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Abstract
The A-site-ordered/disordered manganese perovskites, RBaMn2O6/R0.5

Ba0.5MnO3 (R = Y and rare earth elements), are reviewed. RBaMn2O6

displays remarkable features: (1) the charge/orbital order (CO) transition at
relatively high temperatures far above 300 K, (2) a new stacking variation of
the CE-type CO with a fourfold periodicity along the c-axis, (3) the presence
of structural transition possibly accompanied by dx2−y2 orbital order and
(4) electronic phase segregation. These novel structural and electromagnetic
properties are discussed in terms of the structural characteristic that the MnO2

square sublattice is sandwiched by two types of rock-salt layer, RO and BaO,
with different lattice sizes. Such structure introduces a strong frustration to the
MnO2 sublattice and gives a new perturbation to the competition of multiple
degrees of freedom among charge, orbital, spin and lattice. In R0.5Ba0.5MnO3

with a primitive cubic perovskite cell, on the other hand, the magnetic glassy
states are dominant as the ground state. A peculiar behaviour, steplike ultrasharp
magnetization and resistivity changes, has been observed in Pr0.5Ba0.5MnO3.

1. Introduction

The magnetic and electrical properties of perovskite manganites with the general formula
(R3+

1−x A2+
x )MnO3 (R = rare earth elements; A = Sr, Ca) have been extensively investigated for

the last decade [1]. Among the interesting features are the so-called colossal magnetoresistance
(CMR) and metal–insulator (MI) transition accompanied by the charge and orbital order
(CO). It is now widely accepted that these interesting phenomena are caused by the strong
correlation/competition of multiple degrees of freedom, that is, spin, charge, orbital and lattice.
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Figure 1. Generalized phase diagram for (R3+
0.5 A2+

0.5)MnO3 [1]. FM, ferromagnetic metal; AFM(A),
A-type antiferromagnetic metal; COI(CE), CE-type charge/orbital-ordered insulator; AFI(CE),
antiferromagnetic CE-type charge/orbital-ordered insulator; PM (or PI), paramagnetic metal (or
paramagnetic insulator).

The structure of perovskite RMnO3 consists of an MnO2 square sublattice and an RO
rock-salt sublattice. The mismatch between the larger MnO2 and the smaller RO sublattices is
relaxed by tilting MnO6 octahedra, leading to lattice distortion from a cubic structure to,mostly,
an orthorhombic GdFeO3-type structure with a cell of

√
2ap ×√

2bp ×2cp, where ap, bp and cp

denote the primitive cell for the simple cubic perovskite. In this lattice distortion, the bond angle
� Mn–O–Mn deviates from 180◦, resulting in a significant change in the effective one-electron
bandwidth (W ) or equivalently eg-electron transfer interaction (t). In the substitution system
of (R3+

1−x A2+
x )MnO3, not only the doping level but also the bandwidth can be controlled by the

substitution of A2+ for R3+. In (R3+
1−x A2+

x )MnO3 with a fixed x and a random distribution of R3+

and A2+, the structural and electromagnetic properties have been explained well by the degree
of mismatch, that is, the tolerance factor f = (〈rA〉+ rO)/[

√
2(rMn + rO)], where 〈rA〉, rMn and

rO are (averaged) ionic radii for the respective elements, because W or t is changed by varying
f . Figure 1 shows the generalized phase diagram for (R0.5A0.5)MnO3 with the half-doped
level (x = 1/2; Mn3+/Mn4+ = 1) [1], where the ferromagnetic metal (FM) generated by
the double-exchange (DE) interaction is dominant near f = 1 (maximal W or t), while the
CE-type charge/orbital-ordered insulator (COI(CE)) is most stabilized in the lower f region
( f < 0.975). In the middle region ( f ∼ 0.975), the competition between the ferromagnetic
DE and antiferromagnetic CO interactions results in various phenomena including the FM to
antiferromagnetic charge/orbital-ordered insulator (AFI(CE)) transition or CMR.

Recently, it has been argued that the A-site randomness affects the physical properties
of (R3+

1−x A2+
x )MnO3. Phenomena such as CMR and electronic phase separation [2] may

be induced by the A-site randomness. Although the search for a compound without A-site
randomness has been motivated by its intriguing properties, almost all the works devoted to
a series of perovskite manganites so far are on the disordered manganites with R3+ and A2+

ions being randomly distributed. This means that, whenever x is finite, there inevitably exists
a disorder in the lattice. Since the physical properties of the perovskite manganite are quite
sensitive to even a tiny change in lattice distortion, it is important to employ a compound
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Figure 2. Crystal structure (a) and structural concept (b) of the A-site-ordered manganite
RBaMn2O6, and an illustration of the distorted MnO6 octahedron (c).

without A-site disorder in order to make clear the effect of A-site randomness. Very recently
we successfully synthesized the A-site-ordered manganite, RBaMn2O6 (R = Y and rare earth
elements), and reported its structures and electromagnetic properties [3–7].

The discovery of novel structural and physical properties in the A-site-ordered manganite,
RBaMn2O6, has demanded new comprehension about perovskite manganese oxides [3–11].
It should be emphasized that the A-site-ordered manganite RBaMn2O6 has a remarkable
structural feature in addition to the absence of the A-site randomness. The most significant
structural feature of RBaMn2O6 is that the MnO2 square sublattice is sandwiched by two
types of rock-salt layer, RO and BaO with different lattice sizes, as schematically shown in
figure 2. This means that the structural and physical properties of RBaMn2O6 can no longer
be explained in terms of the basic structural distortion, that is f , as in R0.5A0.5MnO3. The
lattice size of the AO layer is much smaller in the RO layer and much larger in the BaO layer
than that of the MnO2 layer. The large mismatch between RO and BaO lattices introduces a
strong frustration to the MnO2 sublattice and as a result the MnO6 octahedron itself is heavily
distorted in the way illustrated in figure 2(c). Such deformation must give a new perturbation
to the competition of multiple degrees of freedom among charge, orbital, spin and lattice.

In this paper, the structures and electromagnetic properties of the A-site-ordered
manganite, RBaMn2O6, are reviewed and discussed in terms of the structural frustration.
Furthermore the structures and electromagnetic properties of the A-site-disordered manganite,
R0.5Ba0.5MnO3, are also reported in comparison with the ordered form RBaMn2O6.

2. Sample preparation and experimental procedures

The synthesis of the A-site-ordered form RBaMn2O6 requires two procedures. The flowchart
is shown in figure 3. Starting reagents R2O3, MnO2 and BaCO3 with 99.99% purities were
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Figure 3. Flowchart of sample preparation.

ground thoroughly,pressed into pellets and calcined in an Ar flow (6 N) at 1573 K for 48 h. This
rather reductive atmosphere (6 N Ar; PO2 < 10−4 atm) produced oxygen-deficient perovskite,
RBaMn2O6−y (y ∼ 1), with a layer type ordering of R and Ba and the lack of oxygen in the RO
layers. This is due to the general preference of the small R3+ ions to take eightfold coordination
as realized in RBaMn2O6−y (y ∼ 1). Namely, the use of Ar gas is to avoid the formation of
the A-site disorder, resulting in R0.5Ba0.5MnO3, in which R3+ ions have 12-fold coordination.
A similar trend has often been seen in the Ba-based perovskites such as LaBa2Cu3O7 and
YBaCo2O5+x [12, 13]. The second step is annealing the obtained specimen in flowing O2

at 773 K for 48 h, which leads to the full oxidation (y = 0) of the specimen without any
diffusion of the A-site cations. This reaction is reversible and indicates the topotactic nature
of the transformation between RBaMn2O5 and RBaMn2O6. Powder samples of the A-site-
disordered form R0.5Ba0.5MnO3 were obtained by a solid state reaction of the same starting
compounds at 1623 K in 1% O2/Ar gas, followed by annealing at 1173 K in O2 gas for
1 day. Annealing of RBaMn2O6 under O2 gas at high temperatures gave insufficient R/Ba
solid solution.

The obtained products were checked to be of single phase by x-ray diffraction. The
order/disorder of R and Ba was carefully checked by the presence/absence of the (001/2)

reflection indexed in the primitive cell. The crystal structures were refined by the Rietveld
analysis of powder neutron diffraction using RIETAN 2000. Independent refinement of the
fractional occupancies of the Ba and R sites in the ordered form showed no antisite disorder to
an experimental uncertainty of ±3%. The magnetic ordered states at low temperatures were
also studied by powder neutron diffraction. The microscopic structures were probed by means
of transmission electron microscopy (TEM). The magnetic properties were studied using a
SQUID magnetometer in a temperature range T = 2–400 K. The electric resistivity of a
sintered pellet was measured for T = 2–400 K by a conventional four-probe technique.
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Figure 4. Phase diagram for RBaMn2O6. The notation for each phase and transition temperature
is the same as defined in figure 1 (see text).

3. Structures and electromagnetic properties

3.1. The A-site-ordered manganite, RBaMn2 O6

The crystal structure of RBaMn2O6 at room temperature has a tetragonal ap × ap × 2cp

cell with no tilt of MnO6 octahedra for R = La, Pr and Nd, while it has a larger cell of√
2ap × √

2bp × 2cp with a tilt of MnO6 octahedra for R = Sm–Y, where ap and cp denote
the primitive cell for the simple cubic perovskite [4, 7, 8]. The

√
2ap × √

2bp × 2cp unit cells
for R = Sm, Eu and Gd are tetragonal (ap = bp) but those for R = Tb, Dy, Ho and Y are
distorted to monoclinic [3, 4, 6, 9, 10]. The TEM study reveals an in-plane superstructure of
2
√

2ap × √
2bp characteristic of the CE-type CO and a new stacking variation with a fourfold

periodicity (ααββ-stacking) along the c-axis for R = Sm–Y [4, 5, 10].
The results of structures and electromagnetic properties for RBaMn2O6 are summarized

in figure 4 in a phase diagram [4]. Here we express the phase diagram as a function of the
ratio of ionic radius, rI = rR3+ /rBa2+ , instead of f . rI is a measure of the mismatch between
the RO and BaO lattices. RBaMn2O6 can be classified into three groups from the obtained
structural and electromagnetic properties. The first group (R = La, Pr and Nd) has an FM
transition at TC. In PrBaMn2O6 and NdBaMn2O6, the FM transition is followed by an A-type
antiferromagnetic metal (AFM(A)) transition. A part of the FM phase transforms to AFI(CE)
phase in LaBaMn2O6 and the AFI(CE) phase coexists with the FM phase as the ground state [7].
In PrBaMn2O6, a small amount of AFI(CE) phase coexists with the AFM(A) phase, while no
trace of AFI(CE) is seen in NdBaMn2O6 [7]. The second group (R = Sm, Eu and Gd) shows an
MI transition (paramagnetic metal (PM) to COI(CE) transition) at TCO, and then the COI(CE)
phase orders antiferromagnetically at TN (AFI(CE)). The third group (R = Tb, Dy, Ho and Y)
shows the successive three transitions, the structural transition at Tt , CO transition (COI(CE))
at TCO and antiferromagnetic transition (AFI(CE)) at TN on cooling [3–6]. The structural
transition at Tt is not accompanied by either charge or magnetic order. The AFI(CE) phase
for R = Sm–Y has a spin structure with a CE type in the a–b-plane but a fourfold periodicity
along the c-axis [5, 6, 11]. Interestingly, when the system enters the antiferromagmetic phase
(AFI(CE)), the CO pattern changes into a αααα-type or αβαβ-type [5, 11].
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Compared with the A-site-disordered R0.5A0.5MnO3 (A = Sr, Ca), RBaMn2O6 displays
remarkable features:

(1) the CO transition at TCO far above 300 K,
(2) a new stacking variation of the CE-type CO with a fourfold periodicity along the c-axis

(4CE-CO),
(3) the absence of the lowering of TCO or TC in the phase boundary between FM and COI(CE),
(4) the presence of a structural transition at Tt above TCO and
(5) the electronic phase segregation in the end member LaBaMn2O6.

The relatively high TCO and the absence of a critical region between CO and FM states
can be understood as the effect of the absence of the A-site randomness. The 4CE-CO could
originate from the layer-type order of A-site cations. On the other hand, features (4) and (5)
are closely related to the inherent structural frustration. Considering the tolerance factors,
f1 = 1.2 for Ba2+/Mn3.5+ and f2 = 0.8 for Y3+/Mn3.5+ [14], for example, each MnO2

layer in YBaMn2O6 should feel strain forces with opposite signs (or a structural frustration)
from the adjacent YO and BaO layers. With this frustration, one cannot achieve an adequate
compensation for this structural mismatch only from the tilting of the rigid MnO6 octahedra.
As a consequence, the shape of the MnO6 octahedron deviates heavily from the ideal (regular)
octahedron in the way shown in figure 2(c); the MnO2 planar oxygen ions (Opl) are displaced
greatly from the ideal position z = 0.25 toward the RO layer, and the apical oxygen ions (Oap)

including the RO layer are shortened while those including the BaO layer are elongated.
The structural transition at Tt is observed in the third group with larger mismatch

between RO and BaO lattices. The PM phase above Tt has a triclinic P1 symmetry with
a

√
2ap × √

2bp × 2cp unit cell, while the PM′ phase below Tt has a monoclinic P2 symmetry
with a

√
2ap ×√

2bp ×2cp unit cell. The detailed structural analyses were done in YBaMn2O6

by neutron diffraction [6]. The lattice parameters reduced to the primitive perovskite cell
are shown in figure 5 as a function of temperature. According to Glazer’s notation [15–
17], the octahedral tilting is approximately described as a−b−c− in the PM′ phases, while
it is a0b−c− in the PM phase. In the ordinary solid solution of R0.5A0.5MnO3, the MI
transition to the CO state is always accompanied by a drastic first-order structural phase
transition [1]. In YBaMn2O6, however, the metallic behaviour is still retained in the PM′
phase despite the drastic first-order structural phase transition at Tt , where the magnetic
interactions abruptly change from ferromagnetic above Tt to antiferromagnetic below Tt, as
derived from the susceptibility–temperature curve [3, 5, 6]. Added to this, considering the
unusual structural transition at Tt from the low-temperature pseudo-tetragonal (monoclinic)
to the high-temperature pseudo-orthorhombic (triclinic), a hidden parameter may play a role
in compensating for the lattice entropy. We propose the ab-plane orbital ordering in the PM′
phase, in which not the d3x2−r2 /d3y2−r2 orbitals (responsible for the insulating CE structure
below TCO) but the dx2−y2 orbitals are occupied. Actually, this orbital ordering is compatible
with the increase of (ap + bp)/2 and the decrease of cp (see figure 5) would be induced so as
to relax the peculiar lattice distortion arising from both the layered structure and octahedral
tilting.

The last feature, the coexistence of the FM and AFI(CE) phases in LaBaMn2O6, is an
unexpected phenomenon. A similar coexistence has been observed in R1−x AxMnO3 so far
and attributed to the A-site randomness or fluctuation of composition [18]. In the phase diagram
of R0.5A0.5MnO3, there exists a critical region where the FM and CO interactions compete
with each other and therefore the transition from FM to AFI(CE) as a function of temperature,
which is responsible for CMR, is observable. Since the present system does not have such
randomness, the observed electronic phase segregation is an essential behaviour caused by
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Figure 5. Temperature dependence of lattice parameters for YBaMn2O6. Lattice parameters are
reduced to the simple perovskite cell.

the interplay among spin, charge, orbital and lattice degrees of freedom. If the ratio rR3+ /rBa2+

were an appropriate measure of the bandwidth as is the case of f for R0.5A0.5MnO3, such
a critical region would be located between SmBaMn2O6 and NdBaMn2O6, and an FM-to-
AFI(CE) transition would be expected in NdBaMn2O6 adjacent to SmBaMn2O6. In reality,
the ground state of NdBaMn2O6, however, is the A-type AFM and a fractional transition
from FM to AFI(CE) is observed in LaBaMn2O6 far from SmBaMn2O6. This implies that
LaBaMn2O6 might be located closer to the CO state and the bandwidth would become larger as
LaBaMn2O6 < PrBaMn2O6 < NdBaMn2O6. Here it should be noticed again that RBaMn2O6

(R = La, Pr and Nd) has no tilt of MnO6 octahedra. It is known that the tilt of MnO6 octahedra
in ordinary manganese perovskites occurs in order to fit the larger MnO2 sublattice to the
smaller AO sublattice ( f < 1). No tilt of MnO6 octahedra is expected to occur either when
the MnO2 lattice has almost the same size as the AO lattice ( f ≈ 1) or when the MnO2 lattice
is expanded by the AO lattice ( f > 1). In RBaMn2O6 (R = La, Pr, Nd) with relatively larger
R3+, the expansion of the MnO2 lattice by the much larger BaO lattice ( f = 1.071) might
overwhelm the contraction by the smaller RO lattice ( f = 0.982 for LaO, f = 0.964 for PrO
and f = 0.950 for NdO), in contrast to the case of RBaMn2O6 with R = Sm and later rare
earth elements. Actually, the Mn–Opl distance (∼1.96 Å) is elongated compared with that
(1.91–1.94 Å) for the regular Mn3.5+O6. The increase of Mn–Opl distance and the deviation
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of the angle � Mn–Opl–Mn from 180◦ would result in the decrease of bandwidth. In addition,
the alternate stacking of RO and BaO layers would provide two-dimensional character in the
structure, which would be preferable for the dx2−y2 type orbital order (A-type AFM). These
structural characteristics explain well the present results; no tilt structure stabilizes FM but the
two-dimensional character in the structure leads to A-type AFM associated with dx2−y2 type
orbital order as the ground states of NdBaMn2O6 and PrBaMn2O6. The great elongation of
Mn–Opl distance in LaBaMn2O6 destabilizes FM to some extent as a result of the decrease
of bandwidth and results in the fractional transition from FM to AFI(CE) (coexistence of FM
and AFI(CE) phases as the ground state). The effect of Mn–Opl distance on the bandwidth has
never been seen or discussed in the ordinal perovskite manganese oxides, because they have
finite tilt of MnO6 octahedra, by which the bandwidth is dominantly controlled.

3.2. The A-site-disordered managanite, R0.5 Ba0.5 MnO3

Lowering of both TC and TCO as observed in the critical region of R0.5A0.5MnO3 is not
recognized in the phase diagram of RBaMn2O6. The absence of such behaviour in RBaMn2O6

is partly due to the absence of the A-site randomness. In the critical region, the FM
(AFM) and CO interactions compete with each other and are significantly affected by
composition, coherent size of crystal, external field etc. The FM (AFM) and CO interactions
are spatially distributed in R0.5A0.5MnO3 with the A-site randomness. Such fluctuation of
interactions enhances the criticality. On the other hand, it could be more definite which
interaction becomes dominant in RBaMn2O6 without the A-site randomness. We may expect
the critical competition of FM (AFM) and CO interactions in the disordered form. The
disordered form with the same constituents is also important to study the A-site randomness
effect at least qualitatively. We successfully synthesized the A-site-disordered managanite,
R0.5Ba0.5MnO3 [19]. The disordered form R0.5Ba0.5MnO3 has a simple cubic cell. Figure 6
shows lattice parameters of R0.5Ba0.5MnO3 at room temperature.

The results of electromagnetic properties are shown in figure 7 as a function of f .
R0.5Ba0.5MnO3 (R = La, Pr and Nd) with f > 1 is not mapped on the electronic phase
diagram of ordinary R0.5A0.5MnO3 with f < 1; nevertheless, we can expect FM as a dominant
phase from the simple cubic structures. The ground state of La0.5Ba0.5MnO3 is actually a pure
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FM and the TC decreases by 50 K compared with TC = 330 K in LaBaMn2O6, agreeing with
the previous report [8]. On the other hand, Pr0.5Ba0.5MnO3 and Nd0.5Ba0.5MnO3 show glassy
behaviours below 50 K [19]. More typical spin-glass (SG) behaviours have been observed
in R0.5Ba0.5MnO3 with Sm3+ and smaller R3+s [19]. The magnetic glassy state could be
due to a disorder effect that hinders the long-range magnetic ordering and could occur as a
result of the competition between randomly distributed ferromagnetic and antiferromagnetic
interactions. Here it should be emphasized that the glassy state has never been observed in
ordinary R0.5A0.5MnO3 with A = Sr and Ca. Since the ionic radius of Ba2+ is much larger
than that of Sr2+, R0.5Ba0.5MnO3 may include a spatial heterogeneity on a nanometre scale,
which leads to the magnetic nonhomogeneous state. In the case of the largest La3+ among
R3+s only, a homogeneous solid solution with Ba2+ is formed in the A site of La0.5Ba0.5MnO3

as in the case of R0.5A0.5MnO3 and the long-range magnetic ordering (FM) is realized. Here,
it should be noticed that the magnetic state of R0.5Ba0.5MnO3 is significantly affected by
the degree of the A-site disorder. The R0.5Ba0.5MnO3 (R = La, Pr and Nd) prepared from
annealing RBaMn2O6 has insufficient disorder of the A-site and shows the FM transition with
monotonic decrease of TC as La > Pr > Nd.

Very interestingly, a peculiar behaviour has been observed in Pr0.5Ba0.5MnO3 at 2 K,
as shown in figure 8. The resistivity decreases stepwise as the magnetic field increases,
while the magnetization increases stepwise with a close relation to the resistivity behaviours.
These behaviours are not reversible in the magnetic field. The stepwise behaviours in the
magnetization and resistivity were observed up to 4.9 K but they vanished dramatically at
5.0 K. Similar behaviours were previously reported in Pr0.5Ca0.5MnO3 doped with a few
per cent of other cations such as Sc, Ga or Co on the Mn site and were explained by an
impurity-induced disorder, with the coexistence of several short-range AFI(CE) phases and
small FM regions [20, 21]. Our system has neither FM-to-AFI(CE) transition nor dopant, in
contrast to Pr0.5Ca0.5MnO3. This is the first observation of an ultrasharp magnetization and
resistivity change in the nondoped system. A model based on an ordinal two-phase mixture
cannot explain the behaviour. For instance, the AFI(CE) phase in coexistence with the FM
phase is continuously converted to FM phase as observed in LaBaMn2O6 [7]. We have no
explanation for such an ultrasharp magnetization and resistivity change at present. A detailed
study is now in progress.
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4. Summary

We have investigated the A-site-ordered/disordered manganite RBaMn2O6/R0.5Ba0.5MnO3

(R = Y and rare earth elements). We have reviewed the structures and electromagnetic
properties in this paper. The ordered form RBaMn2O6 displays remarkable features:

(1) the CO transition at TCO far above 300 K,
(2) a new stacking variation of the CE-type CO with a fourfold periodicity along the c-axis

(4CE-CO),
(3) the absence of the lowering of TCO or TC in the phase boundary between FM and COI(CE),
(4) the presence of structural transition possibly accompanied by dx2−y2 orbital order at Tt

above TCO and
(5) the electronic phase segregation associated with the decrease of bandwidth caused by the

elongation of Mn–O distance in the end member LaBaMn2O6.

The relatively high TCO and the absence of a critical region between CO and FM states
can be understood as the effect of the absence of the A-site randomness. The 4CE-CO could
originate from the layer-type order of A-site cations, R and Ba. Features (4) and (5) are closely
related to the structural characteristic that the MnO2 square sublattice is sandwiched by two
types of rock-salt layer, RO and BaO, with different lattice sizes. The large mismatch between
RO and BaO lattices introduces a strong frustration to the MnO2 sublattice and as a result the
MnO6 octahedron itself is heavily distorted. Such deformation must give a new perturbation
to the competition of multiple degrees of freedom among charge, orbital, spin and lattice.

On the other hand, the disordered form R0.5Ba0.5MnO3 has a primitive cubic perovskite
cell. The electronic states characteristic of perovskite manganites are absent in R0.5Ba0.5MnO3

and unexpectedly magnetic glassy states govern the electronic state of R0.5Ba0.5MnO3. Since
the ionic radius of Ba2+ is much larger than that of Sr2+ and also R3+, R0.5Ba0.5MnO3

may include a spatial heterogeneity on a nanometre scale, which leads to the magnetic
nonhomogeneousstate. The magnetic glassy state could be due to a disorder effect that hinders
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the long-range magnetic ordering and could occur as a result of the competition between
randomly distributed ferromagnetic and antiferromagnetic interactions. As remarkable
phenomena in R0.5Ba0.5MnO3, steplike ultrasharp magnetization and resistivity changes have
been observed in Pr0.5Ba0.5MnO3. Such behaviours could be closely related to a spatial
heterogeneity of nanometre size.
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