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bstract

he layered perovskite BaLn2Mn2O7 (Ln = rare earth) has a Sr3Ti2O7-type structure with double-block oxygen octahedra belonging to the
uddlesden–Popper-type homologous series AO(ABO3)2. The BaEu2Mn2O7 shows multiple phase transformations upon heating by high-

emperature TEM, from tetragonal phase I (P42/mnm) to monoclinic phase III via phase II (I4/mmm). Weak reflections from phase III started
◦
o appear on the selected area diffraction pattern along the c-direction above 277 C and became stronger gradually with increasing temperature.

inally, all of the reflections were from only phase III above 750 ◦C. This shows a first-order phase transformation, and the coexistence of low-
nd high-temperature phases was also observed clearly in a quenched specimen. The differences in those structures are the periodicity along the
-axis and the high-temperature phase’s 1.5% longer c length than that of the low-temperature phase.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

The rare-earth manganite BaLn2Mn2O7 (Ln = rare-earth ele-
ent) has a Sr3Ti2O7-type layered perovskite structure with

ouble-block oxygen octahedra belonging to the Ruddlesden–
opper-type homologous series AO(ABO3)2.1 Deshizeaux
heruy and Joubert were the first to synthesize those mangan-

tes (Ln = Nd–Gd) in an N2 atmosphere.2 Subsequently, many
hases were reported for the oxides, depending on the synthe-
is or annealing conditions.3–9 Those annealing conditions were
ased on the phase transformation of the BaLn2Mn2O7. The
hase transformations of the oxides have been investigated by
igh-temperature X-ray diffraction (XRD), electrical conductiv-
ty, and thermal analyses.3,10,11 The transformation temperatures
end to increase with decreasing ionic radii of the Ln cations.10

hese results showed that the transformation occurring is the

uccessive phase transition series common in perovskite-related
amilies, whose symmetries are expected to change from lower
o higher with increasing temperature. As a result, it was reported

∗ Corresponding author. Tel.: +81 77 543 7774; fax: +81 77 543 7758.
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hat the tetragonal I4/mmm structure of BaLn2Mn2O7 is stable
t high temperatures.12

Recently, however, we have found first-order phase trans-
ormations in the BaGd2Mn2O7 and BaPr2Mn2O7 by using a
igh-temperature transmission electron microscope (TEM).13,14

hese findings are contradictory to the conventional under-
tanding of the successive phase transformation. We believe
hat the first-order phase transformation may uniquely occur
n layered perovskite with double-block oxygen octahedra. In
he case of BaPr2Mn2O7, it occurred for only 10 min with-
ut change in the crystal symmetry.14 On the other hand, the
rst-order phase transformation in BaGd2Mn2O7 was observed
lowly with increasing temperature. It was found that the
ime of phase transformation was related to the ionic radius
f rare earth and its structural distortion. It is expected that
imilar phase transformations should occur in other rare-
arth manganites. In order to observe such in-situ structural
hange, high-temperature TEM is the most suitable technique,
ven though it requires a high-level technique for observa-

ion.

In the present study, we report phase transformation of
aEu2Mn2O7 observed mainly by a high-temperature TEM.
urthermore, the high-temperature phase appearing in the phase

mailto:hiromi@rins.ryukoku.ac.jp
dx.doi.org/10.1016/j.jeurceramsoc.2009.05.011
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ransformation was analyzed using a quenched specimen, which
as heated to 700 ◦C and then cooled down.

. Experimental procedure

The starting powders of BaCO3, Eu2O3, and Mn2O3 were
ixed together and calcined at 1350 ◦C in Ar atmosphere
or 2 days. The product was confirmed as a single phase of
aEu2Mn2O7 by the powder XRD analysis. The product was

hen pulverized and hydrostatically pressed into a rod. Sin-
le crystals were grown by the floating zone (FZ) method in

o
p
s
u

ig. 1. SAED patterns of BaEu2Mn2O7 along the [0 0 1] zone axis taken at various te
e) 277 ◦C, and (f) 500 ◦C for phase III.

Fig. 2. Changes in SAED patterns taken from [1 1 0] zone axi
Ceramic Society 30 (2010) 233–236

r atmosphere. The procedure of crystal growth is detailed
n the previous paper.5 The crystals were examined by the
our-circle single-crystal diffractometer Rigaku-AFC7R. The
uenched specimen was annealed at 700 ◦C and then cooled
own.

A fragment of the crystal was crushed and scooped onto a
opper mesh with carbon-coated microgrids. The in-situ TEM

bservation was performed on a thermal stage in the tem-
erature range from 20 to 800 ◦C (JEM-2000EX, EM-SHU2
pecimen holder, JEOL). The temperature was controlled man-
ally. The heating rate was approximately 600 ◦C/h. High

mperatures: (a) RT for phase I, (b) 100 ◦C, (c) 160 ◦C for phase II, (d) 227 ◦C,

s. (a) RT, (b) at 380 ◦C, (c) at 714 ◦C, and (d) at 750 ◦C.
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esolution image observation was using a TEM (JEM 3000F,
EOL).

. Results and discussion

The as-grown crystal of BaEu2Mn2O7 showed the
etragonal P42/mnm symmetry by four-circle single-crystal
iffractometer.5 Fig. 1 uses high-temperature TEM to show the
AED patterns along the [0 0 1] zone axis at various tempera-

ures. At around 100 ◦C, the tetragonal phase I (P42/mnm) started
o transform into an intermediate phase with a rather complex
iffraction pattern as shown in Fig. 1(b). Then, the intermediate
hase transformed into the tetragonal phase II at approximately
60 ◦C in (c). The space group of phase II was assumed to be
4/mmm. However, the transformation temperature was lower
han that of phase transition (277 ◦C) measured by DSC.11 With
ncreasing temperature, we found the phase transformation in
he next step. The I4/mmm phase was stable in a narrow tem-
erature region. Pattern (c) changed into pattern (d), which was
ssumed to be P42/mnm. Then, a new phase III started to nucleate
n the low-temperature phase matrix at 277 ◦C, and the tempera-
ure agreed with the DSC and electrical conductivity results.10,11

he complex pattern (e) can be interpreted as a mixture of the
ow-temperature phase (d) and the high-temperature phase (f).
t around 500 ◦C, the intensity of 1 1 0 reflection became very
eak, which indicated that the low-temperature phase nearly
isappeared in (f).

Structural change was in-situ observed clearly along the
1 1 0] zone axis, as shown in Fig. 2. Above 277 ◦C, weak reflec-
ions started to appear, as indicated by the arrow in (b), and the
ntensities grew stronger at 714 ◦C. The split reflections indi-
ate that the c length of phase III is 1.5% longer than that
f the low-temperature phase, as with BaGd2Mn2O7.13 With
ncreasing temperature, the intensities of the reflections at 1 1̄ 0
ecame weaker. Finally, the low-temperature phase disappeared
bove 750 ◦C. The repeated in-situ experiments revealed that
he transformation speed is temperature-dependent. The results
how that the transformation from the low-temperature phase
nto phase III was of first order due to the coexistence of low-
nd high-temperature phases.

A structure of coexisting phases was also observed using a
uenched specimen, which was heated to 700 ◦C and quenched,
s shown in Fig. 3. The lamellar structure was observed along
he c-axis, which was composed of the low-temperature phase
nd the high-temperature phase with a lattice mismatch of 1.5%.
he SAED pattern corresponded to Fig. 3. In the enlarged TEM

mage enclosed by the rectangle in (a), we can clearly observe the
ow-temperature phase region and the high-temperature phase
egion due to the difference in periodicity along the c-axis. These
esults show that phase III was nucleated in the low-temperature
hase matrix.

Fig. 4 shows a TEM image and SAED pattern of the quenched
pecimen along the [0 2 1] zone axis. The lamellar structure

ormed by twinning at about 40-nm sizes was observed in (a).
his structure of the phase is not a tetragonal because the angle

ormed by the planes of (2 0 0) and (0 2̄ 4) is not 90◦. Extra
eflections were detected as 1/2, 1/2, 1̄. This result agrees with

o
t
m
p

ig. 3. TEM images of quenched specimen of BaEu2Mn2O7 taken from the
1 1 0] zone axis. (a) Low-magnification image and (b) enlarged image from
rea enclosed by the rectangle in (a).

he SAED pattern shown in Fig. 1(f). Phase III seems to have a
lose relation with the monoclinic B112/m structure, which was
bserved in annealed BaTb2Mn2O7.9 The complex diffraction
attern was caused by the twinning structure of the monoclinic
ell.

The I–II transformation may accompany tilts of the MnO6
ctahedra because the symmetries suggest a change in the octa-
edral tilt system from (0 0 0)(0 0 0) for I4/mmm to (Φ 0 0)
0 Φ 0) for P42/mnm.15 A previous paper, by using high-
emperature XRD, reported that the tetragonal I4/mmm structure
s stable at high temperatures.12 In our experiment, we confirmed
hat the I4/mmm phase is stable in a narrow temperature range
uring the phase transformation. In the case of BaGd2Mn2O7,
owever, the I4/mmm phase did not appear during the phase
ransformation. This seems to be related to the structural dis-
ortion and ionic radius of rare earth. On the other hand, later
ransformation of phase III suggested that the transformation is
f the first order. We believe that the first-order phase transforma-
ion may uniquely occur in layered perovskite with double-block

xygen octahedra.10,14 The multiple transformations are related
o the distortion of the structure. In the repeated trial, the transfor-

ation occurred slowly via the I4/mmm phase as a meta-stable
hase. It is expected that Tb–manganite will require a longer
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Fig. 4. Lamellar structure by twinning in quenched specimen of BaEu2M

ime for phase transformation because, like Gd–manganite, it
as a small ionic radius. On the other hand, it is also assumed
hat the transformation for Nd–manganite, via the I4/mmm
hase as a stable phase, will take a shorter time because, like
r–manganite, it has a large ionic radius. Although we can make

hese assumptions based on the known experimental data for
r–manganite and Gd–manganite, an in-situ experiment using
igh-temperature TEM should be conducted to more systemat-
cally clarify such issues as phase transformation. In the future,
e are going to use high-temperature TEM to more systemati-

ally clarify such issues as in-situ phase transformation in order
o understand the nature of layered perovskite structure.

. Conclusion

Phase transformation in BaEu2Mn2O7 has been studied by in-
itu high-temperature TEM observation. The tetragonal phase I
P42/mnm) transformed into the tetragonal phase II (I4/mmmm)
t a temperature roughly above 160 ◦C. The I4/mmm phase is
table at narrow temperature region. Then, phase III nucleated
n the matrix at 277 ◦C and grew to cover the entire region under
nspection at 500 ◦C. Phase III has an approximately 1.5% larger
ell size along the c-axis compared with phase II. Phase III
eems to have a close relation with the monoclinic structure.
he transformation into phase III was considered a first-order

ransformation due to the coexistence of low-temperature and
igh-temperature phases. A structure of coexisting phases was
bserved in a quenched specimen, which was heated to 700 ◦C
nd then cooled down. The first-order phase transformation
hould occur uniquely in the layered structure with double-block
xygen octahedra.
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. (a) TEM image, and (b) SAED pattern taken from the [0 2 1] zone axis.
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