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‘We report a single-crystal neutron diffraction study of the crystal and magnetic structures of NdBaMn,Og in its
insulating phases, performed on a well-characterized sample that exhibits room-temperature low-field colossal
magnetoresistance (CMR). Previous studies have reported conflicting results regarding the crystal structure and
the presence or absence of charge-orbital ordering, likely due to differences in sample form and measurement
techniques. By using a single crystal in which CMR is directly observed, we clarify these inconsistencies and
establish a unified structural picture. This study establishes that the insulating phases correspond to a charge-
orbital-ordered state in NdBaMn,Og. We find that both the paramagnetic and antiferromagnetic insulating phases
adopt a 2+/2a, x ~/2a, x 2c, unit cell with space group P2,am and exhibit (3x> — r2)/(3y* — r?)-type charge
and orbital ordering. The antiferromagnetic phase shows an A-type magnetic structure with inequivalent Mn
moments arising from this ordering. These results demonstrate that the insulating phases correspond to a charge-
orbital-ordered state and suggest that the observed CMR originates from the competition between charge-orbital
ordering and magnetic structures. In addition, the polar crystal symmetry implies the presence of spontaneous
polarization, mainly arising from oxygen displacements.

DOLI: 10.1103/y4sd-s169

I. INTRODUCTION

The electric and magnetic phase diagrams of double-
perovskite manganites, REBaMn,Og, differ markedly from
those of the half-doped manganites, REysBaysMnO3, be-
cause of the suppression of cation disorder through the
alternate ordering of RE and Ba ions, where RE denotes a
trivalent rare-earth element [1-15]. In NdBaMn,Og, one of
these double-perovskite manganites, the metal-insulator tran-
sition temperature (7y;) is about 300 K. When a magnetic
field exceeding 2 T is applied, Tj;; decreases with increasing
field strength; that is, a room-temperature, low-field colos-
sal magnetoresistance (CMR) has been observed just below
Ty[16]. Thus, NdBaMn,Og is of considerable interest for
both fundamental studies and potential applications.

Previous investigations on polycrystalline samples re-
ported that 7j,; coincided with the Néel temperature (7y).
However, using single crystals, we demonstrated that the
magnetic phase just below Ty is paramagnetic, and that Ty
is 235 K [8,17]. Furthermore, synchrotron x-ray diffraction
revealed that the insulating phase below 7j;; exhibits x> — y>-
type orbital ordering with a «/Eap X ﬁap x ¢, unit cell [17]
(where a, and c, are the lattice constants of the tetragonal
unit cell, as illustrated in the inset of Fig. 1). This structure is
consistent with the layered (A-type) antiferromagnetic order
previously reported by powder neutron diffraction but does
not fully explain the insulating behavior within the c plane.

More recently, synchrotron x-ray diffraction measurements
on large single crystals revealed that the insulating phase
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adopts a 2+/2a, x +/2a, x 2c, unit cell, identical to that of
the high-temperature charge-orbital-ordered (HTCOO) phase
of SmBaMn;0¢[17,18]. Such charge-orbital ordering can
account for the insulating conduction within the ¢ plane.
However, it does not explain why the antiferromagnetic
phase exhibits an A-type magnetic structure. Very recently,
convergent-beam electron diffraction suggested that the insu-
lating phase is not charge-orbital ordered despite its 2+/2a p X
ﬁap x 2¢, unit cell [19]. This study also reported that the
space group of the insulating phase is P2;am (No. 26), a
member of the polar point group, implying the presence of
spontaneous polarization. Other studies using powder syn-
chrotron x-ray diffraction reported that the space groups
below Ty and above Ty are the same as those reported
in Ref. [17], whereas the crystal structure in the tempera-
ture range Ty < T < Ty is a coexistence of these structures
[20,21]. Thus, although numerous studies have reported on
the crystal structure of NdBaMn,Og, the reported results vary
depending on the sample form and measurement technique,
and a unified understanding has not yet been established.
Moreover, the room-temperature, low-field CMR has so far
been observed only in millimeter-sized single crystals. There-
fore, in order to elucidate the origin of the room-temperature,
low-field CMR, it is essential to determine the crystal and
magnetic structures using the same single-crystal specimen in
which the CMR was previously observed [16].

To this end, we performed single-crystal neutron struc-
ture analysis on a NdBaMn,Og single crystal that had been

©2026 American Physical Society
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FIG. 1. Temperature dependence of (a) electrical resistivity,
(b) magnetic susceptibility, (c) magnetic anisotropy below 300 K,
(d) lattice constants, (e) intensities of superlattice reflections, and
(f) magnetic reflections in NdBaMn,Og¢. The magnetic susceptibility
was measured under a magnetic field of 10 kOe. 7};; and Ty denote
the metal-insulator transition and Néel temperatures, respectively.
The inset shows the schematic tetragonal unit cell of NdBaMn,Og.
Lattice constants in panel (d) and reflection indices in panels (e) and
(f) are indexed based on the «/iap X «/Eap x 2cp unit cell.

verified to exhibit CMR and determined the crystal and
magnetic structures in the paramagnetic insulating (PI) and
antiferromagnetic insulating (AFI) phases. In this paper, we
reveal that these insulating phases correspond to a (3x? —
r%)/(3y* — r?)-type charge- and orbital-ordered state. This
result suggests that the CMR originates from the melting
of the charge-ordered state, which is consistent with the
sharp change in electrical resistivity induced by an external
magnetic field [22,23]. To the best of our knowledge, few
previous studies explicitly identified these insulating phases
as a charge-ordered state. These findings imply that the sta-
bility of the charge- and orbital-ordered state in the insulating
phases of NdBaMn;Og may depend sensitively on the sample
size and quality, and such instability may be responsible for

the melting of the ordered state under a low magnetic field,
leading to CMR.

II. METHODS

A single crystal of NdBaMn,;Og¢ used in this study was
identical to that employed in our previous work [16]. Mag-
netization measurements were performed using a commercial
superconducting quantum interference device (SQUID) mag-
netometer (Quantum Design MPMS-XL). Electrical resistiv-
ity was measured by the conventional four-probe method.
Neutron diffraction experiments were conducted on the time-
of-flight single-crystal neutron diffractometer, SENJU, at the
Materials and Life Science Experimental Facility (MLF) [24].

The measured data were first processed using STARGazer,
the standard software for SENJU [25]. The integrated intensi-
ties obtained from STARGazer were subsequently analyzed
using JANA, a software package capable of refining both
crystal and magnetic structures [26]. The diffraction data were
indexed using an expanded 2+/2a, x 2+/2a, x 2c, unit cell
in order to properly read and handle the reflections appearing
at half-integer positions originating from a twin domain, so
that they can be incorporated into the refinement described
later. In the structural refinement, atoms were initially placed
in a 2+/2a, x +/2a, x 2c, unit cell with space group P2,am.
The expanded unit cell corresponds to the supercell that was
constructed by adding translational symmetry along the b axis,
namely (0, 1/2, 0) to the original cell. This preserves P2;am
symmetry of the true unit cell while readily accommodat-
ing the 90° twin domain into the refinement. Note that the
possibility of the doubling of both the a and b axis, that is
Zﬁap X 2ﬁap x 2¢, cell as a true unit cell, was eliminated
because of the absence of (h 4 1/2, k4 1/2, I) type reflec-
tions (see Fig. S1 in the Supplemental Material [27]).

The magnetic structure of the antiferromagnetic insulating
phase was analyzed using the magnetic form factor of Mn>*
Essentially, the same results were obtained when the Mn**
form factor was used. Initially, all three components of the
Mn magnetic moments were refined. The a- and c-axis com-
ponents were found to be smaller than 0.2 g with comparable
uncertainties, therefore, only the b-axis components were re-
fined, with the a- and c-axis components fixed to zero. The
resulting b-axis magnetic moment was consistent between the
two refinement models within the margin of uncertainty.

The valence state of each Mn ion was estimated using the
bond-valence-sum (BVS) method [28,29]. The valence Vgyg
was calculated as

dy — d;
vgvs=2exp[ — } (1)

where d; is the distance between the Mn ion and ith coordinat-
ing oxygen atom. The empirical parameter B was set to 0.37 A
and dy was taken as 1.732 A for Mn** and 1.750 A for Mn**.
The 3d-orbital shapes were determined using Kanamori’s rep-
resentation combined with normal-mode analysis [30,31].

III. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of (a) elec-
trical resistivity, (b) magnetic susceptibility, (c) magnetic
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TABLE I. Refined structural parameters for NdBaMn,Og at 270 K with space group P2;am (No. 26) and orthorhombic symmetry. The R
factors are R = 6.03% and R,, = 6.69%. Lattice parameters are a = 11.087(5) A, b = 5.544(5) A, ¢ = 15.273(8) A. Goodness-of-fit indicator
S (all reflections) is 2.54. The symbol of Vy s denotes the Mn-ion valences estimated by the bond-valence-sum method. O, and Qs represent
the distortion modes of the MnOg octahedra.

Occupancy ~ Site x y z Bi,(A?) Vavs 0:2(A) 03(A)

Nd1 1 2a 0.0062(3) 0.5042(4) 0 0.0054(6)

Nd2 1 2b 0.0049(3) 0.5058(4) 0.5 0.0029(5)

Nd3 1 2a 0.2491(4) 0.0034(6) 0 0.0056(8)

Nd4 1 2b 0.2489(4) 0.0046(8) 0.5 0.0084(10)

Bal 1 4c 0.0037(3) 0.5038(6) 0.2534(3) 0.0047(4)

Ba2 1 4c 0.2522(3) 0.9966(6) 0.2517(5) 0.0036(4)

Mnl 1 4c 0.0043(5) 0.0021(3) 0.1257(3) 0.0031(6) 3.14(4) +0.072(6) —0.079(6)
Mn2 1 4c 0.0045(6) 0.0102(4) 0.6235(4) 0.0037(6) 3.78(5) +0.032(6) —0.026(7)
Mn3 1 4c 0.2539(5) 0.4956(8) 0.1210(4) 0.0023(6) 3.72(6) +0.008(7) —0.028(7)
Mn4 1 4c 0.2544(5) 0.4938(8) 0.6226(4) 0.0020(6) 3.15(5) +0.184(6) —0.102(7)
0Ol 1 2a 0.0091(5) 0.0036(8) 0 0.0157(7)

02 1 2b 0.0235(2) 0.0537(4) 0.5 0.0000(2)

03 1 2a 0.2311(4) 0.4922(8) 0 0.0128(9)

04 1 2b 0.2305(4) 0.4892(8) 0.5 0.0097(7)

05 1 4c 0.9929(2) 0.0014(4) 0.2516(3) 0.0040(2)

06 1 4c 0.2567(3) 0.5016(6) 0.2496(4) 0.0089(3)

o7 1 4c 0.1271(4) 0.2480(8) 0.12013(19) 0.0116(6)

08 1 4c 0.1252(3) 0.2636(4) 0.62604(16) 0.0032(3)

09 1 4c 0.3758(3) 0.2460(8) 0.1089(3) 0.0138(7)

0o10 1 4c 0.3830(2) 0.2234(4) 0.60508(17) 0.0042(3)

011 1 4c 0.1316(4) 0.7446(8) 0.1168(2) 0.0140(6)

012 1 4c 0.1222(2) 0.7692(6) 0.61458(16) 0.0051(4)

013 1 4c 0.3739(3) 0.7372(8) 0.1071(3) 0.0142(7)

014 1 4c 0.3758(2) 0.7360(4) 0.6097(2) 0.0010(3)

anisotropy below 300K, (d) lattice constants, (e) intensities
of superlattice reflections, and (f)magnetic reflections. The
inset illustrates the tetragonal unit cell of NdBaMn,QOg. The
lattice constants in Fig. 1(d) and the reflection indices in
Figs. 1(e) and (f) are given for the ﬁal, X \/Ea,, x 2¢;, unit
cell. Below Tj;; = 300K, the resistivity increases by nearly
two orders of magnitude, while the magnetization decreases
abruptly. Anisotropic magnetization develops below Ty =
235 K. Sharp changes in the a- and the c-axis lattice constants
are also observed at Ty, [Fig. 1(d)].

These behaviors near Ty;; and Ty are consistent with
our previous reports [17]. The lattice constants and their
temperature dependences differ slightly from those obtained
by synchrotron x-ray diffraction, owing to differences in
instrumental resolution of neutron and synchrotron measure-
ments. The appearance of superlattice reflections associated
with twofold periodicity along the a and ¢ axes below
Ty; [Fig. 1(e)] indicates that the unit cell below 7T is
23/2a, x +/2a, x 2c,, consistent with earlier studies [16,19].
Reciprocal-space maps on [ =0 at 310 K (Tyyy < T) and
270 K (Ty < T < Tyy) are provided in Figs. S1 and S2 of
the Supplemental Material [27].

The superlattice reflection intensities in Fig. 1(e) remain
essentially unchanged below T, whereas magnetic reflections
emerge [Fig. 1(f)]. Notably, reflections at (h + 1/2, k + 1/2,
l)and (h+1/2, k+1/2, 1 4+ 1/2) are absent (see Figs. S3
and S4 in the Supplemental Material [27]), indicating that
the magnetic structure below Ty is not of the CE-type, which
is frequently seen in half-doped perovskite manganites (e.g.,

Ndy 5Sr9sMnO3 and PrgsCagsMnOs) [32] and in double-
perovskite manganites (e.g., SmBaMn,;0g and YBaMn,Og)
[9,15,33]. In contrast, the reflection intensities of (001) and
(201) increase gradually with decreasing temperature below
Ty, whereas the intensity of the (200) reflection remains
nearly constant [Fig. 1(f)]. These results strongly suggest
an A-type (layered) antiferromagnetic structure with a finite
magnetic component perpendicular to the ¢ axis, consistent
with previous powder neutron diffraction results [8]. The de-
tailed magnetic structure of the AFI phase, determined from
the single-crystal diffraction data, is described below.

Tables I and II summarize the refined structure parameters
at 270 K (Ty < T < Tyy) and 100 K (T < Ty) correspond-
ing to the paramagnetic insulating (PI) and antiferromagnetic
insulating (AFI) phases, respectively. Both phases adopt the
same 2+/2a p X ﬁal, x 2c,, unit cell with space group P2;am
(No. 26). This structure contains four crystallographically in-
dependent Mn sites, labeled Mn1-Mn4. The four MnO, layers
in the 24/2a, x v/2a, x 2c, unit cell are divided into two
types according to the Mn sites, layers composed of Mnl and
Mn3 are denoted MnO, — «, whereas those composed of Mn2
and Mn4 are denoted MnO, — 8.

Previous studies using powder synchrotron x-ray diffrac-
tion reported a coexistence of the P2iam and Cmmm
structures in the temperature range of 220 — 280K [20,21].
This temperature range approximately corresponds to the PI
phase identified in the present study. As shown in Fig. S5 of
the Supplemental Material [27], the (040) reflection remains a
single peak with no splitting or shoulder formation throughout
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TABLE II. Refined structural and magnetic parameters for NdBaMn,Og at 100 K with magnetic space group P2;am (No. 26.1.168)
and orthorhombic symmetry. The R factors are R = 5.34% and R,, = 5.83%. Lattice parameters are a = 11.060(3) A, b = 5.530(3) A, ¢ =
15.177(6) A. Goodness-of-fit indicator S (all reflections) is 2.21.Vpys denotes the Mn-ion valences estimated by the bond-valence-sum method.
0> and Q5 indicate the MnOg octahedral distortion modes. m represents the magnetic moments along the b axis.

Occupancy ~ Site x y z By, (A?) Vivs 02(A) 0sA)  m(up)
Nd1 1 2a 0.0053(3) 0.49940(24) 0 0.0020(4)
Nd2 1 2b 0.0067(3) 0.50140(24) 0.5 0.0016(4)
Nd3 1 2a 0.2486(3) 0.9974(4) 0 0.0035(6)
Nd4 1 2b 0.2475(2) 0.00688(36) 0.5 0.0010(5)
Bal 1 4c 0.0035(3) 0.50498(26) 0.2509(4) 0.0008(3)
Ba2 1 4c 0.2519(3) 0.0020(4) 0.2513(4) 0.0025(4)
Mnl 1 4c 0.0013(3) 0.00166(24) 0.1262(3) 0.0011(4) 3.20(3) +0.075(4) —0.091(5) 3.3(10)
Mn2 1 4c 0.0016(3) 0.00802(30) 0.6229(3) 0.0018(4) 3.81(4) +0.023(3) —0.039(5) 2.5(12)
Mn3 1 4c 0.2507(3) 0.5032(4) 0.1223(3) 0.0013(4) 3.80(4) £0.006(4) —0.044(6) 2.9(12)
Mn4 1 4c 0.2518(3) 0.4992(4) 0.6216(3) 0.0017(4) 3.25(3) +0.171(3) —0.095(6) 2.9(10)
01 1 2a 0.0196(3) 0.0014(4) 0 0.0079(5)
02 1 2b 0.02195(15) 0.04756(30) 0.5 0.0000(2)
03 1 2a 0.2319(4) 0.5202(8) 0 0.0170(6)
04 1 2b 0.2335(3) 0.4798(4) 0.5 0.0029(3)
05 1 4c 0.9925(2) 0.00180(24) 0.2512(3) 0.0032(3)
06 1 4c 0.2587(2) 0.50272(36) 0.2487(4) 0.0046(3)
o7 1 4c 0.1291(3) 0.2600(4) 0.1193(2) 0.0086(3)
08 1 4c 0.12513(19) 0.26284(32) 0.62457(14) 0.0019(2)
09 1 4c 0.3721(3) 0.2604(4) 0.1078(3) 0.0081(4)
Oo10 1 4c 0.38259(15) 0.22896(32) 0.60545(16) 0.00195(19)
011 1 4c 0.1248(3) 0.7522(4) 0.12165(17) 0.0074(4)
012 1 4c 0.12252(16) 0.76976(32) 0.61495(18) 0.0026(2)
013 1 4c 0.3762(2) 0.7492(4) 0.1076(3) 0.0082(4)
014 1 4c 0.37475(15) 0.73702(32) 0.6089(2) 0.0011(2)

the PI temperature range, and its full width at half maxi-
mum is unchanged within experimental uncertainty. Similar
single-peak behavior was confirmed for other measured
reflections as well. These observations indicate that no peak-
profile features suggestive of phase coexistence are present

(@)

BaO o o@o@ 09 04° 009 04

172.2° 177.2°)
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MnO,-a © - 0
NdO-a

176.8% 164.4° 4
MnO,-a O

below Ty in our single-crystal samples. This discrepancy
may originate from differences in sample characteristics, par-
ticularly sample size, as the previous studies were conducted
on polycrystalline samples, whereas the present study uses
large single crystals. In our samples, both magnetization and

(b)

c o -
b \]—> Mnl, Mn4 = Mn**

PI Mn2, Mn3 = Mn*" AFI

FIG. 2. Crystal structures of (a) the paramagnetic insulating (PI) and (b) the antiferromagnetic insulating (AFI) phases of NdBaMn, Og.
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FIG. 3. (a) Schematic representations of the Q, and Q5 distortion modes that directly couple with orbital occupations in the doubly
degenerate e, states. 0> — Q3-mode analysis of the MnOg octahedra in NdBaMn,Og for (b) the PI and (c) AFI the phases. The stabilized

orbitals are illustrated for each distorted octahedron.

electrical resistivity exhibit sharp changes at T, whereas
in previous reports their temperature dependences are much
more gradual. A dependence of the temperature evolution
of magnetization on sample size has also been reported in
SmBaMn,O¢[34].

Bond-valence-sum (BVS) analysis yields valences of ap-
proximately +3.2 for Mn1 and Mn4, and +-3.8 for Mn2 and
Mn3 in both phases. These results clearly indicate charge
ordering, in contrast to the convergent-beam electron diffrac-
tion study [19]. The charge arrangements of both the PI
and AFI phases (Fig. 2) are essentially identical to that of
the high-temperature charge-orbital-ordered (HTCOO) phase
of SmBaMn,Og¢[18], whose magnetic state is paramagnetic.
Although the AFI phase of SmBaMn,;0O¢ shows a distinct
charge arrangement from its HTCOO phase, the AFI phase
of NdBaMn,Og¢ retains the same charge ordering as the
PI phase.

The e, orbital configurations of the Mn ions in the PI
phase and the AFI phase were estimated from the O, and Q3
distortion modes of the MnOg octahedra (Fig. 3) [30,31]. In
both phases, the orbitals at the Mnl site are nearly pure the

3x2 — r? or 3y? — r?, whereas those at Mn4 sites are slightly
hybridized with y> — z> and x> — z?, respectively. The esti-
mated e, orbitals at Mn4 sites are as follows:

(i) for the PI phase: 0.99|3x> — r?) + 0.15]y> — z%) or
0.99]3y? — r2) 4+ 0.15|x> — z%);

(i) for the AFI phase: 0.98|3x> — r?) 4+ 0.18|y> — z?) or
0.98]3y% — r?) + 0.18]x% — 22).

These results indicate slightly stronger orbital hybridiza-
tion in the AFI phase than in the PI phase.

The detailed magnetic structure of the AFI phase was
investigated based on symmetry considerations. Among all
the symmetrically allowed models, the A-type antiferromag-
netic configuration with the magnetic easy axis aligned along
the b axis provided the best agreement with the observed
data. This model is fully consistent with the previous dis-
cussion based on the behavior of the magnetic reflections
[Fig. 1(f)]. Schematic illustrations of the arrangements of
the magnetic moments in (a) the MnO, — « layer, (b) the
MnO, — g layer, and (c) the a-plane projection are shown in
Fig. 4. The magnetic moments of the Mn>* ions are larger
than those of Mn*t within the same MnO, layers, consistent
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a

FIG. 4. Schematic representations of the magnetic moment arrangements of the Mn 3d electrons in (a) the MnO, — « layer, (b) the
MnO, — B layer, and (c) the a-plane projection of the AFI phase.

Mnl Mnl Mnl

(b) 4 (d)
Mn2 Mn2 Mn2 . Mn2 . ) Mn2 . Mn2 .
b PI: MnO,-f AFI : MnO,-B
L Mnl, Mn4 = Mn?*

Mn2, Mn3 = Mn*"

FIG. 5. Schematic illustrations of orbital-ordering patterns in (a), (b) the PI and (c), (d) the AFI phases. Panels (a), (c) and (b),
(d) correspond to the MnO, — « and MnO, — g layers, respectively.
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TABLE III. The estimated polarizations (xCcm~2) along a axis.
“Total,” “0,” “NdO,” and “Charges” denote the total polarization,
the contribution from oxygen displacements, the distorion within
the NdO layer, and the contribution from Mn-ion charge separation,
respectively.

T (K) Total (0] NdO Charges
270 4.74 5.05 —0.30 <0.01
100 1.37 1.28 0.10 —0.01

with the higher number of 3d electrons on Mn**. The ordered
moments in MnO, — B layer are smaller than those in the
MnO, — « layers. In general, in perovskite manganites, the
(3x? — r?)/(3y* — r?)- and the x*> — y*-type orbital orderings
correspond to CE- and A-type antiferromagnetic structures,
respectively [32,35-39]. In the MnO, — « layer, the e
orbitals at Mnl1 sites exhibit slight hybridization with y> — zg
or x> — z%, which favors the A-type ordering. Meanwhile, in
the MnO, — B layer, the e, orbitals at Mn4 sites are nearly
pure 3x> — r? or 3y? — r?, which should favor the CE-type
ordering. This stronger competition between the observed
A-type and the favored CE-type ordering in MnO, — 8 may
render the magnetic structure of MnO, — B less stable, as re-
flected in its smaller ordered moments. However, the neutron
diffraction alone cannot fully explain why the A-type antifer-
romagnetic structure is stabilized within a (3x* — r?)/(3y* —
r?)-type orbital ordering. Recently, Streltsov et al. showed
via numerical simulations that the ground state of the low
temperature phase of PrBaMn,O¢ contains two competing
antiferromagnetic structures (A type and CE type) with nearly
degenerate energies [40]. A similar energy calculation for
NdBaMn,Og could help clarify the origin of the coexistence
of the A-type antiferromagnetic and the (3x> — r?)/(3y*> —
r?)-type charge-orbital ordering.

Both the PI and AFI phases can possess spontaneous po-
larization along the a direction, because both phases belong
to the polar point group (2mm). Although the orbital-ordering
patterns in the insulating phases are similar to those of the
high-temperature charge-orbital-ordered (HTCOO) phase of
SmBaMn,Og, the orientations of the extended orbitals dif-
fer by 90° between the PI and AFI phase (Fig. 5). These
orbital-ordering patterns coincide after a 180° rotation about
the b axis or a 180° rotation about the ¢ axis followed
by a translation of 0.5a along the a axis, indicating that
the orbital-ordering configuration correlates with the sign
of the spontaneous polarization along the a axis. Table III
lists the calculated spontaneous polarizations along the a axis
using a point-charge approximation with Mn>#* and Mn***
valences. The analysis indicates that the primary contribution
to the polarization originates not from the charge separation
between Mn-ions but from the displacement of O*~ ions
from their ideal positions within the MnOg octahedra. The
polarization in the AFI phase is smaller than that in the PI
phase. This reduction arises mainly from the Mn1-O1-Mn1
bond angle (Fig. 2), which decreases from 176.8° in the PI
phase to 167.9° in the AFI phase. Figure 6 shows that the
displacements of 0%~ ions in the BaO and NdO-b layers of

FIG. 6. Schematic representations of BaO, NdO-a, and NdO-b
layers in the PI and AFI phases. Arrows indicate the ionic displace-
ments from the ideal double-perovskite structure.

the AFI phase are similar to those in the PI phase. In contrast,
the O®~ ions at the Ol sites in the NdO-a layer are only
weakly distorted in the PI phase, whereas in the AFI phase
they distort in the opposite direction to that of the O~ ions at
03 sites. The polarization induced by the distortions of the
O’ ions at the O3 sites thus partially cancels that arising
from the distortions of the O?~ ions at the Ol sites. As a
result, the structural modification accompanying the magnetic
transition modulates the spontaneous polarization. However,
it is also possible that the magnetic and structural transitions
coincide accidentally. Therefore, based solely on the present
results, no definitive conclusion can be drawn regarding
the coupling between magnetic and ferroelectric properties.
Further investigations, such as structural analysis under an
applied magnetic field, would be necessary to clarify this
issue. Moreover, while direct electrical measurement of the
polarization is difficult because of the relatively low resistivity
(10-100 €2 - cm) of the insulating phases, it may be accessible
through optical probes such as second-harmonic generation,
as previously observed in the low-temperature charge-orbital-
ordered (LTCOOQ) phase of SmBaMn,Og (P2 am) [41].

IV. CONCLUSION

In summary, our single-crystal neutron diffraction study
of NdBaMn,;Og¢ demonstrates that the insulating phase below
Ty exhibits well-defined charge and orbital ordering. The or-
dering pattern closely resembles that of the high-temperature
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charge-orbital-ordered (HTCOO) phase of SmBaMn;Og.
Although the charge and orbital ordering in the antiferromag-
netic phase is essentially the same as in the paramagnetic
phase, the magnetic structure of the antiferromagnetic phase is
not the CE-type but rather an A-type structure, with the mag-
netic easy axis along the b direction. The competition between
the charge-orbital-ordering pattern and the magnetic structure
may underlie the origin of the room-temperature, low-field
colossal magnetoresistance. The space group of the insulating
phase is P2jam, indicating a spontaneous polarization along
the a axis. The estimated spontaneous polarization of the an-
tiferromagnetic phase is smaller than that of the paramagnetic
insulating phase.
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