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Abstract

By means of powder X-ray diffraction, powder neutron diffraction and transmission electron microscopy (TEM), we determined
the crystal structures of a metal-ordered manganite YBaMn,Og which undergoes successive phase transitions. A high-temperature
metallic phase (Te; = 520 K < 7)) crystallizes in a triclinic P1 with the following unit cell: Z = 2, a = 5.4948(15) A, b = 5.4920(14) A,
¢ =7.7174(4) A, « = 89.804(20)°, B = 90.173(20)°, y = 91.160(4)°. The MnOg octahedral tilting is approximately written as a’h "¢,
leading to a significant structural anisotropy within the ab plane. The structure for T, <7 < T is a monoclinic P2 (Z =2,
a=55181(4)A, b=55142(4) A, ¢ = 7.6443(3) A, = 90.267(4)°) with an a b ¢~ tilting. The structural features suggest a do_pn
orbital ordering (OO). Below T, = 480 K, crystallographically inequivalent two octahedra show distinct volume difference, due to
the Mn®**/Mn*" charge ordering. The TEM study furthermore revealed a unique dy>_,> /dy>_,» OO with a modified CE structure.
It was found that the obtained crystal structures are strongly correlated to the unusual physical properties. In particular, the
extremely high temperature at which charge degree of freedom freezes, 7., should be caused by the absence of the structural

disorder and by heavily distorted MnOjg octahedra.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Manganese perovskites with a formula
A7 5 A2 MnO; (0<x<1), where 4°" and 4*" repre-
sent in general rare-earth ions and alkaline-earth ions,
respectively, have been extensively investigated for the
past 10 years [1]. The potential application to the
industrial technology has apparently accelerated the
research activity, and as a result deepened our compre-
hension of this system. Now it is widely accepted that
the dopant concentration x and the band width w (or the
tolerance factor f) are dominant two parameters which
enable us to systematically tune the magnetic and
transport properties including the colossal magnetore-
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sistance, charge ordering (CO) and orbital ordering
(O0) [1].

However, probably underestimated to date or even
neglected in many cases, has been the effect of
randomness or compositional inhomogeneity in the
crystal structure, which inevitably exists when we deal
with solid solutions except the end members, x = 0 and
1. This effect may destroy some hidden phase which
otherwise may be present at given x and w(f’). One also
encounters difficulties in estimating the physical quan-
tities precisely. In fact, ferromagnetic ordering tempera-
tures observed experimentally so far have been much
lower than that predicted theoretically [2].

This unfavorable situation can be avoided by prepar-
ing the case of x = 0.5, i.e., A4'Mn,QOg, where the 40
and 4’0 layers are piled up alternately along the ¢ axis,
as illustrated in Fig. 1. In 1999, Millange et al. [3]
succeeded in synthesizing an A-site metal-ordered
manganite LaBaMn,Og4 through a topotactic route and
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Fig. 1. Schematic representation of the ideal crystal structure of the
A-site ordered manganese perovskite, A°>*A4’>" Mn,O, showing the
corner-shared MnQOg octahedra. The open and solid balls are the
A** and 4> ions, respectively. The broken lines denote the unit cell
for the simple cubic perovskite with the A4 cation at the origin
(ap x by X ¢p).

demonstrated that its ferromagnetic ordering tempera-
ture is 335K which is indeed much higher than that for
the metal-disordered correspondence (LagsBagsMnQOs3)
by 65K.

Following this result, we prepared the next ‘clean’
manganite perovskite corresponding to A=Y, A’=Ba
and x = 0.5 (i.e., YBaMn,Og) [4]. Rather preliminary
structural analysis based on X-ray powder diffraction
and physical properties obtained from magnetic suscept-
ibility (y) and electric resistivity (p) experiments suggest
that YBaMn,Os undergoes, unlike metal-disordered
compound A3 %A'35MnO;, multiple phase transitions
as a function of temperature (7); upon cooling, a first-
order-like structural transition occurs at T, = 520K
between paramagnetic and metallic phases (PM;—
PM,). The second transition at 7T, =480K is a
metal-insulator (MI) transition, and the last one at
T3 = 200K induces the paramagnetic insulator (PI) to
an antiferromagnetic insulator (AFI). Here, several
prominent features merit to point out as follows: (a)
The MI transition temperature Ty (= Tp) is, to the
best of the authors knowledge, the highest among
known manganese perovskite family. (b) In a striking
contrast to the metal-disordered system [1], the structur-
al transition at 7, with drastic changes in lattice
constants is not accompanied by the MI transition
(i.e., Te1 # T¢2). () The structural transition at 7T from
a pseudo-orthorhombic to a pseudo-tetragonal symme-
try on cooling is quite rare.

Moreover, a study of a series of the A4-site ordered
manganites RBaMn,0O¢ with R being Y and rare-earth
elements has revealed that the phase diagram of
RBaMn»Og is considerably different from that of the

disordered analogue Aj%A'35MnO; [1,5]. It is thus
evident that the structural and physical properties of
YBaMn,04 cannot be mapped onto such a simple
framework that has been adequate for the disordered
manganese perovskites [1]. The main purpose of the
present study is the determination of the crystal
structures of YBaMn,Og in each phase on the basis of
the Rietveld refinement using the powder neutron and
X-ray diffraction data. As chemical characterizations,
we performed the thermogravimetric analysis (TGA)
and the differential scanning calorimetry (DSC). In
order to observe possible superstructures due to the CO
and OO, we used the transmission electron microscopy
(TEM). The magnetic and transport properties were
investigated by the magnetic susceptibility and electric
resistivity measurements as a function of 7. These
intensive investigations have allowed us to unveil an
intimate correlation between physical properties and
underlying structures.

2. Experimental procedures

The synthesis of the A-site ordered perovskite
YBaMn,Og¢ requires the following two procedures as
employed for the homeotype of LaBaMn,Og [4].
Starting reagents Y,03;, MnO,, and BaCO; with
99.99% purities (Rare Metallic Inc.) were ground
thoroughly, pressed into pellets and calcined in an Ar
flow (6 N) at 1573K for 48 h. The use of Ar gas can
avoid the formation of the A4-site disorder. However, the
obtained specimen contains a large amount of oxygen
vacancy in the YO layer, providing YBaMn,Oq_,
(»~0.9) [6]. The metal ordering in the form of layers
and the lack of oxygen in the YO layers are due to the
general preference of the small Y* " ions (and rare-earth
ions) to take eight-fold coordination. The second step is
annealing the obtained specimen in flowing O, at 773K
for 48h, which leads to the full oxidation of the
specimen, i.e., to YBaMn,Og. This reaction is reversible
and indicates the topotactic nature of the transforma-
tion between YBaMn,Os and YBaMn,Og.

The determination of the oxygen content of the final
product was made by TGA using a TG2000S Mac
Science analyzer. This experiment was performed in the
T range between 300 and 1273 K with a heating rate
15-20 K/min in flowing H,. The DSC measurement
was carried out on a DSC3200S Mac Science analyzer
for T = 140-600 K with the heating and cooling rate of
10-20 K/min. For the TGA (DSC) measurement,
approximately 20 (30) mg of finely ground sample was
placed in an aluminum (platinum) capsule, and well-
calcined «-Al,O5; was used as reference standard.

The X-ray powder diffraction experiments were
performed using a MXP18 Mac Science diffractometer
with the following operation conditions: 270 K < T <
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600K, 5°<20<120° with the step size of 0.02°, CuKa
radiation, ¥V =50kV and I =300mA. The neutron
powder diffraction experiments were conducted for
200 K< T < 600K using the Kinken powder diffract-
ometer for high efficiency and high-resolution measure-
ments, HERMES, at Institute for Materials Research
(IMR), Tohoku University, installed at the JRR-3M
reactor in Japan Atomic Energy Research Institute
(JAERI), Tokai, Japan. Neutrons with a wavelength
of 1.8196 A were obtained by the 331 reflection of
the Ge monochromator. The 12’-blank-sample-18’
collimation was employed. The data were collected with
a step-scan procedure in the range 20 = 10-120° with a
step width of 0.01°. The 1.5g powder sample was
wrapped by an Al foil to form a cylindric shape
(8 ¢ x I5mm) and then fixed to an Al sample holder
with He gas filled.

The microscopic structures arising from the CO and
OO in the PI phase were probed by means of TEM using
JEM2010 (JEOL) operating at 200kV at room tem-
perature. The sample was finely ground under methanol
then dispersed on Cu grids coated with holy carbon
support films.

The magnetic properties were studied using a SQUID
magnetometer between 5 and 700K at a static magnetic
field (H) of 0.1 T. The electric resistivity was measured
using a well-sintered pellet for 7 = 100-620K by a
conventional four-probe technique.

3. Results
3.1. Powder X-ray diffraction

Shown in Fig. 2 is the X-ray powder diffraction
pattern in the PI state, measured at 350 K. The obtained
data contain a main product of YBaMn»Ogq as well as a
minor impurity of BaMnO;_; (less than 1.0%). With
regard to YBaMn,Oyg, we previously assigned the X-ray
diffraction patterns for each phase to the monoclinic
structure with the dimension of a, x b, x 2¢, [4], where
ap, b, and ¢, denote the unit cell for the simple cubic
perovskite. However, careful experiment and re-con-
sideration of the observed peaks resulted in the
monoclinic but a larger unit cell of \/2ay x \/2b, x 2¢,
as indexed in Fig. 2. It is to be noted that the 001
reflection at around 26 = 12° indicates the doubling the
¢ parameter with respect to ¢, and thus ensures the Y/Ba
ordering in the form of layers. The result of the Rietveld
refinement of the crystal structures for this and other
phases will be provided in the proceeding subsections.

In a similar way, re-consideration of the X-ray
diffraction pattern in the PM, phase led to the
conclusion that the crystal structure has the monoclinic
unit cell /24, % \/2b, x 2¢,, whereas the PM phase was
found to be the triclinic system with \/2a, x /2b, x 2¢,.
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Fig. 2. (upper) The experimental powder X-ray diffraction pattern of
YBaMn,O¢ at 350 K (PI phase), indexed assuming the monoclinic unit
cell with \/2a, x /2b, % 2¢;. (lower) The calculated X-ray diffraction
pattern. The upper and lower vertical marks show positions calculated
for Bragg reflections for YBaMn,O4 and BaMnO;_, respectively. The
lower trace is a plot of the difference between calculated and observed
intensities.

We collected the powder X-ray diffraction patterns over
a wide T range (300 K < T'< 560 K), which covers the PI,
PM; and PM, phases. After that, the lattice parameters
were determined by the least-squares fitting, selecting
well-isolated peaks at higher 260. The temperature
variation of the reduced lattice constants (ap, by, ¢p),
the angles (¢, S, 7) and the unit-cell volume (V) is
displayed in Fig. 3. The result is in general consistent
with the previous result (Fig. 3 in Ref. [4]), although we
assume the different crystal system for the PM; phase
and the different unit-cell dimensions for all phases. It is
easy to recognize discontinuous changes of the lattice
parameters at T, suggesting a first-order phase
transition. In contrast, within our experimental accuracy
the structural parameters, a,, by, cp, p (and V), are
continuously changed at T,,. However, it is noteworthy
that the temperature dependence of V' in the PI state is
clearly different from that in the PM, state. These
behaviors are consistent with the second-order-like
transition at 7., and are attributable to the change in
electronic states by the MI transition.

3.2. Chemical characterizations and thermodynamic
stability

From the TG experiment under H, flowing, the
oxygen content of YBaMn,O¢ was estimated to be the
ideal stoichiometry 6.0 +0.02 per formula unit. Here, we
measured the weight loss of the specimen after the
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Fig. 3. Temperature dependence of the reduced lattice constants,
(ap, by, cp), the angles (o, 8, 7), and the volume (V), determined using a
set of powder X-ray diffraction patterns, which were collected with
increasing 7. Estimated errors are within the size of each symbol.

following reaction: YBaMn,O¢+ 6H»(g)—(1/2)Y,05+
BaO+2MnO + (3/2)H,0(g). Complemental pieces of
information were obtained by DTA and X-ray diffrac-
tion experiments, which clarified that annealing the
specimen at relatively high temperatures in air destabi-
lizes the metal-ordering in YBaMn,Os. Namely, the
anti-site disordering between the Y*© and Ba®" sites
occurs at around 1100K. The resultant phase,
Yo.sBagsMnO; with the A-sites being randomly dis-
tributed, irreversibly decomposes into YMnOj; and
BaMnO; at ~1300K. When heated in turn under Ar
gas flowing (Po,<1.5 x 10~ torr), the stoichiometric
sample starts to release its oxygen at around 600 K, and
finally reaches to y~0.5 (YBaMn,Oss) at 1000 K, as
detected by the TGA experiment. Moreover, during the
TEM experiments, where an extremely high vacuum
(Po, <3 x 108 torr) is achieved, we happened to find
that the loss of oxygen in YBaMn,Og starts at much
lower temperature ~380K. For this reason, it was
unfortunately impossible to perform TEM to probe
superstructures in the PM; and PM, phases.
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Fig. 4. Typical example of DSC curves of YBaMn,Og4 taken with a
heating/cooling rate of 20 K/min.

In Fig. 4, we represent a typical example of the DSC
curve measured with the heating and cooling rate of
20 K/min. Upon heating, three endothermic reactions
appear at 520, 480 and 195K, nearly corresponding to
the transition temperatures 7.y, 7., and 7.3. Upon
cooling, we observed respective three exothermic peaks.
Reflecting the first-order phase transitions at 7, and
T3, the DSC peaks are observed at somewhat lower
temperatures of 500 and 175K than those in heating
process, while the observed peak at 475K is almost
identical to that in heating process, indicating this
transition to be nearly second order. These behaviors
are in good accordance with the susceptibility and
resistivity experiments to be mentioned later.

3.3. Magnetic and transport properties

We show the magnetic susceptibility and resistivity of
YBaMn,Og taken upon heating in Fig. 5 as solid curves.
The y exhibits a steep drop at T, whereas a change in p
at Ty, is subtle. In contrast, the p shows a drastic change
at T, while the y is nearly unchanged across this
temperature.

In the PM; and PI regimes, the y behaves mostly
in line with the Curie—Weiss law. The least square fitting
to the Curie—Weiss formula in the PM, regime between
600 and 700K gave the effective Bohr magneton
Py =6.235(8) g and the Weiss temperature
0 =271.4(8) K (see the dotted line in Fig. 5). The
obtained value of P is close to the theoretical value
(P2e(Mn* ) + P (Mn* 7)) 2=6.240 g,  where ~ we
assume the Mn®" (34%) ions to take the high-spin
configuration due to the stronger Hund coupling than
the crystal field stabilization energy. The ferromagnetic
spin—spin correlations derived from the positive 0
supports the metallic conductivity associated with the
so-called double exchange interaction.
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Fig. 5. Magnetic susceptibility and electrical resistivity of the
polycrystalline sample of YBaMn,Og¢ as a function of 7. Solid and
broken curves represent, respectively, heating and cooling scans. The
dotted lines represent the results of the Curie-Weiss fitting, performed
in the PI and PM, regions (for details, see text).

In the PI state, we performed the Curie-Weiss fitting
between 330 and 400 K, which gave a negative value of 0
(=-122.5(9) K), indicative of antiferromagnetic inter-
actions. The antiferromagnetic spin—spin correlations
below T, results in the Neél ordering at T3, at which a
sudden reduction is observed in the y—T curve. Our
neutron diffraction experiment [7] indeed revealed Bragg
reflections of magnetic origin, the intensities of which
begin to glow at Ti3.

Broken curves in Fig. 5 represent the magnetic
susceptibility and resistivity of YBaMn,Og4 taken upon
cooling. One finds distinct hystereses at T,; and T3 both
in the y—7T and p—T curves, indicating these transition
to be first order. Around T,,, the cooling and heating
processes coincide with each other within the experi-
mental accuracy, suggesting the second-order-like tran-
sition. The y shows a small upturn below 50K,
accompanied by small hysteresis. Since the neutron
diffraction patterns do not show any change below and
above this temperature, the magnetic structure must be
almost identical and only a slight canting of the
antiferromagnetically ordered moments may occur
below T¢3.

3.4. Rietveld refinement
We show in Fig. 6(a) the neutron powder diffraction

pattern measured at 350 K in the PI phase. All the peaks
responsible for YBaMn,Og can be successfully indexed,
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Fig. 6. Powder neutron diffraction profiles for YBaMn,O¢ at: (a)
350K, (b) 500K and (c) 580K. The calculated and observed
diffraction profiles are shown at the top with the solid line and the
cross markers, respectively. The vertical marks in the middle show
positions calculated for Bragg reflections. The lower trace is a plot of
the difference between calculated and observed intensities. The second
vertical marks for the impurity phase BaAMnO;_;. The signals from the
Al foil wrapping the sample and/or the Al sample holder were excluded
in the 20 region. Insets: the enlarged plots for 24° <20 < 30°, to indicate
that the use of the triclinic P1 space group is needed for (c).

using the monoclinic system with the same unit cell
2ap x \/2b, x 2¢, as that assumed in analyzing the
powder X-ray diffraction pattern (Section 3.1). No
extinction reflections both in the X-ray and neutron
diffraction data allow us to arrive at a conclusion that
only P2, Pm and P2/m are possible among monoclinic
space groups.

For oxides in general, the use of the neutron
diffraction method has an advantage over the X-ray
diffraction method in that the former can determine the
positions of oxygen ions more precisely. This point
should be particularly emphasized for the manganite
perovskites, since oxygen bridging angles (£~ Mn—O-Mn)
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between neighboring MnOg octahedra are known to
play a crucial role in the physical properties [1]. The
refinement of the crystal structure was therefore
performed first by using the neutron diffraction data.
The Rietveld method, implemented in the computer
program RIETAN2000 developed by Izumi and Ikeda
[8], was used. YBaMn,O4 was assumed to have the
space group, either P2, Pm or P2/m, and BaMnO;_s,
detected as the impurity, was introduced in the
calculations as the secondary phase. For each possible
space group, we started the refinement with the initial
atomic positions, referring to those of the metal-ordered
but tetragonal system LaBaMn,Og [3]. The R factors are
defined as the following:

2 2
Rup = [Z w(lEo| = el ¥/ 3 wlFl
i

12

)

1

1/2
R. =

)

(N = P)/ D w|Ful

Ri=>" ko — Ixel/ Y Ixo,
K K
12 41/2 1/2
Ry = Z lIK/o - IK/C ‘/ZIK/O )
I3 I3

where w is the weighing factor, Fj, and Fj. are the
observed and calculated intensities, N 1is the total
number of F;, data when the background is refined, P
is the number of adjusted parameters, I, and Ig. are
the observed and calculated integrated intensities.

In the course of the refinement, the isotropic
temperature factors for each element were varied but
constrained to be equal, in order to avoid correlation
between the thermal and fractional occupancies. Setting
oxygen occupancies as free parameters did not improve
the result, so the oxygen ions are fixed to be fully
occupied. This assumption is verified by the TG
observation that the oxygen content is determined as
6.0+0.02. Consideration of fractional occupancies and
anti-site disordering between the Ba®* and Y** ions did
not improve the result as well, which is understood in
light of a significant difference in ionic radius between
Y*" and Ba?". The high quality and homogeneity of
the specimen with the A-site ordering are supported by
the distinct 7.5 A modulation along the [001], spreading,
without any notable fault, over a wide range of the
[100],-zone TEM image (Fig. 2(a) in Ref. [7]). All
attempt to refine in Pm and P2/m never results in the
reliability factors better than 12%, and the obtained
parameters such as bond lengths and angles were quite
unrealistic. However, P2 quickly converged and gave
reasonable structure as shown later on, providing by far
the best reliability factors as follows: Ry, = 9.87%,
R. = 6.55%, Ry =4.96% and Rp =2.90%. The ob-
served, calculated and difference patterns from the

Rietveld refinement are displayed in Fig. 6(a) and the
refined unit-cells parameters, positional coordinates,
displacement parameters and refinement statistics are
summarized in Table 1. Table 2 demonstrates selected
bond distances and angles. The unit-cell parameters,
a=55193(3)A, b=5.5131(3) A, ¢ =7.6135(2) A and
f =90.295(3)°, agree well with those determined from
the X-ray diffraction experiment. As a matter of fact,
the X-ray diffraction pattern calculated using the
parameters in Table 1 satisfactorily reproduce the
experimental one (see Fig. 2).

There are crystallographically two inequivalent Mn
sites, Mn(l) and Mn(2), and eight oxygen sites,
O(1)~0O(8). The oxygen arrangement around Mn(1)
and Mn(2) is illustrated in Fig. 7(a). Two kinds of MnOgq
octahedron show a large distribution in /~ Mn-O-Mn
angles and a remarkable size difference as evidenced by
the average Mn—O distances (1.96(2)A for Mn(1) and
1.93(2)/08 for Mn(2)) This fact suggests that the Mn(1)
and Mn(2) ions take, respectively, trivalent and tetra-
valent. Namely, the occurrence of the CO state like
checkerboard in the ab plane is strongly anticipated at
the MI transition temperature 7T¢;. This view is further
supported by the bond valence sum calculation [9],
which provides Mn(1)= +3.56, Mn(2)= +3.80, and
will be confirmed by the TEM in Section 3.5.

The powder neutron diffraction data at 500 K (in the
PM, phase) shown in Fig. 6(b) were successfully
characterized, as in the case of the PI phase, by the
monoclinic \/2ay x \/2b, x 2¢, cell without any extinct
reflections, and the Rietveld analysis gave the best
fit (Rwp =10.15%, R.=6.43%, R;=5.07% and
Ry =3.06%) when one assumed P2 among P2, Pm
and P2/m. The experimental and theoretical neutron
diffraction patterns are compared in this figure, and the
refined structural parameters are listed in Tables 1 and
2. The lattice parameters and the angle at 500K solved
are as follows: a=55181(4)A, b=255142(4)A,
¢ =7.6443(3) A, p=90.267(4)°. The crystal structure
of the PM, phase is similar to that of the PI phase in
principle. However, the former phase differs from the
latter in that the Mn(1)O¢ and Mn(2)Og4 octahedra have
nearly the same size with the average Mn-O distances of
1.96(2) and 1.95(2) A, for Mn(1) and Mn(2), respec-
tively, despite a rather large distribution in /~ Mn-O-
Mn angles in each octahedron. This observation is
supported by the metallic conductivity above T¢,, where
both Mn sites are supposed to take the valence of +3.5.
It appears that the lack of change in symmetry at T, is
against crystallographic phase transition. However, as
revealed by TEM (see Section 3.5), there is a transla-
tional symmetry breaking at T, due to the formation of
the CO/OO superstructure, enlarging the unit cell of the
PI phase to 2./2ap x \/2by x 4cp. The shifts of atomic
positions relevant to the structural modulations induced
by the CO/OO of the CE type would be too small to be
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Table 1
Atom Site X y z Biso (Az)
Temperature: 350 K Y(1) le 0.5 0.041(5) 0 0.9(1)
Symmetry: monoclinic Y(2) la 0 0.526(5) 0 0.9(1)
Space group: P2 (No. 3) Ba(l) 1d 0.5 0 0.5 0.4(1)
a=>5.51933)A Ba(2) 1b 0 0.527(5) 0.5 0.4(1)
b=15.5131(3 )A Mn(1) 2e 0.018(3) 0.005(5) 0.242(2) 0.3(1)
¢ =7.6135(2 )A Mn(2) 2e 0.481(3) 0.518(6) 0.244(2) 0.3(1)
S =90.295(3)° o(1) la 0 —0.017(5) 0 1.25(5)
V =231.67(2 )A? 0(2) le 0.5 0.575(6) 0 1.25(5)
Ryp =9.87% 0(3) 2e 0.279(2) 0.268(7) 0.195(1) 1.25(5)
R. = 6.55% 04) 2e 0.765(2) 0.271(7) 0.212(1) 1.25(5)
Ry =4.96% o(5) 2e 0.247(2) 0.771(7) 0.237(2) 1.25(5)
Rp =2.90% 0O(6) 2e 0.709(2) 0.798(6) 0.247(2) 1.25(5)
O(7) 1b 0 0.051(6) 0.5 1.25(5)
0(8) 1d 0.5 0.494(5) 0.5 1.25(5)
Temperature: 500 K Y(1) le 0.5 0.000(7) 0 1.0(1)
Symmetry: monoclinic Y(2) la 0 0.486(7) 0 1.0(1)
Space group: P2 (No. 3) Ba(1) 1d 0.5 0 0.5 0.4(1)
a=>5.5181(4) A Ba(2) 15 0 0.518(6) 0.5 0.4(1)
b=15.5142(4 )A Mn(1) 2e 0.026(4) —0.005(8) 0.243(4) 0.3(1)
¢ =7.6443(3 )A Mn(2) 2e 0.492(5) 0.503(9) 0.242(4) 0.3(1)
p= 90.267(4)° O(1) la 0 —0.072(9) 0 1.32(6)
V =232.60(2 ) A’ 0(2) le 0.5 0.569(9) 0 1.32(6)
Ryp = 10.15% 0(3) 2e 0.267(4) 0.249(8) 0.193(1) 1.32(6)
R, =6.43% 04) 2e 0.766(3) 0.261(8) 0.215(1) 1.32(6)
Ry =5.07% O(5) 2e 0.247(4) 0.752(8) 0.240(2) 1.32(6)
Rr =3.06% 0O(6) 2e 0.715(3) 0.781(8) 0.244(2) 1.32(6)
O(7) 1b 0 0.016(8) 0.5 1.32(6)
0(8) 1d 0.5 0.468(8) 0.5 1.32(6)
Temperature: 580 K Y(1) la 0.480(6) —0.005(8) —0.003(5) 1.1(1)
Symmetry: triclinic Y(2) la 0.001(7) 0.488(7) 0.000(6) 1.1(1)
Space group: P1 (No. 1) Ba(l) la 0.5 0 0.5 0.6(2)
a = 5.4948(15) A Ba(2) la —0.014(6) 0.511(7) 0.502(5) 0.6(2)
b =5.4920(14) A Mn(1) la 0.005(8) 0.001(8) 0.244(7) 0.4(2)
c=177174(4) A Mn(2) la 0.488(9) 0.506(9) 0.235(6) 0.4(2)
o = 89.804(20)° Mn(3) la —0.002(9) —0.005(8) 0.747(7) 0.4(2)
=90.173(20)° Mn(4) la 0.476(9) 0.496(9) 0.752(7) 0.4(2)
y =91.160(4)° O(1) la 0.041(8) 0.009(7) 0.011(5) 1.49(8)
V'=232.83(8) A3 0(2) la 0.432(8) 0.469(8) 0.000(6) 1.49(8)
Ryp =9.12% 0(3) la 0.214(7) 0.270(8) 0.269(6) 1.49(8)
R. =6.22% 04) la 0.255(6) 0.774(7) 0.233(5) 1.49(8)
R =321% O(5) la 0.718(7) 0.239(7) 0.226(6) 1.49(8)
Ry = 1.78% 0(6) la 0.749(6) 0.739(8) 0.201(5) 1.49(8)
O(7) la —0.021(6) —0.009(6) 0.495(5) 1.49(8)
0(8) la 0.516(7) 0.533(7) 0.495(5) 1.49(8)
0(9) la 0.254(7) 0.235(8) 0.756(5) 1.49(8)
0O(10) la 0.229(8) 0.743(8) 0.772(5) 1.49(8)
O(11) la 0.751(7) 0.290(7) 0.802(6) 1.49(8)
0(12) la 0.733(7) 0.780(8) 0.801(4) 1.49(8)

Positional parameters for YBaMn,Og.

observed by powder X-ray and neutron diffraction
experiments.

The Rietveld refinement for the neutron diffraction
data at 580K (in the PM, state) clarified that the
structure has the triclinic Pl symmetry with the
J2ap x \/2b, x 2¢, unit cell. The refinement statistics
and unit-cell parameters are Ry, = 9.12%, R, = 6. 22%,
Ry =3.21%, = 1.78%, a_54948(15)A
b = 5.4920(14) A, c=77174(4) A, « = 89.804(20)°,

f =90.173(20)°, y =91.160(4)°. The obtained para-
meters are summarized in Tables 1 and 2, and the
experimental and calculated neutron diffraction patterns
are shown in Fig. 6(c). The four inequivalent MnOg
octahedra have the following average Mn—O distances:
1.93(8) A (Mn(1)), 1.94(8) A (Mn(2)), 1.96(8) A (Mn(3)),
and 1.96(3) A (Mn(4)). Although the neutron diffraction
patterns in Figs. 6(a)—(c) look similar to each other, a
close look at the patterns, e.g., those around 20=27°
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Table 2
. T =350K T =500K T=580K

Distances (A) Distances (A)

Mn(1)-0O(1) 1.85(2) x 1 1.90(2) x 1 Mn(1)-0O(1) 1.82(8) x 1 Mn(1)-O (average) 1.93(8)

Mn(1)-O(3) 2.08(2) x 1 1.97(3) x 1 Mn(1)-O(3) 1.91(8) x 1 Mn(2)-O (average) 1.94(8)

Mn(1)-0(4) 2.03(2) x 1 2.06(3) x 1 Mn(1)-O(4) 1.9109) x 1 Mn(3)-O (average) 1.96(8)

Mn(1)-0(5) 1.81(2) x 1 1.81(3) x 1 Mn(1)-0(5) 2.04(8) x 1 Mn(4)-O (average) 1.96(8)

Mn(1)-O(6) 2.05(2) x 1 2.07(2) x 1 Mn(1)-O(6) 1.97(8) x 1

Mn(1)-O(7) 1.98(2) x 1 1.96(3) x 1 Mn(1)-O(7) 1.94(8) x 1 Angles (deg)

Mn(2)-0(2) 1.88(2) x 1 1.89(3) x 1 Mn(2)-0(2) 1.85(8) x 1 Mn(1)-O(1)-Mn(3) 164.6(9)

Mn(2)-0(3) 1.80(2) x 1 1.913) x 1 Mn(2)-0(3) 1.98(9) x 1 Mn(2)-0O(2)-Mn(4) 160.4(11)

Mn(2)-O(4) 2.09(2) x 1 2.03(3) x 1 Mn(2)-O(4) 1.96(8) x 1 Mn(1)-O(3)-Mn(2) 162.0(10)

Mn(2)-O(5) 1.90(3) x 1 1.93(2) x 1 Mn(2)-O(5) 1.95(8) x 1 Mn(1)-O(4)-Mn(2) 171.5(9)

Mn(2)-O(6) 1.993) x 1 1.97(3) x 1 Mn(2)-0O(6) 1.9209) x 1 Mn(1)-O(5)-Mn(2) 170.1(9)

Mn(2)-0(8) 1.952) x 1 1.98(2) x 1 Mn(2)-0(8) 2.02(8) x 1 Mn(1)-O(6)-Mn(2) 162.0(10)

Mn(1)-O (average) 1.96(2) 1.96(2) Mn(3)-O(1) 2.03(8) x 1 Mn(1)-O(7)-Mn(3) 173.909)

Mn(2)-O (average) 1.93(2) 1.95(2) Mn(3)-O(7) 1.94(9) x 1 Mn(2)-O(8)-Mn(4) 165.3(11)
Mn(3)-0(9) 1.90(8) x 1 Mn(3)-0(9)-Mn(4) 172.7(10)

Angles (deg) Mn(3)-0O(10) 1.9009) x 1 Mn(3)-O(10)-Mn(4) 169.6(9)

Mn(1)-O(1)-Mn(1) 172.4(7) 157.6(8) Mn(3)-O(11) 2.15(8) x 1 Mn(3)-O(11)-Mn(4) 153.6(11)

Mn(2)-O(2)-Mn(2) 161.8(8) 157.6(8) Mn(3)-0(12) 1.89(8) x 1 Mn(3)-O(12)-Mn(4) 155.4(10)

Mn(1)-O(3)-Mn(2) 157.5(8) 157.4(7) Mn(4)-0(2) 1.93(8) x 1

Mn(1)-O(4)-Mn(2) 165.6(8) 167.2(7) Mn(4)-O(8) 2.00(8) x 1

Mn(1)-O(5)-Mn(2) 176.8(8) 177.6(8) Mn(4)-O(9) 1.85(8) x 1

Mn(1)-O(6)-Mn(2) 162.9(8) 163.2(7) Mn(4)-O(10) 1.94(9) x 1

Mn(1)-O(7)-Mn(1) 165.1(7) 173.0(8) Mn(4)-O(11) 1.94(8) x 1

Mn(2)-O(8)-Mn(2) 172.3(8) 169.0(8) Mn(4)-O(12) 2.12(8) x 1

Selected bond distances and angles for YBaMn,Og.

() 350 K 07

(b) 500 K

Fig. 7. The arrangement of oxygen ions around Mn at (a) 350 K and
(b) 500K, showing the Mn—O bond distances.

(compare the insets of Fig. 6) recognizes the necessity to
employ the P1 space group for (c). In fact, the R factors
never became better than 20, when the P2 symmetry was
assumed.

Determination of the crystal structure below T; is
difficult and still in progress partly because the transi-
tion involves the antiferromagnetic ordering with a four-
fold periodicity along the c-axis (accompanied by the
reformation of the CO/OO superstructure) [7]. Pre-
liminary analysis indicates that the structure is also of
monoclinic symmetry without any extinct reflections,
giving P2, Pm and P2/m as possible space groups.

3.5. Transmission electron microscope

In Figs. 8(a)~(d), we represent the [001],-zone TEM
image containing microtwinstructures and correspond-
ing electron diffraction (ED) patterns, taken at room
temperature (PI phase). The ED patterns taken from the
areas A and C, include the satellite reflections with the
commensurate structural modulations (g), written as
q,=(1/4,1/4,0), and ¢q, = (1/4,—1/4,0),, respectively. The
ED patterns taken from the area B can be understood in
terms of the superimposition of the two vectors. The
formation of the twin structures is also visible in the
image, which shows the contrasts of the corresponding
superlattices. As one can see from Figs. 8(e)—(g), the ED
patterns simulated by means of Digital Micrograph
(Gatan) for the areas A, B and C nicely reproduce the
experimental ED patterns.
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Fig. 8. (a) The [001], zone TEM image at room temperature (PI phase), indicating the CE-type CO/OO ordering and the twin formation. (b)-(d) The
observed ED patterns taken from the area A, B, and C. (e)—(g) The calculated ED patterns for the area A, B, and C.

Fig. 9(a) shows the [100],-zone ED pattern, contain-
ing strong superlattice reflections with a two-fold
periodicity along the ¢ axis with respect to c,. This
originates from the Y/Ba ordering. In addition, we
observed considerably weaker reflections with a four-
fold periodicity along the same direction, enlarging the
unit cell to 2,/2a, X \/2b, X 4cp. ED patterns are taken
along various directions including [011],, [021], and
[111], (see Figs. 9(b)-(d)), and the observed super-
reflections are plotted on the reciprocal lattice in
Fig. 9(¢). As we will demonstrate later, the observed
superreflections are attributable to the CO and OO
of a new kind.

4. Discussions
4.1. Heavily distorted MnQOg octahedron

For conventional perovskites (4BOj3), wherein the A4-
sites are occupied by the single element and so are the
B-sites, the BOg octahedra are almost always assumed
to be rigid. Keeping its ideal shape, octahedra tilt so as
to relax the size mismatch between the AO and BO,
layers, typically when f<1. More explicitly, sort and
magnitude of the octahedral tilting depend not only on

the mismatch but also on coordination preference,
covalency, etc. However, the obtained crystal structure
of YBaMn,Og4 cannot be described by such a simplified
picture, as a result of an ultimate ionic size difference
between Y** and Ba®" ions. Considering the tolerance
factors, fi = 1.07 for {4=Ba®" and B=Mn"*°} and
f>=0.92 for {4=Y>" and B=Mn ">} [10], each MnO,
layer in YBaMn,Og should feel strain forces with the
opposite signs (or a structural frustration) from the
adjacent YO and BaO layers. Having this frustration,
one can not achieve an adequate compensation for this
structural mismatch solely from the tilting of the rigid
MnOg octahedra. As a consequence, the shape of the
MnOg octahedron deviates heavily from the ideal
octahedron.

Fig. 10 demonstrates the [110], projection of the
crystal structure at 350 K. Reflecting the Y**/Ba’"
ordering in the form of layers, the averaged Y-O
distance (2.592(9) A) becomes shorter than the averaged
Ba—O distance (2.875(9) /OX). In other words, the MnO,
planar oxygen ions (i.e., O(3), O(4), O(5), O(6)) are
displaced largely from the ideal position z = 0.25 toward
the YO layer. For a given octahedron, the averaged
distances between oxygen ions of MnO, and YO layers
are shortened ({doi o(@p)» =2.62(3) A for Mn(1) and
2.59(3) A for Mn(2)), while those of MnO, and BaO
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100*
C)

Fig. 9. The ED patterns at room temperature taken along the zone
axes: (a) [100],, (b) [011],, (c) [021], and (d) [111],,. (¢) the fundamental
spots derived from the primitive cubic perovskite (solid circles) and the
superspots derived from the CO/OO (open circles), plotted on the
reciprocal lattice.

Q Y3+
® Ba®*

Fig. 10. A [110], view of YBaMn,;O4 at 350K, where polyhedra
represent MnOyg octahedra, open circles Y3", and shaded circles Ba> ™",
demonstrating the significant distortion of the octahedra.

layers are elongated ({doeply-o(p), :2.89(3)1& for
Mn(1) and 2.87(3) A for Mn(2)). Intermediate values
are obtained for the mean distances between the planar

oxygen ions ({dogi-opn> =2.80(2)A for Mn(l) and
2.74(2) A for Mn(2)). The Mn ions shift from the ideal
position (z = 0.25) as well toward the YO layer. Similar
structural feature, that is, the deviation from the rigid
MnOg octahedron, has been observed for the A-site
ordered LaBaMn,O4 which has the space group
P4/mmm [3]. However, LaBaMn,Os has only one
crystallographically equivalent site in Mn and apical
and planar oxygen and each octahedron is much less
distorted.

4.2. Anomalous octahedral tilting

For the purpose of dictating the octahedral tilting
systems along with corresponding space groups, it is
convenient to use Glazer’s notation [11-13]. Fig. 11(a)
shows that the MnOg octahedra in the PI phase are

Q Y3+

® Ba®™  (;3)350K

(b) 580 K

Fig. 11. The octahedral tilting of YBaMn,Os projected along ay, b,
and ¢p, indicating (a) ab~ ¢ at 350K and (b) a®h~ ¢ at 580K.
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staggered when viewed along any direction, [100],,
[010],, [001],. It follows that one can approximately
write it as ¢~ b~ ¢, namely a three-tilt system, although
the octahedron itself is heavily distorted as discussed
above and the space group may not be reproduced. The
octahedral tilting in the PM, phase is approximately
described as a”b ¢~ as well. This is naturally under-
stood because structural parameters for the PM, phase
are almost similar to those for the PI phase, except the
difference in size between the inequivalent MnOg
octahedra. Interestingly, as shown in Fig. 11(b), the
octahedra in the PM; phase are connected in the trans-
configuration along the b,- and cp-axis, while those
along the a,-axis are connected in the cis-configuration.
Accordingly the tilting system can be approximately
regarded as a’h ¢

It is well known for ordinary perovskite system
(ABO;) that tilting systems vary solely with f, namely,
the size mismatch between the 40 and BO, layers.
According to the experimental and theoretical consid-
erations [12,13], non-zero tilting is realized in general
when f is smaller than 1. In other words, the absence of
octahedral tilting (the zero tilting system) is seen for
f>1. In the present system, the MnO, layers are
sandwiched by the BaO and YO layers, resulting in a
competition between two possible tilting systems re-
sponsible for f; =1.07 and f, =0.92, respectively.
Therefore, the observed tilting systems of YBaMn,Og,
a®b¢ for Toy<T and a b ¢ for T< T¢1, should be
dominated by the role of YO layers over the BaO layers.
It is interesting to note that the zero tilting («°a°c°) is
obtained when the apical oxygen deficiency is intro-
duced in the YO layers of YBaMn,Os [5] or the Y* "
ions are replaced by the La®" ions with a larger ionic
radius [3]. In these two cases, the BaO layers should take
the initiative in determining the tilting system.

The modification of the tilting system from a°h~ ¢ to
a b ¢ at T, clearly explains why the structural
transition from the pseudo-orthorhombic (PM;) to the
pseudo-tetragonal system (PM,) is observed. The
pseudo-orthorhombicity (a, #b, #cp) above T is ex-
plained in terms of the tilting anisotropy along the a,
axis together with the anisotropy caused by the metal
ordering along the c-axis. The pseudo-tetragonal sym-
metry (ap, = b, # c,) below T can be naturally explained
by the trans-configurations along all primitive axes. The
temperature-induced transformation of octahedral tilt-
ing systems has been often observed for perovskites and
layered perovskites as in CaTiO; [14] and CaGeO; [15],
and discussed in connection with the theoretical possible
sequence of space group (groups—subgroup relationship)
as demonstrated by Aleksandrov [16] and Howard and
Stokes [17]. It is commonly found that the tilting
transformation is such that the number of tilt increases
upon cooling. This tendency is also seen in YBaMn,Og,
where two-tilt to three-tilt occurs upon cooling,

although we have to admit that there is symmetry
increase.

The symmetry increase upon cooling is quite rare. An
example is found in CdPS;, whose monoclinic C2/m
space group at room temperature changes into a
rhombohedral R3 space group below 228 K, accompa-
nied by the change in the stacking mode [18]. They argue
that this transition occurs due to a complex interplay
between the layers, taking into account van der Waals
forces, short-range repulsions and HOMO/LUMO
interactions. In the present compound, such unusual
transition with tilting change would come from the
internal strain induced by the A4-site ordering and from
the kinetic energy of the ¢, electrons stabilized by the
d\>_,» ordering (see Section 4.3).

4.3. Charge and orbital ordering

As addressed in Section 3.5, the PI phase has
superreflections with the ¢ modulation. In addition,
the four-fold periodicity has been observed along the ¢
direction. Since the ¢ modulation has been frequently
obtained for 4,_,4' MnOj; with x being close to 0.5
[19,20], it is straightforward to ascribe it to the CO and
OO of the CE type. However, the observed quadrupli-
cation along the c-axis is incompatible with the original
CE structure, in which the CE-type layers uniformly
stack along the c-axis. We thus propose a new super-
structure, a modified CE ordering pattern, where the CE-
type layers stack with the sequence [oafif...] as
illustrated in Fig. 12(a). The elaboration of this super-
structure and the reformation of the CO/OO pattern
induced by the spin-ordering below 7.3 have been given
in Ref. [7]. It is interesting to address that other groups
have claimed similar CO/OO structures in TbBaMn,Og
[21,22] and SmBaMn»Og¢ [22]. The proposed ordering
patterns are different from each other as to how the
CE-type layers are built up, presumably due to the
difference in ionic radius between Y and Tb (Sm), and/
or to slight difference in synthetic conditions. The
systematic understanding of the CO/OOQO patterns as well
as controling the synthetic conditions is needed.

One of the most characteristic features in YBaMn,Og
is the presence of the PM, phase. In the ordinary solid
solution of 4y 54’9 sMnQO3, the MI transition to the CO/
OO state with the CF structure is always accompanied
by the drastic first-order structural phase transition [1].
In YBaMn,O4, however, the metallic behavior is
retained in the PM, phase despite the drastic first-order
structural phase transition at 7., where the magnetic
interactions abruptly change as derived from the y — T
curve. Add to this, the unusual structural transition at
T from the low-T pseudo-tetragonal (monoclinic) to
the high-T" pseudo-orthorhombic (triclinic), suggest that
a hidden parameter may play a role in compensating for
the lattice entropy. We propose here the ab-plane OO in
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Fig. 12. (a) Modified CE-type charge/OO pattern with a four-fold periodicity (aofif) along the c-axis for the PI state. The lobes indicate the
dya_,2/dy 2 type orbital at the Mn?" sites, while the circles denote the Mn*™ sites. (b) Proposed d_,» type OO pattern for the PM, state.

the PM, phase, in which not the ds.» ,2/d; 2 2> orbitals
(responsible for the insulating CE structure below 7T¢,)
but the d,»_» orbitals are occupied as illustrated in Fig.
12(b). The increase of (ap+by)/2 at T, and the
decrease of ¢, (see Fig. 3) is favorable to this OO state,
and the peculiar lattice distortion in the PM; phase
arising both from the layered structure and octahedral
tilting may be relaxed by the OO. The formation of the
two-dimensional d,>_,» band in the PM, phase would be
ascribed to kinetic energy gain of the ¢, electrons and
predict a significant anisotropy between in-plane and
out-of-plane electric resistivity, although single crystals
have not been available yet.

The d_,, OO (accompanied by the A-type spin
ordering) has been reported for 4,_,4' MnOj3, where x
is close to 0.5 and f is slightly smaller than 1.
Nd;_,Sr,.MnOj is a typical example [23,24]. It should
be pointed out that in the metal-disordered systems this
state tends to coexist with the insulating d;,2_,2/d32 2
OO state of the CE type. The coexistence of the two
states has been experimentally detected by the neutron
diffraction experiment, and the volume fraction of each
state is reported to change with 7". On the contrary, our
neutron diffraction study indicates no sign of the
electronic phase separation. Instead, each phase appears
independently as a function of 7. It is possible that,
because of the absence of the lattice disorder and
inhomogeneity in YBaMn,O¢, the electronic phase
separation, typically observed in the metal-disordered
systems, is completely suppressed but replaced by the
distinct and successive transitions.

4.4. Extremely high MI transition temperature

Finally, we would like to discuss why the MI
transition  temperature (T =T, =480K) in
YBaMn;0O¢ is extremely high, in comparison with
half-doped metal-disordered system A4gs4’gsMnOj. It
is known that f'is structurally correlated with the oxygen

bridging angle /. Mn-O-Mn, and the deviation of
/. Mn-O-Mn from 180° destabilizes the FM state.
According to the phase diagram plotted against f* for
Ao 54’9 sMnOj3, the CO/OO state of the CE type appears
for £<0.975 [1] and Tnp increases with decreasing f.
However, this view can not be directly applied to
YBaMn,Og, since the structure has the averaged angles
of { /. Mn-O(pl)-Mn > =165.7(8)° and <{ /~ Mn-O(ap)-
Mn ) =167.9(7)° (in the PI state), which are much larger
than /~ Mn-O(p))-Mn=161.8(1)° and , Mn-O(ap)-
Mn=158.0(3)° in Lag sCay sMnO3; having much smaller
Twvr ~ 170K [25].

The first possible reason for the extremely high Ty is
the absence of the randomness in the lattice owing to the
Y/Ba ordering. It is probable in metal-disordered system
that the structural randomness suppresses the correla-
tion length for the CO/OO state and descends 7.
Second, the heavily distorted and tilted MnOg octahedra
should play a key role. In the case of disordered
manganese perovskite, one usually obtains only one
crystallographically site for Mn, O(pl) and O(ap), giving
rise to unique / Mn-O(pl)-Mn and / Mn-O(ap)-Mn.
This is not the case for YBaMn,Og, where the /7 Mn—-O—
Mn angles take various values, ranging from 157.5(8)°
to 176.8(8)° in the PI state (see Table 2). The
destabilization of the FM state may be understood in
terms of the percolation model, taking some metallic
Mn—Mn bonds (with higher angles) and other insulating
Mn-Mn bonds (with lower angles) into consideration.
In other words, the large distribution of angles results in
narrowing the effective band width w in YBaMn,Og,
thus destabilizing the FM state and alternatively
stabilizing the CO/OO state.

5. Summary

Relation between structures and physical properties
of the metal-ordered manganite perovskite YBaMn,Og¢
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was investigated. A high-temperature metallic phase
(Tc1 < T) was solved in the triclinic space group P1. The
MnOyg octahedra are tilted like a®h~¢™. At the first order
transition 7T¢;, the structure becomes the monoclinic P2
with the octahedral tilting system of @™ 6" ¢™. The d,2_,»
OO is proposed for the PM, phase. While the
monoclinic space group P2 is retained across Ty, two
crystallographically inequivalent MnOg octahedra show
a distinct volume difference. This is in agreement with
the resistivity measurement that shows the MI transi-
tion, accompanied by the CO with the checkerboard
pattern in the ab plane. TEM further revealed the
modified CE type of the CO/OO. The extremely high MI
transition temperature can be accounted by the absence
of the randomness in the lattice and the heavily distorted
and tilted octahedra.
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