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The new compound Ag,FeMn,(PO,); has been synthesized
using solid state reactions, and characterized by X-ray and
neutron diffraction. It crystallizes in the monoclinic space group
C2/c with the parameters a =12.1466(3) A, b = 12.7328(4) A,
¢ =6.4999(5) A, and B =114.53(3)°. Its structure is formed by
[FeMn,0,,], chains of edge-sharing FeO;, and MnQO, oc-
tahedra. The chains are interconnected by the PO, tetrahedra
giving rise to layers parallel to the ac plane and exhibiting a
three-dimensional channel-like structure where the silver cations
are located. The distribution of the FeO4, and MnO, octahedra
along the chains was determined by the neutron refinements. The
Mossbauer spectral parameters indicate the presence of only
Fe(IIl) octahedral sites. The reciprocal susceptibility variation
shows a deviation from the Curie—Weiss law below 19 K, which
can be attributed to a weakly ferromagnetic component owing to
probable canting of antiferromagnetically coupled spins along
the [FeMn,0,,]., chains.
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INTRODUCTION

The alluaudite-type structure, that was found for natural
minerals, was reported first by Fisher in 1955 (1). Further,
a great number of synthetic materials possessing this struc-
ture have been reported as a result of introducing different
metal cations with different oxidation states (2-6). Such
a structure, which is wusually formulated as
AA'M'M,(X0O,);, contains the [M,(XO,);] framework,
that is also found in some other common structure types as
garnet, nasicon, langbeinite, and Sc,(WO,); (7, 8). The ar-
rangement of the polyhedra in this framework (i.e., the way
in which they are interconnected and distributed along the
host lattice) leads to various symmetry types. In fact, the
arrangement of the [M,(XOy,)s] is cubic or nearly cubic-
centered in garnet, nasicon, and Sc,(WO,); (9) but is mon-
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oclinic or orthorhombic in alluaudite and langbeinite (10).
Furthermore, some compounds can adopt two different
structures simply on the basis of the temperature at which
they are synthesized or upon changing one metal type
(11, 12). For example, NaCa,Mg,(AsO,); adopts a garnet-
type structure at low temperature (1123 K) and an al-
luaudite-type at high temperature (1223 K) (13).

The structure of the title compound consists of
a [FeMn,(PO,);]*~ framework, that is built up by chains
of edge-sharing MnOz—MnOg-FeOq4 octahedra, running
along the [101] direction. The chains are linked together via
the common corners of phosphate tetrahedra to form sheets
parallel to the ab plane. The projection of one sheet along
[001] is shown in Fig. 1. Adjacent sheets are also connected
through PO, tetrahedra (upper corners, Fig. 1) and the
constituents are related by a 2,-screw axis, parallel to the
b-axis, thus giving rise to an open framework with two
different kinds of channels running along the c-axis. The
channels are occupied by the silver cations within an eight-
fold coordination (14, 15) which suggest an ionic mobility in
the compound.

This paper deals with the X-ray and neutron structure
refinement, the Mossbauer study, and the magnetic behav-
ior of the new Ag,FeMn,(PO,); compound.

EXPERIMENTAL
Synthesis

Powder samples of composition Ag,FeMn,(PO,); were
prepared by solid state reactions methods, starting from
AgNO3, Fe(NO3);-9H,0, CioH{4MnO,, and
(NH,),HPO, weighed in stochiometric quantities. The
starting reactants were well mixed, ground in an agate
mortar, and heated at 723 K for a time sufficient to cause
evolution of gaseous substances (NO,, H,O, NH;, CO,).
The product was then progressively calcined between 873
and 1173 K with intervening by mixing and grinding until

no change was detected by X-ray diffraction.
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FIG. 1. Projection view along the [001] direction of the structure of
Ag,FeMn,(POy);.

X-Ray and Neutron Diffraction

X-ray powder diffraction patterns were registered using
a Philips X’Pert MPD diffractometer, CuKo (1.5406 A)
radiation, a step scan of 0.04° (20) between 10 and 100° (20),
and fixed-time counting of 12s for each step. Neutron
powder diffraction data were recorded at room temperature
on the DIA high-resolution powder diffractometer
(A =19110 A) at the Institute Laue-Langevin (Grenoble,
France). Both neutron and X-ray patterns were analyzed by

the Rietveld method (FULLPROF program (16)).
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FIG. 2. Observed (crosses), calculated (solid line), and difference
(bottom) X-ray powder diffraction patterns of Ag,FeMn,(PO,); obtained
from Rietveld refinements.
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FIG. 3. Observed (crosses), calculated (solid line), and difference
(bottom) time-of-flight neutron diffraction patterns of Ag,FeMn,(PO,);
obtained from Rietveld refinements.

A pseudo-Voigt function was elected to generate the
lineshape of the diffraction peaks.

Mossbauer Spectroscopy

Mossbauer spectra were obtained with a conventional
spectrometer, which works in a constant acceleration mode.
The velocity and isomer shift scales were calibrated with
o-iron metal (6 pum thickness) as the standard and the
spectra were analyzed at room temperature using the NOR-
MOS program (17).

TABLE 1
Crystallographic Data for Ag,FeMn,(PO,),

1. Structure Parameters

Crystal system Monoclinic
Space group C2/c
Unit cell dimensions
a 12.1466(3) A
b 12.7328(4) A
¢ 6.4999(5) A
p 114.5323(3)°
|4 907.85(2) A3
VA 4

2. Structure Solution and Refinement
R, 9.2
Ry, 9.1
R, 3.1
Ry 2.8
7> 32
Refined parameters 46
Reflections 1360
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TABLE 2
Atomic Coordinates of Ag,FeMn,(PO,),
Atom Position x/a y/b z/c B, x 10? (;\)
Ag(1) 4b 0 1 0 2.720(5)
Ag2) de 0 —0.0107(5) 1 2.032(5)
Mn 4e 0 0.2708(1) i 1.590(5)
Fe/Mn 8 02772(2) 0.6582(4)  0.3667(1)  1.896(3)
P(1) de 0 —0.2831(3) 1 0.012(5)
P(2) 8f 023575 —0.1099(5)  0.1256(4)  0.481(1)
o(1) 8 0.4554(4) 0.7133(4)  0.5331(1)  0.035(2)
0oQ) 8 0.0952(1) 0.6427(5)  0.2396(5)  1.132(3)
0(3) 8 0.3306(4) 0.6658(3)  0.0995(5)  0.393(2)
0o(4) 8 0.1283(2) 0.4001(1)  0.3245(4)  0.301(2)
0o(5) 8 0.2226(5) 0.8226(4)  0.3166(5)  0.167(1)
0(6) 8 031964) 04981(1)  0.38112)  0.713(3)

Magnetic Measurements

Magnetic properties were performed with a Quantum
design SQUID magnetometer. The temperature depend-

TABLE 3
Selected Bond Distances (A) and Angles (deg) for
Ag,FeMn,(PO,),
Ag(1)-0(2) 2.360(1) x Ag(2)-0(1) 2.881(3) x 2
Ag(1)-0(2) 3.020(5) x Ag(2)-0(3) 2.928(4) x 2
Ag(1)-0(4) 24004)x2  Ag(2)-O(6) 2.661(5) x 2
Ag(1)-0(4) 26122)x2  Ag(2)-0(6) 2.492(2) x 2
Mn-O(1) 2.244(2) Fe-0(1) 2.099(4)
Mn-0(3) 23034)x2  Fe-O(2) 2.022(5)
Mn-O(4) 2.178(5) x Fe-0O(3) 2.092(3)
Fe-0(5) 2.179(1)
P(1)-0(1) 1.561(1) x Fe-0(5) 2.071(4)
P(1)-0(2) 15153)x2  Fe-O(6) 2.094(2)
P(2)-0(3) 1.522(5) P(2)-0(5) 1.571(2)
P(2)-0(4) 1.549(4) P(2)-0(6) 1.526(3)
O(1)-P1-0(1)  110.593 0(3)-P2-0(4) 72.614
O(1)-P1-0(2)  107.399 0(3)-P2-0(5) 72.736
O(1)-P1-0(2)  114.203 0(3)-P2-0(6) 110.003
O(2-P1-0(2) 102980 0O(4)-P2-0(5) 109.221
O(4)-P2-0(6) 110.512
0(5)-P2-0(6) 109.095
O(1)-Mn-O(1)  141.996 O(1)-Fe/Mn-0O(2)  164.057
O(1)-Mn-O(3) 71472 O(1)-Fe/Mn-0(3) 78.649
O(1)-Mn-O(3)  86.550 O(1)-Fe/Mn-O(5) 86.573
O(1)-Mn-O(4)  117.232 O(1)-Fe/Mn-O(5) 82.718
O(1)-Mn-O(4) 91976 O(1)-Fe/Mn-O(6) 96905
O(3-Mn-0(3)  109.046 0(2)-Fe/Mn-O(3)  109.184
O(3-Mn-O(4)  85.056 O(2)-Fe/Mn-O(5)  79.601
O@)-Mn-O(4)  81.840 0(2)-Fe/Mn-0(5) 88.122
O(3)-Mn-O(4)  164.425 O(2)-Fe/Mn-O(6)  97.508
0(3)-Fe/Mn-O(5)  90.677
O(3)-Fe/Mn-O(5)  161.059
O(3)-Fe/Mn-O(6) 85.785
O(5)-Fe/Mn-0O(5) 84.810
O(5)-Fe/Mn-0(6)  174.447
O(5)-Fe/Mn-0O(6)  99.894
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FIG. 4. Mossbauer spectrum of Ag,FeMn,(PO,); at room temper-
ature.

ence of susceptibilities was registered at decreasing temper-
atures from 300 to 2 K at an applied field of 0.5 T. The field
dependence of the magnetization was measured at 25, 10,
and 2 K by varying the applied magnetic field between
—60,000 and 60,000 G.

RESULTS AND DISCUSSION
Structural Characterization

The structure of Ag,FeMn,(PO,); was first determined
by X-ray powder diffraction. The corresponding refinement
indices are Rp =137, Rywp=152, Rz=2884, and
Rg = 7.43. The Rietveld refinement of the pattern yielded
the monoclinic cell parameters a = 12.145(1) A,
b=1272212) A, ¢ = 6.497(1) A, and B = 114.52(3)° taking
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FIG. 5. Molar and inverse molar magnetic susceptibility data for
Ag,FeMn,(PO,); in an applied filed of 500 G.
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FIG. 6. Variation of the yT product versus temperature showing the
magnetic transition phase at Ty = 19 K.

the structure of NaCaCdMg,(AsOy)s (2) as a trial model.
The agreement with observed, calculated, and difference
X-ray powder diffraction patterns is shown in Fig. 2.

For the neutron diffraction, the intensities of the reflec-
tions are somewhat different in comparison with those col-
lected by X-ray powder experiments. The corresponding
atomic coordinates obtained from the X-ray data were used
as starting values for the Rietveld refinement of the neutron
patterns, and the new results are shown in Fig. 3. The
refinement yielded the parameters listed in Table 1 and the
atomic positions in Table 2, from which the most represen-
tative bond lengths and angles have been calculated, as
appear in Table 3.
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The distribution of the transition metals (Fe, Mn) along
the [FeMn,O,,], chains cannot be determined by using
only X-ray diffraction refinements; i.e., there are two crystal-
lographic positions available for these atos, 4e and 8f, be-
cause the X-ray scattering powers of Fe and Mn are nearly
identical. In addition, Fe®* and Mn?* have the same num-
ber of electrons. Neutron diffraction results allowed to the
refinement to be improved and the Fe and Mn atoms were
fixed in the positions cited in Table 2. In fact, the mean
values of the cation-oxygen distances for 4e and 8f positions
(see Table 3) show that the 4e site is much larger than the 8f
one, and it is likely that the larger position must be occupied
by the bigger cation, Mn?" in this case (ionic
radius = 0.67 A against 0.55 A for Fe** cation in six-fold
coordination (18).

Mossbauer Study

The Mossbauer spectrum of Ag,FeMn,(PO,);, measured
at room temperature, is shown in Fig. 4. The spectrum
showed a unique asymmetric doublet corresponding to
a nonordered magnetic phase, and the hyperfine parameters
obtained from these experimental results were the isomer
shift, IS = 0.435(2) mm/s, and the quadruple splitting,
0S = 0.674(4) mm/s. The fits of the data show that iron is
only present as a high-spin Fe** arrangement on octahed-
ral sites, in accordance with the results obtained from the
structural study.

Magnetic Behavior

The temperature dependence of the molar magnetic sus-
ceptibility data for Ag,FeMn,(PO,); cooled at zero field is
illustrated in Fig. 5. The yy value increases with decreasing
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Variation of magnetization with the magnetic field at 2, 10, and 25 K.



50 CHOUAIBI ET AL.

FIG. 8. Partial projection of the [FeMn,0O,,],, chains running along
the [101] direction and showing the zigzag configuration.

temperatures in all the range of measurements. The vari-
ation of 1/yy (Fig. 5) shows that the sample displays
a Curie-Weiss law behavior between 19 to 300 K. A fit of
the data to the Curie-Weiss equation yy = C/T — 0)
yielded the following values of the constants:
C=1261gKmol !, 0 = —4552K. From the Curie con-
stant, the paramagnetic moment for this material was
= 10.04 up, which agrees well with the expected value of
10.25 ugp for two Mn?* cations and one Fe®* cation in
high-spin states.

The negative value of 0 together with the continuous
increase of yy with decreasing T indicate an antiferromag-
netism behavior for this compound.

At low temperature, the inverse susceptibility data devi-
ate from the Curie-Weiss linear variation and a slight in-
crease is observed in the yy T versus temperature graph (Fig.
6) that reaches a maximum at 19 K. This fact can suggest the
presence of a magnetic phase transition at the critical tem-
perature Ty = 19 K.

The field dependence of magnetization carried out on this
sample at different fixed temperatures is shown in Fig. 7.
Above Ty (at 25 K) the straight line confirms the predomi-
nance of the paramagnetic behavior. However, below Ty (at
10 and 2 K), nonlinearity was clearly observed, suggesting
the presence of a small ferromagnetic contribution. It
appears that the antiferromagnetic spin alignment is disrup-
ted, and such a behavior can be interpreted as a result
of ferromagnetic canting or of a weak ferromagnetic
contribution.

This magnetic behavior is similar to that observed in
KMn,(POy,); (19) and is very common in many phosphate
and arsenate compounds (20-22). In fact, the antiferromag-
netic spin coupling within the [FeMn,O,, ], chains may be
significantly weakened by the zig-zag configuration of the
chains (Fig. 8) giving rise to nonlinear vector spins that lead
to a weak ferromagnetic component appearing at low tem-
peratures.
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