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A new bismuth manganese oxyphosphate, BiMn6PO12, with
an original cubic structure has been synthesized by solid state
reaction from Bi2O3, MnO2, and (NH4)2HPO4 or BiPO4 and
Mn3O4 mixtures. Its crystal structure has been determined from
single-crystal X-ray di4raction data. It crystallizes in the cubic
system with space group Fm31 m and unit cell parameter
a 5 9.626(1) A_ , Z 5 4. A full-matrix least-squares re5nement
yielded R 5 0.044 and Rw 5 0.045 for 131 independent re6ections
with I'2r(I) collected on a Philips PW100 di4ractometer
(MoKa radiation). The structure of BiMn6PO12 is characterized
by a three-dimensional network of manganese+oxygen bonds.
The oxygen atoms form a rhombicuboctahedron. The manga-
nese atoms occupy two-thirds of the square faces of this polyhed-
ron and are at the vertices of cuboctahedra. Manganese and
oxygen atoms form a Mn12O24 cage, which constitute the strong
basic element of the global building. The PO4 tetrahedron is
located within this cage and can be moved between two equiva-
lent orientations. The connection between Mn12O24 entities cre-
ated little cubic holes occupied by bismuth atoms. In this
compound all the manganese atoms are crystallographically
equivalent and the mean oxidation state of manganese is 12.67.
A superstructure, which could be due to PO4 orientations order-
ing, was evidenced by an electronic di4raction study. BiMn6PO12

exhibits complicated magnetic behavior with several magnetic
transitions both in the paramagnetic state and in the low-temper-
ature ordered state. ( 2001 Academic Press

INTRODUCTION

Synthesis and characterization of new bismuth-based
compounds exhibiting various interesting properties is one
of the major objectives of our laboratory. We have already
succeeded in the preparation of several intensively studied
bismuth}3d transition metal oxides such as Bi

2
CuO

4
(1),

a three-dimensional antiferromagnetic material that attracts
special attention in fundamental physics, and Bi

4
V

2
O

11
(2),
1To whom correspondence should be addressed. E-mail: abraham@
ensc-lille.fr.

12
the parent of the oxygen ion superconductors family, BI-
MEVOX (3). The investigation of Bi

2
O

3
}MO}P

2
O

5
,

M"Cu, Ni, ternary systems (4, 5) allowed us to prepare new
interesting bismuth}3d metal oxyphosphates. For M"Cu,
BiCu

2
PO

6
was "rst isolated (6), belonging to the large series

of compounds with formula BiM
2
XO

6
(M"Mg, Cu, Zn,

Cd, Ca, Pb; X"P, V, As) (7}14) and Bi
4
Cu

3
P
2
O

14
(15),

isotypic with Bi
4
Cu

3
V

2
O

14
(4, 16). For M"Ni, the oxy-

phosphate BiNiPO
5

has been structurally characterized
(17), and the isotypic cobalt compound BiCoPO

5
was ob-

tained (18, 19). We have recently undertaken the investiga-
tion of the Bi}Mn}P}O system, which proved to be very
complicated due to the various oxidation states possible for
manganese but of great interest owing to the attractive
properties of mixed valence manganese oxides such as the
colossal magnetoresistance (20). This paper describes the
preparation and the structural approach of a new bismuth
manganese oxyphosphate, BiMn

6
PO

12
, that contains

mixed-valence manganese and exhibits a very original struc-
ture. The magnetic behavior of this compound is also
reported.

EXPERIMENTAL

Syntheses

The oxides Bi
2
O

3
(Riedel), MnO

2
(Aldrich), Mn

3
O

4
(Joh-

nson Matthey), and PbO (Prolabo), and the phosphate
(NH

4
)
2
HPO

4
(Fluka) were used as starting materials.

For single-crystal preparation a mixture of Bi
2
O

3
, PbO,

MnO
2
, and (NH

4
)
2
HPO

4
was progressively heated to

8753C in a gold crucible with intermediate grindings; after
a 2-h stage at this temperature, the batch was cooled to
room temperature at 1.53C/h. The product contained two
components present as single crystals of quality suitable for
di!raction study: brown needle-like crystals (tetragonal,
a"13.364(2) c"5.491(2) A_ ), which are under investigation,
and black broken cubes of the title compound. The former
phase was the major component in the product as con-
"rmed by the powder X-ray di!raction pattern of the
3
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crushed bulk sample. Cubic crystals contained Bi, Mn, and
P in an atomic ratio 1:6:1 and no lead was revealed from an
energy-dispersive spectroscopic analysis using a JEOL
JSM-5300 scanning microscope equipped with a PGT
digital spectrometer.

For the preparation of polycrystalline powder two
methods were used. In the "rst one, stoichiometric amounts
of Bi

2
O

3
, MnO

2
, and (NH

4
)
2
HPO

4
were "rst heated to

3003C at a rate of 303C/h, maintained 10 h at 3003C, then
heated to 5003C, kept at this temperature for 10 h, and
heated to a "nal temperature ranging from 850 to 9103C. At
each stage, the mixture was reground. Whatever the "nal
"ring temperature, the product was a mixture of
BiMn

6
PO

12
and a badly crystallized unidenti"ed phase.

Starting from MnO
2
, the reduction of Mn4` to Mn3` and

Mn2` is spontaneous at the synthesis temperature. The
spontaneous reduction of manganese to a Mn2`/Mn3`

mixture is known, for example, for any simple manganese
oxide which leads to Mn

3
O

4
when it is heated to about

10003C in air. The studied compound can be appropriately
formulated BiPO

4
}2Mn

3
O

4
; thus, in the second prepara-

tion, BiPO
4
, synthesized from Bi

2
O

3
and (NH

4
)
2
HPO

4
at

8503C, and Mn
3
O

4
were used as starting materials.

Stoichiometric amounts of the raw materials were heated
either in an ambient atmosphere in a gold boat or under
vacuum in a silica tube for 48 h at 9003C. Unfortunately, the
FIG. 1. The BiMn
6
PO

12
X-ray powder pattern of acid
product was also a mixture of BiMn
6
PO

12
and of the

unidenti"ed phase. Pure BiMn
6
PO

12
was obtained by

washing the product with 65% nitric acid to dissolve the
second phase. Purity was checked by density measurements
performed using an automated Micrometrics Accupyc 1330
helium pycnometer in a 1-cm3 cell and X-ray controlled as
follows.

Structure Determination

The X-ray powder pattern of the washed sample obtained
with a Siemens D 5000 di!ractometer (CuKa radiation)
equipped with a monochromator was easily indexed with
a F-cubic lattice. The unit cell parameter was re"ned to the
value 9.626(1) A_ . The "gure of merit as de"ned by Smith and
Snyder (21) was F

17
"113 (0.0088, 17). The powder X-ray

di!raction pattern is shown in Fig. 1, corresponding to the
data reported in Table 1. A black, nearly spherical single
crystal was selected for the structure determination. The
intensity data were collected on a Philips PW1100 auto-
mated di!ractometer. Conditions for data collection are
given in Table 2. The intensity of each re#ection was correc-
ted for background and for Lorentz and polarization e!ects.
Absorption corrections were performed assuming a perfect
spherical geometry for the crystal and an average radius of
60 lm.
-washed BiMn
6
PO

12
collected using a CuKa radiation.



TABLE 1
Observed and Calculated X-Ray Powder Di4raction Pattern

for BiMn6PO12

hkl 2h obs. 2h calc. Int.

111 15.919 15.917 19
200 18.414 18.402 5
220 26.137 26.146 10
311 30.761 30.764 9
222 32.159 32.169 100
400 37.320 37.318 36
331 40.800 40.810 27
420 41.920 41.921 5
422 46.161 46.142 4
333, 511 49.122 49.121 10
440 53.816 53.811 36
531 56.480 56.493 10
600, 442 53.842 53.831 1
533 63.311 63.307 1
622 64.104 64.056 23
444 67.321 67.315 8
551, 711 69.682 69.685 4

Note. j"1.54056 A_ , re"ned zero-point correction 0.0078(2) for h;
a"9.626(1) A_ , F

17
"113 (0.0088, 17).

TABLE 2
Crystal Data, Intensity Collection, and Structure Re5nement

Parameters for BiMn6PO12

Crystal data
Crystal symmetry Cubic
Space group Fm31 m
Unit cell re"ned on powder a"9.626(1) A_
Volume 891.9 A_ 3
Z 4
Calculated density o"5.67 g cm~3

Measured density o"5.62(2) g cm~3

Data collection
Equipment Philips PW 1100
Radiation MoKa 0.7107
Scan mode u}2h
Scan width/degrees 0.9
Recording angular range (3) 2}35
Standard re#ections 31 11 31 , 21 21 2, 133
Recording reciprocal space !154h415,

!154k415, 04l415
Number of measured re#ections 2011
Number of re#ections with I'2p (I) 2009
Number of independent re#ections 131
l (cm~1) (for j

Ka"0.7107 A_ ) 282.4
Transmission factor range 0.019}0.033
R merging factor 0.103

Re"nement parameters
Number of re"ned parameters 12
Goof"S(goodness of "t) 4.3
R"+[DF

0
D!DF

#
D]/+ DF

0
D 0.044

R
8
"[+w(DF

0
D!DF

#
D)2/&F2

0
]1@2 0.045

with w"1/p (F
0
)

Max., min, *o e A_ ~3 2.32, !2.79
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The structure was solved in the centrosymmetric Fm31 m
space group by direct methods using the SHELXS program
(22), which localizes bismuth atoms in a 4a site (0, 0, 0),
manganese atoms in a 24d position (0, 1

4
, 1
4
) and other atoms

in a 32f site (0.14, 0.14, 0.14). Owing to the distances, this site
was occupied by oxygen atoms. The positions of P and
remaining oxygen atoms were deduced from subsequent
re"nements and Fourier syntheses. The P atoms occupy
a 4b site (1

2
, 1

2
, 1

2
) and the remaining oxygen atoms are

randomly distributed on a half-occupied 32f site. Re"ne-
ment in the non-centrosymmetric F41 3m space group did not
improve the results; in fact, two independent oxygens must
be introduced in two half-"lled 16e positions related by an
inversion center to achieve an acceptable convergence. The
full-matrix least-squares re"nement was performed with
a local modi"cation of the SFLS-5 program (23). The
atomic scattering factors for neutral atoms were taken from
the &&International Tables for X-ray Crystallography'' (24)
and the values for the anomalous dispersion corrections
from Cromer and Liberman (25). Re"nement of atomic
positional parameters and anisotropic displacements yiel-
ded to "nal R"0.044 and R

8
"0.045 for 131 independent

re#ections. The atomic positions and equivalent isotropic
displacement factors are reported in Table 3. Anisotropic
displacement parameters are given in Table 4.

Electronic Diwraction

Electron di!raction patterns were obtained with a Jeol
200CX microscope. The materials were crushed and disper-
sed on a holey carbon "lm deposited on a copper grid.
Magnetic Measurements

The magnetic properties were measured using a super-
conducting quantum interference device (SQUID) mag-
netometer (Quantum Design, MPMS). The magnetic
susceptibility was measured from 300 to 2 K using pure
nitric acid washed BiMn

6
PO

12
powder (18 mg) with an

external "eld of 100 Oe. The magnetization was studied on
the same sample with an external "eld of !5.5]104 to
5.5]104 Oe.

RESULTS AND DISCUSSION

Description and Discussion of the Crystal Structure

Selected bond lengths and bond angles are listed in
Table 5.

The oxygen atoms O(1) constitute a O(1)
24

rhombicuboc-
tahedron formed from 18 square planes and 8 equilateral
triangles with an O(1)}O(1) distance of 2.78 A_ linked by
edge sharing (Fig. 2a). Each entity is connected by two-
thirds of the O(1)

4
squares (those that share an edge with



TABLE 3
Atomic Positions and Equivalent Isotropic Displacement

Parameters for BiMn6PO12

Atom Site Occupancy x y z B
%2

(A_ 2)

Bi 4a 1 0 0 0 0.96(2)
Mn 24d 1 0 1

4
1
4

0.71(3)
P 4b 1 1

2
1
2

1
2

0.29(4)
O(1) 32f 1 0.1445(6) 0.1445(6) 0.1445(6) 1.81(8)
O(2) 32f 0.5 0.4086(7) 0.4086(7) 0.4086(7) 0.49(9)

Note. Equivalent isotropic temperature factors are computed according
to the relation B

%2
"4/3+

ij
b
ij
a
i
a
j
.

TABLE 5
Selected Distances (A_ ) and Angles (3) in BiMn6PO12

Bi environment
Bi}O(1) 2.409(6) (8])

Mn environment
O(1)}Mn}O(1) 88.2(3)

Mn}O(1) 1.999(6) (4]) O(1)}Mn}O(1) 91.8(3)
Mn}O(2) 2.331(7) (2]) O(1)}Mn}O(2) 74.8(3)

O(2)}Mn}O(2) 135.7(3)

P environment
P}O(2) 1.524(7) (4]) O(2)}P}O(2) 109.5(5)

Oxygen}oxygen distances
O(1)}O(1) 2.782(12) Mn}O(1)}Mn 116.7(2)
O(1)}O(1) 2.872(12) Bi}O(1)}Mn 100.7(1)
O(1)}O(2) 2.643(9)
O(2)}O(2) 2.488(13)
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a triangle) to 12 other entities to form a three-dimensional
oxygen network (Fig. 2b). The centers of the shared O(1)

4
squares are occupied by manganese atoms forming a perfect
cuboctahedron (Fig. 2c); the equilateral triangles are empty.
The three-dimensional Mn

6
O

8
framework thus formed

releases two kinds of cavities.
The large ones at the center of the Mn

12
O

24
rhom-

bicuboctahedra are occupied by PO
4
tetrahedra (Fig. 2d). In

this mean structure the PO
4

tetrahedra randomly occupy
two equivalent positions related by an inversion center.
Bi3` ions are located at the center of the little cubic holes
resulting from the connection of six Mn

12
O

24
rhom-

bicuboctahedra (Fig. 3). Moreover, the examination of ther-
mal factors shows a strong discrepancy between the B

%2
of

oxygen atoms. Astonishingly, the displacement parameter
for the O(2) atoms, which are disordered, is lower than the
value for the perfectly ordered O(1) atoms, although the
cage formed by the 24 O(1) atoms containing the network of
Mn atoms constitutes the strong basic element of the global
building. To "nd an explanation for this observation, it is
necessary to take care of the situation of Bi atoms, which are
probably not strictly on the 4a site. Bi3`, with its lone pair,
evolves around the 000 position, inside the cube de"ned by
O(1) oxygen atoms, with 4 Bi}O bonds shorter than 4 Bi}O
long (mean 2.409 A_ ) involving a strong vibration ellipsoid
for the O(1) atom.
TABLE 4
Anisotropic Displacement Parameters (]104) for BiMn6PO12

Atom ;
11

;
22

;
33

;
12

;
13

;
23

Bi 26(1) ";
11

";
11

0 0 0
Mn 30(2) 14(2) ";

22
0 0 37(1)

P 8(2) ";
11

";
11

0 0 0
O(1) 49(4) ";

11
";

11
!15(4) ";

12
";

12
O(2) 13(5) ";

11
";

11
!5(5) ";

12
";

12

Note. The anisotropic temperature factor is de"ned by
exp[!2n2((;

11
h2a*2#2#2;

23
klb*c*)].
The O(2) atoms of PO
4

tetrahedra complete the coord-
ination of the Mn atom to form a distorted octahedron. The
MnO

6
octahedron is elongated with the apical oxygen

atoms O(2) at distances of 2.331 A_ , longer than the four
equatorial ones, 1.999 A_ , leading to an averaged Mn}O
distance of 2.11 A_ , which matches very well with the weighted
average 2

3
(rMn3`#r02~)#1

3
(rMn2`#r02~)"2.09 A_ (26).

The distorted octahedral coordination of the Mn site is
suitable to the Jahn}Teller nature of the Mn3` ions; in
contrast, for high-spin Mn2`, the distortion cannot be
ascribed to Jahn}Teller e!ects. However, some distorted
environments around Mn2` have already been observed,
such as in CeMn

2
Ge

4
O

12
(27).

Bond valence sum calculations for Mn (Table 6), consid-
ering either Mn2`}O2~ or Mn3`}O2~ parameters from
Brown and Altermatt (28), are consistent with the formal
oxidation state of Mn at #2.67.

Two kinds of MnO
6

distorted octahedra are obtained
according to the orientation of PO

4
tetrahedra occupying

the two Mn
12

O
24

clusters connected by the considered
MnO

4
square. If the two PO

4
are in the same orientation,

the O(2)}Mn}O(2) angle is 135.7(3)3; in the opposite case,
the O(2)}Mn}O(2) angle is 1803 (Fig. 4).

The mean structure can be considered as built from
distorted MnO

6
octahedra. One octahedron is edge-shared

to eight other octahedra to form a three-dimensional in"nite
cluster creating tetrahedral and cubic holes occupied by
P and Bi atoms, respectively. Interstitial atoms Bi and
P form a rock salt type sublattice.

In fact, the mean structure of BiMn
6
PO

12
results from

a very compact association of perfect PO
4

tetrahedra, regu-
lar BiO

8
cubes, and distorted MnO

6
octahedra.

It is also of interest to describe the structure of
BiMn

6
PO

12
using the concept of close packing. Two kinds



FIG. 2. The network in BiMn
6
PO

12
: (a) an outline of the rhombicuboctahedron formed from O(1) atoms. (b) A packing of the O(1)

24
rhombicuboc-

tahedra. Each polyhedron is connected to 12 others by two-thirds of the square faces, those that share an edge with a triangular face.
(c) These shared square faces are occupied by manganese atoms, forming a cuboctahedron. The manganese and O(1) oxygen atoms constitute a Mn

12
O

24
entity. (d) The cuboctahedra are occupied by PO(2)

4
tetrahedra and the P}O(2) bonds are along the threefold axis of the polyhedra, so two equivalent

orientations are possible for the PO
4

tetrahedra.

BiMn
6
PO
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of layers are formed; layers 1 contain one P for three Mn
atoms and layers 2 contain one Bi for three Mn atoms
(Fig. 5). Layers 1 and 2 are stacked along the [111] direction
of the cubic cell according to the cubic close packing (A1)
(C2) (B1) (A2) (C1) (B2) sequence (Fig. 6). The oxygen atoms
O(1) occupy two types of tetrahedral interstices created
TABLE 6
Bond Valence Sum Calculations for Mn in BiMn6PO12

Mn21 Mn3`

Mn}O(1) 0.572 0.527
Mn}O(2) 0.234 0.215
<

M/
2.756 2.538
between the layers. The latter are formed by three Mn's of
layer 2 and one Bi of layer 1; the basal plane of the others is
formed by two Mn's and one Bi of layer 1 and the apex is
one Mn atom of layer 2.

Thus, the O(1) atoms are coordinated by three manganese
and one bismuth atoms, forming a tetrahedron. Eight
O(1)BiMn

3
tetrahedra share the same bismuth atom. Each

tetrahedron shares its Bi}Mn edges with three other tet-
rahedra to form a O

8
BiMn

12
entity; the 12 manganese

atoms are at the vertices of a cuboctahedron.

Electron Diwraction

The reconstitution of the reciprocal space con"rms the
lattice parameters (a+9.6 A_ ) and the space group, but on
some electron di!raction patterns, superimposed on the
basic spots, weaker spots lead to multiply the cubic cell



FIG. 3. Part of the framework of face-connected rhombicuboctahedra.
The bismuth atoms lie at the centers of cubic holes resulting from the
connection of six polyhedra.

FIG. 4. The two kinds of distorted MnO
6

octahedra according to the
occupation of two square face-shared rhombicuboctahedra by two PO

4
tetrahedra in the same orientation (left) or in two di!erent orientations
related by an inversion center (right).
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parameter by two. The indexation of the electron di!raction
patterns (EDPs) given for Figs. 7 and 8 are for the basic
cubic unit cell. The [001] EDPs (Fig. 7a) do not show any
weak spots responsible for the superstructure previously
mentioned. But a rotation around the a direction exhibits
planes where the weaker spots are easily visible. The arrows
in the [031] (Fig. 7b) and [011] (Fig. 7c) EDP indicate these
superstructure spots. The [110] EDPs (Fig. 8) of some
crystals shows di!use bands of intensity that have a periodic
distribution (arrows). This feature indicates a short-range
order. Nevertheless, a careful examination of the [011]
EDPs of Fig. 7c reveals that the intensity of the weaker
spots is di!erent in the (111) direction and in the (111 11 )
direction, what would suppose twinning. A high-resolution
electron microscopy study (actually in progress) is neces-
sary, on one hand, to con"rm this twinning and, on the
other hand, to identify the structural origin of the super-
structure phenomenon. So far, the latter is probably due to
PO

4
and perhaps Bi ordering.

Magnetic Properties

Figure 9a shows the thermal evolution of the BiMn
6
PO

12
magnetic susceptibility from room temperature down to
5 K. The material appears to be paramagnetic above 45 K,
while a magnetically ordered state exists below. As observed
in the Fig. 9a inset, the magnetic susceptibility gives evid-
ence of several magnetic transitions between 2 and 50 K.
The paramagnetic and ordered domains will be sub-
sequently described as follows.

Paramagnetic state. The inverse of the molar magnetic
susceptibility is shown in Fig. 9b. It obeys the Curie-Weiss
law above 125 K, yielding C

1
"20.26 emuKmol~1 and

h
C1
"!51.3K. The calculated e!ective moment

p
%&&
"12.73 k

B
f u~1 is in good agreement with the pre-

dicted value 12.88, assuming a spin-only J value for two
high-spin Mn2` and four high-spin Mn3`, likely for both
cations. Antiferromagnetic Mn}Mn interactions are then
expected to predominate, hence the negative Weiss temper-
ature. The gradual increasing of the s)¹ product versus
¹ con"rms the AF couplings. An anomaly in s~1 versus
¹ is evidenced around 125 K where the slope progressively
increases to reach a second linear regime between 110
and 30 K. In that region the Curie}Weiss law yields
C

2
"11.77 emu Kmol~1 and h

C2
"23.6 K, leading to

p
%&&
"9.70 k

B
f u~1. This phenomenon is associated with an

abrupt change in the s )¹ product. Several electronic con"g-
urations were supposed to explain such a value; among
them only a two high-spin Mn2` (t3

2'
e2
'
, S"5/2)/four low-

spin Mn3` (t4
2'

e0
'
, S"1) main con"guration was retained

involving the theoretical 10.09 k
B
f u~1 in a spin-only

approximation. Among the several cases of high-spin states
for both Mn2` and Mn3` (i.e., see Refs. (29}31)), we did not
"nd in the literature any example of high-spinPlow-spin
transition for the latter in oxides that one should consider
only as an hypothetical suggestion. Therefore, one should
notice that an octahedral Mn3` spin crossover was
observed in manganese tris[1-(2-azolyl)-2-azabuten-4-yl]



FIG. 5. The Mn
3
(PO

4
) (1) and Mn

3
Bi (2) close-packed layers in the BiMn

6
PO

12
structure described in the hexagonal unit cell deduced from the cubic

one by the relation

A
a
)%9

b
)%9

c
)%9
B"A

!1
2

1
2

0

0 !1
2

1
2

1 1 1BA
a
#

b
#

c
#
B .

The z values are for the hexagonal axis.
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amine in which the ligand "eld is much higher than that in
oxides (32). As seen in the structural section, at room tem-
perature, both Mn2` and Mn3` occupy the same indepen-
dent 24d crystallographic position while a low-temperature
electronic con"guration segregation between both species
strongly suggest a crystallographic distinction between
both, possibly arising from a structural distortion and/or
a charge ordering.

Ordered state. The Neel temperature is evidenced by
a sharp peak at 20 K surrounded by two extra magnetic
transitions. A "rst phenomenon is observed at 42 K during



FIG. 6. The layer stacking sequence along the [111] direction of the
cubic unit cell of BiMn

6
PO

12
.

FIG. 7. (a) [001] EDP pattern, the superstructure is not visible.
(b) [031] and (c) [011] EDP; arrows indicate superstructure spots.

3
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the increasing of the susceptibility upon cooling. Several
measurements performed on di!erent samples con"rm the
reproducibility of the slight s deviation not assigned so far.
Below ¹

N
, the susceptibility is decreasing down to 6 K to

a constant value of 1.15 emumol~1 and then rapidly col-
lapses at lower temperatures. A magnetic transition is then
expected at 16 K. Magnetization versus the applied "eld
was measured at 40, 20, and 2 K, respectively to distinguish
between the subsequent thermal regions. Results are pre-
sented in the Figs. 10a}10c. At 40 and 20 K the magnetiz-
ation plots are characteristic of the setting of an
antiferromagnetic ordering before and below¹

N
. No hyster-

esis loops are observed and the plot changes from almost
linear at 20 K to a concave upward shape at 40 K. Consid-
ering the BiMn

6
PO

12
crystal structure, it seems di$cult to

predict the exchange interactions according to
Kanomori}Goodenough semi-empirical rules (33). Consid-
ering the Mn}Mn distances of 3.39 A_ , direct exchanges are
excluded and the main antiferromagnetic should arise from
the competition of the Mn2`}O}Mn3`, Mn2`}O}Mn2`,
and Mn3`}O}Mn3` superexchanges, in a localized elec-
trons consideration. Because of the mixed Mn2`/Mn3`

valence, double exchange cannot be totally excluded but
since they are ferromagnetic we will not consider them in the
following discussion. The O(2) atom is strongly involved in
a P}O(2) bond, 1.524(7) A_ , and form a weak Mn}O(2) bond,
2.331(7) A_ , as compared to Mn}O(1), 1.999(6) A_ . Thus, the
latter should strongly intervene in the magnetic path. O(1) is
at the center of a distorted O(1)BiMn

3
tetrahedron with

a Mn}O}Mn angle of 116.73 and can be regarded as being
in an intermediate state between sp2 and a sp3 hybridization
because of the #at O(3)Mn trigonal pyramid with either



FIG. 8. [110] EDP of some crystals of BiMn
6
PO

12
; di!use bands of

intensity are observed (arrows).

FIG. 9. The thermal evolution of the magnetic susceptibility for BiMn
6
P

low-temperature domain. (b) The s inverse versus temperature. The straight l
assorted with a drastic change of the s )¹ product shown in the inset.
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three sp2p overlapping the Mn e
'

orbitals and p
z
p pointing

toward Bi (theoretical Mn}O}Mn of 1203), Fig. 11, or four
sp3p orbitals pointing toward the four ligands (theoretical
Mn}O}Mn of 1093). In any case, the Mn}Mn magnetic
exchanges are likely e!ective via e

'
-sp2p}sp2p-e' double-

correlation superexchanges. Exchange integrals signs are
predicted positive for d4}d4 and d5}d5 interactions and
negative for d4}d5 interactions in a 903M}O}M con"gura-
tion. Each Mn site is surrounded by eight Mn at 3.39 A_ .
Thus, a competition between positive and negative ex-
changes should occur in a 1/1 ratio considering two-thirds
of the cases consisting of one central Mn3` surrounded by
"ve Mn3` and three Mn2` and one-third of the cases
consisting of one central Mn2` surrounded by six Mn3`

and one Mn3`. Such competition is hardly to be seen on the
rhombicuboctahedron without involving strong frustration,
hence the magnetic structure.
O
12

. (a) Variation of s versus ¹. The inset highlights three anomalies in the
ines evidence the slope change occurring around 125 K. This phenomenon is
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Below 6 K a magnetic transition is observed. The magnet-
ization plot measured at 2 K is drastically di!erent from
that of a pure antiferromagnet. It shows a remanent mag-
netization of 0.75 k

B
f u~1. The discrepancy observed at the

zero "eld is probably due to rotation of the grains within the
sample. The spontaneous moment may be caused by the
setting of a ferrimagnetic ordering below 6 K. A canted
structure may also appear at low temperature.

CONCLUSION

A new oxyphosphate of bismuth and manganese has been
synthesized. Its original structure is highly symmetric and
FIG. 10. Magnetization versus applied "eld at (a) 40 K (b) 20 K and (c)
2 K.

FIG. 11. Schematic hybridized orbitals model of a Mn}O}Mn
double-correlation superexchange path.
can be described from a cubic three-dimensional network of
manganese and oxygen atoms, creating two kinds of cavities
occupied by PO

4
tetrahedra and Bi atoms, respectively. The

mean oxidation state of manganese atoms, which are crys-
tallographically equivalent, is #2.67. Magnetic measure-
ments revealed transitions both in the paramagnetic and in
the ordered states. Further studies are planned to complete
the reported structural approach, in particular, low- and
high-temperature X-ray/neutron di!raction as well as EPR
experiments to explain both the superstructure observed by
electronic di!raction and the di!erent magnetic structures
of this fascinating new material. Substitutions for Bi by
isovalent (Ln3`) or aliovalent ions such as Pb2` or Na`
whose radii are compatible with the size of the cube formed
by the O(1) atoms are also to be considered. The latter
substitutions should modify the mean oxidation state of
manganese and as a consequence the magnetic behavior of
the prepared compounds.
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