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Abstract: In this paper, we report on the crystal structure and magnetic properties of the 
nanostructured Ba-ordered phases of rare-earth manganites obtained from the optimally 
doped solid solutions Ln0.70Ba0.30MnO3 (Ln = Pr, Nd). The materials were studied by X- 
ray diffraction, scanning electron microscopy, energy dispersive spectroscopy and SQUID- 
magnetometry techniques. It is found that states with different degrees of cation ordering in 
the A- sublattice of the ABO3 perovskite can be obtained by employing special conditions 
of chemical treatment. In particular, reduction of the parent compounds results in the 
formation of a nanocomposite containing ferrimagnetic anion-deficient ordered phase 
LnBaMn2O5. Oxidation of the composite does not change an average size of the 
nanocrystallites, but drastically alters their phase composition to stabilize ferromagnetic 
stoichiometric ordered phase LnBaMn2O6 and ferromagnetic superstoichiometric 
disordered phase Ln0.90Ba0.10MnO3+δ. It is shown that the magnetic properties of the 
materials are determined by the joint action of chemical (cation ordering) and external 
(surface tension) pressures. 
Keywords: Ionic order, Magnetic transition; Perovskite; Magnanite; Rare earths 
 
1. Introduction 

The discovery of the colossal magnetoresistance effect in hole-doped manganites 
with the perovskite-type structure [1,2] has renewed the interest in the Ln1–xAxMnO3 (Ln is 
a lanthanide) systems which, in fact, have been known for a long time [3- 9]. Nowadays 
manganites are the model objects for the physics of strongly correlated electronic systems. 
These materials demonstrate a variety of magnetic and structural phase transitions, charge 
and orbital ordering, magnetic and structural phase separation, pressure-induced insulator-
to-metal transitions and many others intriguing physical phenomena [10,11]. However, 
despite the numerous investigations, the nature of the interplay between the lattice, orbital, 
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charge, and spin degrees of freedom is still a matter of discussion. Physical properties of 
the layered manganites LnBaMn2O6 (demonstrating the ordered cation arrangement in the 
A sublattice of the perovskite) are one of the most interesting topics in this field [12–21]. 
The main structural feature of these Ba-ordered compounds is an alternation of MnO2 
planes with LnO and BaO planes completely filled with one type of cations; as a result, the 
MnO6 octahedra are periodically distorted. In contrast to solid solutions Ln0.5Ba0.5MnO3, 
where the substituting cations are statistically distributed [22], the physical properties of the 
ordered manganites LnBaMn2O6 are significantly affected by the local periodic lattice 
distortions.  

It has been previously shown that the Ba-ordered compounds can be obtained using 
topotactic redox reactions [23–25]. Oxygen-stoichiometric solid solutions Ln0.5Ba0.5MnO3, 
synthesized in air using a conventional ceramic technology, have a cubic lattice (space 

group Pm 3 m) with random distribution of Ln3+ and Ba2+ cations. Anion-deficient 
compounds LnBaMn2O5, obtained by annealing the solid solutions Ln0.5Ba0.5MnO3 in a 
reducing environment, possess a tetragonal unit cell (P4/mmm) with ordered distribution of 
Ln3+ and Ba2+. The basal planes of a perovskite cuboctahedron are completely filled by one 
type of ions and alternate along the [001] direction. Oxygen vacancies are concentrated in 
the planes LnOx containing a lanthanide. Such a crystal structure is similar to the structure 
of YBaCuFeO5 [26]. Oxidation of the anion-deficient compounds LnBaMn2O5 in air leads 
to the formation of the stoichiometric Ba-ordered compounds LnBaMn2O6, whose unit cell 
is also tetragonal (P4/mmm). Magnetic properties of the materials strongly depend on 
degree of the cation ordering [27, 28]. The following questions arise: can the Ba-ordered 
state be stabilized in solid solutions with Ln3+/Ba2+

≠ 1/1? What is the mechanism of such 
an ordering? We investigated the so-called optimally doped solid solutions 
Ln0.70Ba0.30MnO3 (Ln = Pr, Nd) to answer these questions. 

 
2. Experimental 

Polycrystalline samples of Ln0.70Ba0.30MnO3 (Ln = Pr, Nd) were obtained using a 
conventional ceramic technology. Oxides Pr6O11, Nd2O3, Mn2O3 and carbonate BaCO3 
were weighed in accordance with the cation ratio Ln : Ba : Mn= 0.70 : 0.30 : 1.00, 
thoroughly mixed and pressed. Decarbonization was carried out by annealing the samples 
in air at T = 1100 °C for 2 h, followed by grinding. The final synthesis was performed in air 
at T = 1560 °C for 2 h. The equations for the chemical reaction for the optimally doped Ba- 
substituted praseodymium and neodymium manganites can be written in the form 
 
(0.70/6)Pr6O11 + 0.30BaCO3 + 0.50Mn2O3 → Pr0.70Ba0.30MnO3 + 0.30CO2 ↑   (1) 
0.35Nd2O3 + 0.30BaCO3 + 0.50Mn2O3 → Nd0.70Ba0.30MnO3 + 0.30CO2 ↑   (2) 
 
To obtain solid solutions with the oxygen content close to the stoichiometric value, the 
samples were cooled down to room temperature at a rate of 100 °C/h [29]. The oxygen 
content was determined using a thermogravimetric analysis [30], which showed that the 
samples had the stoichiometric oxygen concentration. 

Anion-deficient compounds were obtained by the method of topotactic reactions. 
The samples were placed in evacuated (P~ 10–4 Pa) quartz ampoules together with a certain 
amount of metallic tantalum, which was used as an oxygen absorber. The quartz ampoules 
with the samples were annealed at T = 800 °C for 24 h and then cooled down to room 
temperature at a rate of 100 °C/h. The reduction was carried out to the nominal phase with 
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“O2.60” to satisfy the condition Mn3+/Mn2+~ 1. The equation for this chemical reaction has 
the form 
 
Ln0.70Ba0.30MnO3 + 0.16Ta → Ln0.70Ba0.30MnO2.60 + 0.08Ta2O5     (3) 
 
Oxygen content in the anion- deficient compounds was checked by weighing the samples 
before and after the reaction. The results of the experiments proved that we failed to obtain 
the single-phase compounds Ln+3

7.0 Ba +2
3.0 Mn +3

5.0 Mn +2
5.0 O −2

6.2 . The actual chemical formula of 

the anion- deficient samples can be written in the form 
 
Pr0.70Ba0.30MnO2.60 → ¼(1.20PrBaMn2O5 + [1.60/6]Pr6O11 + 1.60MnO)    (4) 
Nd0.70Ba0.30MnO2.60 → ¼(1.20NdBaMn2O5 + 0.80Nd2O3 + 1.60MnO)    (5) 
 

The reduced samples were oxidized in air at T = 800 °C for 3 h to obtain the 
nominal phase "O3+δ". Oxygen content was also determined by weighing the samples. To 
optimize the magnetic properties of the oxidized samples, the latter were additionally 
annealed in air at T = 800 °C for 10 h. The additional annealing at a moderate temperature 
did not change the oxygen content, but favored the ordering of the Ln3+ and Ba2+ cations. 
Subsequent investigations showed that the actual chemical formula of the oxidized product 
was 
 
Ln0.70Ba0.30MnO3+δ → ¼(LnBaMn2O6 + 2Ln0.90Ba0.10MnO3+δ)     (6) 
 

Phase analysis of the samples and investigation of their crystal structure were 
performed by X-ray diffraction (XRD) technique using a DRON-3M diffractometer with 
Cu Kα radiation. Room- temperature XRD patterns were collected over an angular range 
15° ≤ 2θ ≤ 80° with a step of 0.02° and an exposition interval of 15 s/step. The data were 
analyzed by the Rietveld method [31] using the FullProf program [32]. Elemental analysis 
and investigation of surface topography were carried out with a LEO1455VP (Carl-Zeiss) 
scanning electron microscope. Magnetic properties of the samples were investigated with a 
superconducting quantum interference device (SQUID) magnetometer (MPMS-7, Quantum 
Design). Temperature dependences of the magnetization were measured in a weak 
magnetic field of 100 Oe in the temperature range 3 – 350 K in zero field cooling (ZFC) 
and field cooling (FC) modes. The magnetic transition temperatures were determined as 
inflection points on the temperature dependences of the FC magnetization (correspond to 

min FCd

dT
{ }

M ). Field dependences of the magnetization were obtained at 3 and 300 K in the 

magnetic field ranging from –70 to 70 kOe. 
 

3. Results and Discussion 
The Rietveld refinement of the XRD patterns obtained for the parent solid solutions 

Ln0.70Ba0.30MnO3 shows that the compounds possessed orthorhombic structure with space 
group Imma. These results are consistent with the data of the previous structural 
investigations [33–36] where Imma or equivalent space group Ibmm has been used to 
describe the crystal structure of the initial compounds. A good agreement between the 
observed and calculated XRD patterns obtained for the Ln0.70Ba0.30MnO3 samples is shown 
in Fig. 1(a). XRD experiment performed for the anion-deficient compounds obtained by 
annealing the Ln0.70Ba0.30MnO3 samples in vacuum revealed a complex character of the 
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diffraction pattern, suggesting a multiphase structural state of the samples (Fig. 1 (b)). A 
thorough analysis of the diffraction data allows us to conclude that the resulting XRD 
profile corresponds to a superposition of three structural components. The dominant 
contribution (~65%) is related to anion-deficient Ba-ordered phase LnBaMn2O5 with 
tetragonal (space group P4/mmm) perovskite-like unit cell. Two other components (~25% 
and ~10%) are attributed to Pr6O11 (Nd2O3) (space group 13mP ) and MnO (space group 

mFm3 ) phases, respectively. XRD patterns collected for the samples obtained by oxidation 
of the reduced compounds were successfully treated using a two-phase structural model 
(Fig. 1(c)). The samples consist of stoichiometric Ba-ordered phase LnBaMn2O6 with 
tetragonal (space group P4/mmm) unit cell (~ 60%), and superstoichiometric Ba-disordered 
phase Ln0.90Ba0.10MnO3+δ with orthorhombic (space group Pnma) lattice (~40%). These 
results are also in good agreement with the available data [25, 37–39]. Additional annealing 
of the oxidized samples in air does not change their structural characteristics significantly. 
Unit cell parameters, atomic coordinates, and interatomic distances and angles 
characteristic of the mentioned perovskite-type phases at room temperature are presented in 
Tables 1 and 2. 

It should be noted that the similar solid solutions having La ions in the A-position 
exhibit different pattern of changes in the crystal and magnetic structures upon decrease of 
the oxygen content. In the La0.7Ba0.3MnO3–δ samples, the decrease in the oxygen 
concentration down to δ=0.4 does not cause a modification of the cubic crystal structure 
specific to the oxygen-stoichiometric material [40]. Accordingly, magnetic properties of the 
solid solutions La0.7Ba0.3MnO3–δ (δ≤0.4) undergo significantly different evolution [41] as 
compared to that observed for the compounds Ln0.7Ba0.3MnO3–δ (Ln= Pr, Nd) (will be 
described below). 

Fig. 2 schematically shows crystal structure of the perovskite-like phases found in 
the series under study. The ideal perovskite structure has ABO3 stoichiometry and consists 
of a three-dimensional framework of corner-linked BO6 octahedra. The twelve coordinated 
A-cations fill the cavities formed by the framework. This arrangement of ions generates a 
crystal structure described by the space group Pm3m. In most perovskite-type oxides, due 
to the small radius of the A-site ion with respect to its surrounding cage, the BO6 octahedra 
tilt to accommodate the A ion. For Ln0.70Ba0.30MnO3, the rotation along the [110] direction 
yields the orthorhombic space group Imma (Fig. 2(a)). For the anion-deficient Ba-ordered 
phase LnBaMn2O5, cations Ln3+ and Ba2+ are located in the planes alternating along the 
[001] direction. Oxygen vacancies lie in the LnOx planes containing Ln3+ cations. The Mn3+ 
and Mn2+ ions lie in oxygen pentahedra. As a result of the ordering of the cations and 
oxygen vacancies, the unit cell is doubled to give the tetragonal symmetry P4/mmm (Fig. 2 
(b)). For the stoichiometric Ba-ordered phase LnBaMn2O6, the structural pattern is similar 
to that of the anion-deficient phase, but all the oxygen vacancies are occupied. The Mn3+ 
and Mn4+ cations are distributed statistically among oxygen octahedra (Fig. 2 (c)). The 
superstoichiometric Ba-disordered phase Ln0.90Ba0.10MnO3+δ has an ionic arrangement 
typical of the parent compounds LnMnO3 [42] (Fig. 2 (d)). 

Scanning electron microscopy found a remarkable change in the crystallite size of 
the samples after the redox reaction (Fig. 3). The noticeable decrease in the average 
crystallite size for the oxidized Ba-ordered nanocomposite 
¼(LnBaMn2O6 + 2Ln0.90Ba0.10MnO3+δ) from 〈D〉 ~ 5 µm to 〈D〉 ~ 100 nm can be explained 
by an intensive ionic diffusion as well as by the ordering of oxygen vacancies in the form 
of the complex surfaces over which the destruction of the material takes place [43]. To a 
certain extent, the size of the crystallites can determine structural properties of the material. 
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Indeed, comparison of the unit cell volumes characteristic of crystal structure of the 
stabilized phases with those reported in literature [34, 38] suggests that the decrease in the 
grain size to a nanometer scale reduces the unit cell volume; the effect can be explained by 
an increase of the surface tension in the surface layer of nanocrystallites as compared to the 
microcrystallite bulk materials [44]. 

Magnetic properties of the materials are summarized in Figs. 4–8. In accordance 
with the rules for the superexchange interaction Mn3+–O–Mn4+ [8, 9], the parent Ba-
disordered solid solution Pr0.70Ba0.30MnO3 demonstrates a ferromagnetic behavior below 
the Curie temperature TC ≈ 173 K (Fig. 4(a), Fig. 7). The anion-deficient Ba-ordered 
nanocomposite ¼(1.20PrBaMn2O5 + [1.60/6]Pr6O11 + 1.60MnO), whose main perovskite-
like phase contains manganese ions with the average valency Mn2.5+, possesses the 
properties characteristic of ferrimagnets (TN ≈ 113 K) (Fig. 4(b), Fig. 7). The FC 
dependence of the magnetization obtained for the oxidized Ba-ordered nanocomposite 
¼(PrBaMn2O6 + 2Pr0.90Ba0.10MnO3+δ) exhibits two anomalies at ~ 313 and ~ 138 K, which 
correspond to the transitions from ferromagnetic to paramagnetic state for the PrBaMn2O6 
and Pr0.90Ba0.10MnO3+δ phases, respectively (Fig. 4(c), Fig. 7). A very similar behavior was 
found for the Nd-containing samples (Fig. 5, Fig. 8). Additional annealing of the 
nanocomposites ¼(LnBaMn2O6 + 2Ln0.90Ba0.10MnO3+δ) in air gives rise to more sharp 
magnetic transitions. The Curie temperatures remain the same (Fig. 6). 

Significant increase in the magnetic transition temperatures observed for the 
stoichiometric Ba-ordered phases can be explained by increasing the average angle 〈Mn–
O–Mn〉 (Tables 1 and 2). Indeed, it is well known that such increasing enhances intensity of 
the superexchange interactions Mn–O–Mn. An analogous high sensitivity of the Curie 
temperature to a change in the average bond angle was observed in some previous works 
[45,46]. Slight decrease of the magnetization observed for the oxidized Pr-based samples 
(Fig. 7(a)) can be explained by the existence of antiferromagnetic clusters with 
charge/orbital ordering [19,31,47,48]. The superstoichiometric Ba-disordered phases 
Ln0.90Ba0.10MnO3+δ exhibit higher Curie temperatures as compared to TC ≈ 110 K (Ln = Pr) 
and TC ≈ 97 K (Ln = Nd) reported for microcrystallite bulk materials [37, 38]. This can be 
attributed to the effect of nanocrystallite compression and the presence of 
superstoichiometric Mn4+ cations. 

 
4. Conclusions 

Structure and magnetic properties of the Ba-ordered phases obtained via a chemical 
treatment of Ln0.70Ba0.30MnO3 (Ln = Pr, Nd) manganites were investigated. The parent Ba-
disordered solid solutions Ln0.70Ba0.30MnO3 were synthesized in air according to a 
conventional ceramic technology. The compounds are characterized by orthorhombic Imma 
structure and are ferromagnetic with TC ≈ 173 K and TC ≈ 143 K for Ln = Pr and Ln = Nd, 
respectively. The average size <D>  of crystallites in the samples is about 5 µm. Reduction 
of the parent samples results in their separation into three phases: the anion-deficient 
ordered phase LnBaMn2O5 having tetragonal P4/mmm structure, and the simple-oxide 
phases Ln2O3 and MnO. The reduction leads to the formation of the nanocomposite with 
the average crystallite size <D>~100 nm. The anion-deficient Ba-ordered phase 
LnBaMn2O5 exhibits ferrimagnetic properties with TN ≈ 113 K and TN ≈ 123 K for Ln = Pr 
and Ln = Nd, respectively. Oxidation of the anion- deficient samples does not change the 
average size of the nanocrystallites, but noticeably alters their phase composition. The 
oxidized nanocomposites consist of two perovskite-like phases. The stoichiometric Ba-
ordered phase LnBaMn2O6 has tetragonal P4/mmm structure and is ferromagnetic with TC ≈ 
313 K (Ln = Pr) and TC ≈ 303 K (Ln = Nd). The superstoichiometric Ba-disordered phase 
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Ln0.90Ba0.10MnO3+δ possesses orthorhombic Pnma lattice and has TC ≈ 138 K (Ln = Pr) and 
TC ≈ 123 K (Ln = Nd). Magnetic properties of the compounds under study are discussed 
taking into account the effect of the joint action of the chemical (cation ordering) and 
external (surface tension) pressures. 
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Fig. 1. Observed (solid circles), calculated (solid line), and difference (solid line at the 
bottom) XRD patterns for Ba-disordered solid solution Nd0.70Ba0.30MnO3 (a), anion-
deficient Ba-ordered nanocomposite (1/4)(1.20NdBaMn2O5 + 0.80Nd2O3 + 1.60MnO) (b) 
and oxidized Ba-ordered nanocomposite (1/4)(NdBaMn2O6 + 2Nd0.90Ba0.10MnO3+δ) at 
room temperature (c). Bragg reflections are indicated by ticks. 
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Fig. 2. Schematic representations of the crystal structure for perovskite-like phases: (a) Ba-
disordered Ln0.70Ba0.30MnO3; (b) anion-deficient Ba-ordered phase LnBaMn2O5; (c) 
stoichiometric Ba-ordered phase LnBaMn2O6; (d) superstoichiometric Ba-disordered phase 
Ln0.90Ba0.10MnO3+δ. 
 

 
Fig. 3. Surface topography obtained with a scanning electron microscope for parent Ba-
disordered solid solution Pr0.70Ba0.30MnO3 (a), parent Ba-disordered solid solution 
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Nd0.70Ba0.30MnO3 (b), oxidized Ba-ordered nanocomposite 
(1/4)(PrBaMn2O6 + 2Pr0.90Ba0.10MnO3+δ) (c) and oxidized Ba-ordered nanocomposite 
(1/4)(NdBaMn2O6 + 2Nd0.90Ba0.10MnO3+δ) (d) 
 

 
Fig. 4. Temperature dependences of the ZFC (open circles) and FC (closed circles) 
magnetization in a field of 100 Oe for parent Ba-disordered solid solution Pr0.70Ba0.30MnO3 

(a), anion-deficient Ba-ordered nanocomposite 
(1/4)(1.20PrBaMn2O5 + (1.60/6)Pr6O11 + 1.60MnO) (b) and oxidized Ba-ordered 
nanocomposite (1/4)(PrBaMn2O6 + 2Pr0.90Ba0.10MnO3+δ) (c). The insets show the 
temperature dependences of the derivative of the FC magnetization for the corresponding 
samples. 
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Fig. 5. Temperature dependences of the ZFC (open circles) and FC (closed circles) 
magnetization in a field of 100 Oe for parent Ba-disordered solid solution 
Nd0.70Ba0.30MnO3 (a), anion-deficient Ba-ordered nanocomposite 
(1/4)(1.20NdBaMn2O5 + 0.80Nd2O3 + 1.60MnO) (b), and oxidized Ba-ordered 
nanocomposite (1/4)(NdBaMn2O6 + 2Nd0.90Ba0.10MnO3+δ) (c). The insets show the 
temperature dependences of the derivative of the FC magnetization for the corresponding 
samples. 
 

 
Fig. 6. Temperature dependences of the ZFC (open circles) and FC (closed circles) 
magnetization in a field of 100 Oe for additionally oxidized Ba-ordered nanocomposite 
(1/4)(NdBaMn2O6 + 2Nd0.90Ba0.10MnO3+δ). The inset shows the temperature dependences 
of the derivative of the FC magnetization. 
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Fig. 7. Field dependences of the magnetization measured at T= 3 K (a) and T= 300 K (b) 
for parent Ba-disordered solid solution Pr0.70Ba0.30MnO3 (I), anion-deficient Ba-ordered 
nanocomposite (1/4)(1.20PrBaMn2O5 + (1.60/6)Pr6O11 + 1.60MnO) (II), and oxidized Ba-
ordered nanocomposite (1/4)(PrBaMn2O6 + 2Pr0.90Ba0.10MnO3+δ) (III). 
 

 
Fig. 8. Field dependences of the magnetization measured at T= 3 K (a) and T= 300 K (b) 
for parent Ba-disordered solid solution Nd0.70Ba0.30MnO3 (I), anion-deficient Ba-ordered 
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nanocomposite (1/4)(1.20NdBaMn2O5 + 0.80Nd2O3 + 1.60MnO) (II), and oxidized Ba-
ordered nanocomposite (1/4)(NdBaMn2O6 + 2Nd0.90Ba0.10MnO3+δ) (III). 

 
Table 1 Structural parameters for Pr- containing perovskite- like phases at room 

temperature. 
 

 Pr0.70Ba0.30MnO3 PrBaMn2O5 PrBaMn2O6 Pr0.90Ba0.10MnO3+δ 

Space group Imma P4/mmm P4/mmm Pnma 
a/nm 0.55252(7) 0.39854(5) 0.8921(6) 0.55142(6) 
b/nm 0.77672(8) 0.39854(5) 0.38921(6) 0.77806(7) 
c/nm 0.55076(7) 0.77606(9) 0.77625(9) 0.55147(5) 

V/nm3 0.23636 
0.12327 

{0.24653} 
0.11759 

{0.23518} 
0.23660 

α = β = γ (°) 90 90 90 90 
Pr, (x,y,z) (0,¼,–0.004(2)) (0,0,0) (0,0,0) (0.021(5),¼,0.999(6)) 
Ba, (x,y,z) (0,¼,–0.004(2)) (0,0,½) (0,0,½) (0.021(5),¼,0.999(6)) 
Mn, (x,y,z) (0,0,½) (½,½,0.239(4)) (½,½,0.249(5)) (0,0,½) 
O1, (x,y,z) (0,¼,0.435(8)) (½,½,½) (½,½,½) (0.469(7),¼,0.012(6)) 
O2, (x,y,z) (¾,–0.016(5),¼) (½,0,0.198(6)) (½,0,0.233(7)) (0.219(7),0.558(6),0.254(7)) 
O3, (x,y,z) – – (½,½,0) – 

〈 Mn–O1 〉 (nm) 0.1976 0.2048 0.1927 0.1956 
〈 Mn–O2 〉 (nm) 0.1951 0.2011 0.1945 0.1863+0.2125 
〈 Mn–O3 〉 (nm) – – 0.1896 – 
〈 Mn–O1–Mn 〉 (°) 158.43 180.00 180.00 169.85 
〈 Mn–O2–Mn 〉 (°) 175.76 161.93 175.18 155.32 
〈 Mn–O3–Mn 〉 (°) – – 180.00 – 

Rp (%) 9.21 10.15 10.42 10.42 
Rwp (%) 13.31 14.21 14.17 14.17 
RB (%) 5.32 3.73 6.33 6.96 
χ2 (%) 2.77 2.98 2.91 2.91 
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Table 2 Structural parameters for Nd- containing perovskite- like phases at room 
temperature. 

 
 Nd0.70Ba0.30MnO3 NdBaMn2O5 NdBaMn2O6 Nd0.90Ba0.10MnO3+δ 

Space group Imma P4/mmm P4/mmm Pnma 
a (nm) 0.55100(8) 0.39626(5) 0.38893(8) 0.54899(8) 
b (nm) 0.77523(9) 0.39626(5) 0.38893(8) 0.77755(9) 
c (nm) 0.54856(7) 0.77405(9) 0.77310(9) 0.54896(9) 

V (nm3) 0.23432 
0.12154 

{0.24309} 
0.11694 

{0.23389} 
0.23433 

α = β = γ (°) 90 90 90 90 
Nd, (x,y,z) (0,¼,–0.002(3)) (0,0,0) (0,0,0) (0.019(3),¼,0.997(3)) 
Ba, (x,y,z) (0,¼,–0.002(3)) (0,0,½) (0,0,½) (0.019(3),¼,0.997(3)) 
Mn, (x,y,z) (0,0,½) (½,½,0.236(2)) (½,½,0.245(7)) (0,0,½) 
O1, (x,y,z) (0,¼,0.432(9)) (½,½,½) (½,½,½) (0.466(9),¼,0.008(8)) 
O2, (x,y,z) (¾,–0.012(6),¼) (½,0,0.195(2)) (½,0,0.230(9)) (0.216(9),0.555(9),0.250(9)) 
O3, (x,y,z) – – (½,½,0) – 

〈 Mn-O1 〉 (nm) 0.1973 0.2044 0.1974 0.1953 
〈 Mn-O2 〉 (nm) 0.1946 0.2007 0.1948 0.1861+0.2122 
〈 Mn-O3 〉 (nm) – – 0.1892 – 
〈 Mn-O1-Mn 〉 (°) 158.32 180.00 180.00 168.75 
〈 Mn-O2-Mn 〉 (°) 174.46 161.72 173.08 154.06 
〈 Mn-O3-Mn 〉 (°)  – 180.00 – 

Rp (%) 9.01 10.11 10.31 10.31 
Rwp (%) 13.11 14.11 14.11 14.11 
RB (%) 5.52 3.44 6.13 6.84 
χ2 (%) 2.74 2.89 2.99 2.99 
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Graphic abstrct 
 

 
 
Schematic representations of the crystal structure for perovskite-like phases: (a) Ba-
disordered Ln0.70Ba0.30MnO3; (b) anion-deficient Ba-ordered phase LnBaMn2O5; (c) 
stoichiometric Ba-ordered phase LnBaMn2O6; (d) superstoichiometric Ba-disordered phase 
Ln0.90Ba0.10MnO3+δ 


