-site disorder induced collapse of charge-ordered state and phase
separated phase in manganites
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The effects of A-site cational size mismatch 共A-site disorder兲 on the stability of charge-ordered states
and phase separated phase in a series of manganites with constant A-site ionic average radii 具rA典
= 1.18 Å but different A-site ionic size mismatches 2 are experimentally investigated. It is revealed
that the charge/orbital ordered antiferromagnetic ground state becomes destabilized and eventually
collapses into coexisting of the predominant ferromagnetic metal 共FMM兲 state and short-range
charge/orbital ordered state with increasing 2, resulting in enhanced colossal magnetoresistance.
However, further increasing A-site disorder will suppress the FMM state and seem to favor a
cluster-glass insulating state due to the severe electronic localization. © 2006 American Institute of
Physics. 关DOI: 10.1063/1.2397550兴
Fascinating phenomena such as colossal magnetoresistance 共CMR兲 and charge/orbital ordered 共CO–OO兲 states observed in doped manganites have been attracting
attentions.1–4 This CO–OO state can be destabilized by external stimuli, such as large magnetic field, giving rise to
FMM state.4 Moreover, the CO–OO phase and the contrasting FMM phase are found to be very close in energy.4–7 So
the CO–OO phase can be weakened, and coexisting FMM
and CO–OO states can be created by introducing some Mnsite substitution.7,8 Such diverse behaviors arise from strong
interplay of charge, orbital, and spin orderings.5,6 The Mnsite doping will introduce disorder and produce the simultaneous presence of contrasting ordered phases 共i.e., phase
separated state兲 and enhance the fluctuation of the competition orders.6–8
However, the Mn-site doping will introduce extrinsic effects such as the changing of carrier concentration and some
magnetic impurity. Previous studies9–12 showed that the
A-site cational size mismatch can lead to random local lattice
distortion, and these disorder effects can be described by the
variance of the A-site cation radius distribution expressed by
2 = 兺i共xir2i − 具rA典2兲, where xi and ri are the atomic fraction
and ionic radii of i-type ions at A site, respectively. This kind
of A-site disorder maybe a more direct and purified road map
to understand the physical mechanism and disorder effects in
manganites. In Tomioka and Tokura’s study, they found that
the A-site disorder has great effects on the properties of manganites and gave the phase diagram of disorder versus 具rA典.11
However, no much data on phase separation behaviors associated with the A-site disorder are available so far. In this
letter, the A-site disorder effects on the stability of CO–OO
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state will be studied carefully by preparing a series of manganites which have the same A-site cation average radius
具rA典 = 1.18 Å but with different values of 2, given the same
Mn-site cation, noting that manganites with 具rA典 = 1.18 Å
usually offer the CO–OO ground state at low temperature.
In our experiments, we prepared a series of samples with
different variance 2 from 0.000 02 to 0.0078 Å2, as shown
in Table I. Both the 具rA典 and 2 were calculated using standard nine-coordinated cational radii.13 These samples were
sintered by the conventional solid-state reaction in air. Highresolution x-ray diffraction 共XRD兲 with Cu K␣ radiation was
performed on these samples at room temperature. The transport behaviors, magnetizations under zero-field cooling
共ZFC兲, and field cooling 共FC兲 were measured as a function of
temperature T and magnetic field H using a Quantum Design
superconducting quantum interference device magnetometer.
The magnetic loops from H = 0 to 7 T were recorded at 3 K.
The XRD patterns of all the samples can be indexed with a
single orthorhombic structure with space group Pnma. There
is no measurable peak shift for all these samples, indicating
essentially the same lattice parameters for all the samples
with different disorders.
However, the samples with different disorders exhibit
distinct transport behavior. The curves of zero-field resistivity 共兲 as a function of T for all the samples are plotted in
Fig. 1共a兲. It is clearly shown that  is very much 2 dependent. Sample Pr0.55Ca0.45MnO3 with small 2 = 0.000 02 Å2
exhibits insulating behavior over the whole T range because
of the CO–OO state. The increasing of 2, i.e., increasing
A-site disorder, leads to rapid decreasing of , as shown in
Fig. 1共b兲 at T = 3 K. Moreover, the samples with 2
= 0.0004 and 0.0025 Å2 possess metallic ground state and
exhibit metal-insulator transition with increasing T, which is
popular in CMR manganites. However, when 2 increases
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FIG. 1. 共a兲 Measured -T relations for the samples with 2 from
0.000 02 to 0.0078 Å2; 共b兲 2 dependences of M measured at T = 3 K under
H = 3 T and 2 dependences of zero field  measured at T = 50 K.

further,

increases
again,
and
the
sample
Gd0.55共Ca0.3Sr0.7兲0.45MnO3 with 2 = 0.0078 Å2 becomes insulating again over the whole T range.
In order to reveal the magnetic properties in systems of
different 2, we turn to the magnetic behaviors of these
samples. Figure 2 shows the T dependence of the dc magnetization M for samples with 2 = 0.000 02, 0.0025, 0.0057,
and 0.0078 Å2, respectively. The sample Pr0.55Ca0.45MnO3
with the smallest 2 exhibits a CO–OO transition at TCO
⬃ 227.5 K, and subsequently an antiferromagnetic 共AFM兲
transition at TN ⬃ 112.5 K, consistent with previous
research.14 The increasing A-site disorder significantly affects the magnetic behavior. The samples with a larger 2
= 0.0004, 0.0025, and 0.0057 Å2 exhibit the paramagneticferromagnetic 共FM兲 transitions which accompany with the
insulator-metal transitions in transport behavior. However,
the Curie temperature firstly increases from TC ⬃ 109.1 K at
2 = 0.0004 to ⬃ 162.1 K at 2 = 0.003, and then decreases to
⬃114.3 K with further increasing of 2 to 0.0057 Å2, consistent with the transport measurements. As 2 further increases to 0.007, the M-T curve at ZFC case shows a cusplike peak at about T = T f ⬃ 47 K. Moreover, the curve at FC
case does not have a cusp and increases straightly. Obviously, there is a significant irreversibility between the ZFC
and FC magnetization curves in low T range. Such an irreversibility is one of the typical features of cluster-glass-like
state in phase separated manganites.15,16
To investigate the magnetic ground state, the H dependences of M at T = 3 K shown in Fig. 3 for samples of 2
= 0.000 02, 0.0004, 0.0025, and 0.007 Å2, were measured. It
is clearly shown that for sample with 2 = 0.000 02 Å2, M
exhibits a moderate jump at H ⬃ 6 T, but remains unsaturated even to 7 T. At 2 = 0.0004 Å2, the saturated M is not
achieved until H ⬃ 3 T, at which a stepwise behavior occurs.

FIG. 2. 共Color online兲 Measured M-T relations under ZFC and FC conditions for the samples with 共a兲 2 = 0.000 02 Å2, 共b兲 0.0004 Å2, 共c兲 0.0025 Å2,
and 共d兲 0.0078 Å2. The arrows in 共d兲 indicate the cluster-glass transition
point. The inset in 共b兲 is the part of the CO–OO transition, as described in
text.

Afterwards, the magnetization becomes saturated. For the
samples with higher 2 = 0.0025 and 0.0057 Å2, the saturated
M is achieved at a very low H ⬃ 1 T, indicating a FM ground
state. However, M of the sample with the highest 2
= 0.0078 Å2 does not saturate even at a field as high as H
= 7 T. These effects immediately allow us to argue a possible
cluster-glass-like transition occurring at T f for those samples
of large 2.
Based on all of the results presented above, we may
conclude that upon increasing A-site disorder, i.e., increasing
of 2 from 0.000 02 to 0.0025 Å2, the CO/OO ground state
is gradually suppressed and the ground state changes to a
FMM state. But further increasing of the disorder 共2
⬎ 0.0025 Å2兲 suppresses the FMM ground state either, and
ultimately leads to the cluster-glass insulating ground state.
To understand the physics underlying the collapse of the
CO–OO state, one may consider the scenario of phase separation in response to the A-site disorder and magnetic field. It
was revealed that the A-site cational size mismatch 共described by 2兲, as well as the A-site cational mean radius 具rA典
controls the properties of manganites.2,9–12 When 2 is large,
the A-site ions randomly distribute in the lattice, which keeps
the macroscopic structure unchanged, but the size difference

TABLE I. Summary of chemical, structural, and physical data for the RE0.55AE0.45MnO3 series with A-site
cation mean radius 具rA典 ⬃ 1.48 Å.
Composition

具rA典 共Å兲

2 共Å2兲

TCO 共K兲

TC 共K兲

T f 共K兲

M 共B pfu兲

Pr0.55Ca0.45MnO3
共La0.25Nd0.75兲0.55Ca0.45MnO3
Nd0.55共Ca0.7Sr0.3兲0.45MnO3
Sm0.55共Ca0.47Sr0.53兲0.45MnO3
Gd0.55共Ca0.3Sr0.7兲0.45MnO3

1.179
1.178
1.186
1.183
1.181

0.000 02
0.000 4
0.002 5
0.005 7
0.007 8

221.7
214.8
¯
¯
¯

¯
109.8
164.9
105.8
¯

¯
¯
¯
¯
46.3

2.72
3.36
3.48
2.47
1.51
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FIG. 3. Measured M-H curves at T = 3 K, for the samples with 共a兲 2
= 0.000 02 and 0.0004 Å2, 共b兲 0.0025 and 0.0078 Å2. The arrows indicate
the variation of H during measurements.

between the neighboring A-site R3+ and M 2+ ions around one
oxygen ion may enable the random oxygen displacement,
and consequently a local distortion of MnO6 octahedra. The
oxygen displacements and the radial distortions of the MnO6
octahedra are randomly distributed in the system and can be
regarded as disorder, which can be described by 2.
The systems studied in this work have the constant
具rA典 = 1.18 Å, which is smaller than the ideal value. So the
sample Pr0.55Ca0.45MnO3 with the smallest 2 = 0.000 02 Å2
exhibits the CO–OO ground state.2,4 The increasing of 2
will result in some interesting effects. Firstly, a moderate
A-site disorder will introduce larger A-site cations in some
MnO6 ocathedra and may suppress the crystal distortion in
these regions, which ultimately make these regions transit to
the FMM state. In other regions the disorder will lead to the
increasing of the A-site size mismatch and the local lattice
distortion is enhanced. Secondly, it is argued that
Pr0.55Ca0.45MnO3 locates near the multicritical points and the
competition among FMM and CO–OO ordered phases is
very significant.6 Some experiments demonstrated that there
exists the coexistence of FMM and CO–OO phases in
Pr0.55Ca0.45MnO3.7,17 The disorder will enhance the competition and make the system trend to one of the ordered phase.
So the slight increasing of A-site disorder, referring to
Pr0.55Ca0.45MnO3, suppresses the long-range CO–OO state
but favors the FMM phase. Then the FMM phase increases
and becomes predominant. In this condition the CO–OO
state still survives, thus the magnetization behavior of the
sample with 2 = 0.0004 exhibits a weak cusp at ⬃214.8 K,
which corresponds to the weak CO–OO transition and then
exhibits the FMM transition at ⬃109.8 K, as shown in Fig.
3共b兲 and the inset. Moreover, the M-H curve of this sample
shows an evident stepwise behavior, corresponding to the
field-induced destroy of the CO–OO region and the growth
of the FMM phase. These effects are popular in phase separated system, demonstrates the coexistence of the CO–OO
and FMM phases.17,18 Increasing of the A-site disorder from
this stage to 0.003 makes the FMM phase increase and no
CO–OO transition is observable. Correspondingly, the Curie
temperature and the magnetization increase, as shown in
Table I.
However, when A-site disorder increases further, the
number and the strength of the random lattice distortion increase, which ultimately suppresses the FMM phase, too.11,12

In the systems of 2 = 0.0025– 0.0057 Å2, the FMM phase is
suppressed, resulting in the decreasing of the Curie temperature and the magnetization. As 2 ⬎ 0.0057 Å2, it is argued
that the long-range FMM and CO–OO ordering are completely broken into short-range ordered regions. This corresponds to the so-called cluster-glass state.
It should be noted that the A-site disorder influences the
magnetic transport behavior of the system evidently, too.
Pr0.55Ca0.45MnO3 scarcely exhibits MR effect. But it can be
seen that the samples with 2 = 0.0004, 0.0025, and
0.0057 Å2 exhibit very large CMR effects and the MR ratio
approaches to 100%. The reason is that the ground state of
these samples is the coexisting FMM and short-range
CO–OO regions. The external field will destroy the CO–OO
regions and result in growth of the FMM regions, and then
the enhanced CMR effects.
In conclusion, we have investigated the effect of the
A-site disorder on the magnetic and transport behaviors of
CO–OO manganites. It has been observed that the increasing
of 2 breaks the CO–OO AFM state and makes the ground
state changing to FMM phase, so an enhanced colossal magnetoresistant effect appears. Further increasing of 2 suppresses the FMM state, too. And then the ground state returns to an insulator which is denoted as a cluster-glass state.
Our experimental results seem to confirm the prediction of
Sen et al.19 and Motome et al.20 that the disorder in manganites can induce an insulator-metal transition.
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