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INTRODUCTION

The alluaudite mineral group consists of Na-Mn-Fe-bear-
ing phosphates that are known to occur in granitic pegmatites,
particularly in the beryl-columbite-phosphate subtype of the
rare-element pegmatites, according to the classification of
Černý  (1991). Wyllieite and bobfergusonite are two pegmatite
phosphates homeotypic with alluaudite.

Moore (1971) determined the crystal structure of alluaudite
in the monoclinic C2/c space group and derived the general
structural formula X2X1M1M22(PO4)3, with Z = 4. The struc-
ture consists of kinked chains of edge-sharing octahedra
stacked parallel to {101}. These chains are formed by a suc-
cession of M2 octahedral pairs linked by highly distorted M1
octahedra. Equivalent chains are connected in the b direction
by the P1 and P2 phosphate tetrahedra to form sheets ori-
ented perpendicular to [010]. These interconnected sheets
produce channels parallel to c, channels that contain the dis-
torted cubic X1 site and the four-coordinated X2 site.

The past decade has seen an increasing number of struc-
tural studies of synthetic phosphates with the alluaudite struc-
ture. These papers (Yakubovich et al. 1977; Antenucci 1992;
Warner et al. 1993; Antenucci et al. 1995; Leroux et al. 1995a,
1995b; Lii and Ye 1997; Korzenski et al. 1998; Hatert et al.

2000; Chouaibi et al. 2001) clearly demonstrate the exist-
ence of three cationic sites in the alluaudite structure, sites
that were not reported by Moore (1971). These sites are lo-
cated in the channels at crystallographic positions different
from X1 and X2. Based on detailed structural studies, Hatert
et al. (2000) proposed a new general formula, (A2A2')
(A1A1'A1''2)M1M22(PO4)3, for alluaudite-type compounds.

In granitic pegmatites, alluaudite displays chemical com-
positions mainly varying between the two end-members,
Na2Mn(Fe2+Fe3+)(PO4)3 and ■■ NaMnFe2

3+(PO4)3, with Mn2+ or
some Ca2+ replacing Na+ at the A1 site, Fe2+ replacing Mn2+ at
the M1 site, and Mg2+ or Mn2+ replacing Fe at the M2 site,
where ■■  represents a lattice vacancy at the A2' site. Because
of the complex chemical compositions of natural alluaudite
minerals, pure alluaudite-like compounds have been synthe-
sized in order to better understand the crystal chemistry of
the alluaudite structure. Whereas the crystallochemical role
of lithium was investigated by Hatert et al. (2000, 2001) and
Hermann et al. (2001), the crystal chemistry of the trivalent
cation has only been briefly investigated by Antenucci (1992)
who synthesized Na2Cd2M(PO4)3, where M is Fe3+, Cr3+, or
Ga3+. A large number of indium-bearing alluaudite-like com-
pounds have also been synthesized, i.e., NaCdIn2(PO4)3

(Antenucci et al. 1993), Na3In2(PO4)3 (Lii and Ye 1997), and
Na3In2(AsO4)3 (Lii and Ye 1997; Khorari et al. 1997). The
similarities between In3+ and the trivalent transition metal cat-* E-mail: fhatert@ulg.ac.be
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ABSTRACT

Several compounds of the NaMn(Fe1–xInx)2(PO4)3 solid solution were synthesized by solid state
reaction in air; pure alluaudite-like compounds were obtained for x = 0.00 to 1.00. X-ray Rietveld
refinements indicate the presence of Na+ at the A1 and A2' sites, Mn2+ at the M1 site, and Fe2+,
Fe3+, and In3+ at the M2 site. The presence of small amounts of In3+ at the M1 site, and Mn2+ at the
M2 site, indicates a partially disordered distribution between these cations. A good correlation
was also established between the M1-M2 bond distance and the b angle of the alluaudite-like
compounds. The disordered distribution of Fe2+, Fe3+, and In3+ at the M2 site is confirmed by the
broadness of the infrared absorption bands. The Mössbauer spectra, measured between 90 and
295 K, were analyzed in terms of a model that takes into account the next-nearest neighbor inter-
actions around the M2 crystallographic site. In all cases these spectra reveal the unexpected pres-
ence of small amounts of Fe2+ at the M2 site, an amount that decreases as the In3+ content increases.
The Fe2+ and Fe3+ isomer shifts are typical of the alluaudite structure and vary with temperature,
as expected from a second-order Doppler shift. The derived iron vibrating masses and Mössbauer
lattice temperatures are within the expected range of values for iron cations in an octahedral
environment. The Fe2+ and Fe3+ quadrupole splittings are also typical of the alluaudite structure
and the temperature dependence of the Fe2+ quadrupole splitting was fit with the model of Ingalls
(1964), which yielded a ground state orbital splitting of ca. 380 to 570 cm–1 for the Fe2+ sites.
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ions led to the synthesis of mixed indium-iron phosphates by
Tang et al. (1999).

In order to better understand the structural and electronic
consequences of the replacement of Fe3+ by In3+ in the
alluaudite structure, a study of the NaMn(Fe1–xInx)2(PO4)3 solid
solution has been carried out by X-ray diffraction and infra-
red and Mössbauer spectroscopies. Mössbauer spectroscopy
is an especially valuable tool for this study because it pro-
vides information about the cation distributions at the M1
and M2 crystallographic sites, distributions that govern the
transition from the disordered alluaudite structure to the more
ordered wyllieite (Moore and Molin-Case 1974) and
bobfergusonite (Ercit et al. 1986) structures.

EXPERIMENTAL METHODS

Compounds of the NaMn(Fe1–xInx)2(PO4)3 series, with x
ranging from 0.00 and 1.00, have been synthesized through a
solid state reaction carried out in air. Stoichiometric quanti-
ties of NaHCO3, MnO, FeSO4·7H2O, In2O3, and (NH4)H2PO4

were dissolved in concentrated nitric acid and the resulting
solution was evaporated to dryness. The dry residue was pro-
gressively heated in a platinum crucible, at a heating rate of
500∞/hour, to either 900 or 1000 ∞C, and was then maintained
at this temperature for 13 to 16 hours. Alluaudite-like com-
pounds were obtained by quenching the product in air.

X-ray powder diffraction patterns of the compounds were
recorded with a diffractometer using FeKa 1.9373 Å radia-
tion. The unit-cell parameters (Table 1) were calculated with
the least-squares refinement program LCLSQ 8.4 (Burnham
1991) from the d spacings calibrated with Pb(NO3)2 as an
internal standard.

Wet chemical analyses of the synthetic alluaudite crystals
(Table 2) were performed on 57 to 117 mg of material. Atomic
absorption spectrophotometry was used to determine the so-
dium, manganese, and total iron content, whereas the phos-
phorus content was determined by colorimetry. The Ungethüm
method (Ungethüm 1965) was used to determine of Fe2+, and
the indium content was calculated from the theoretical com-
position.

The X-ray Rietveld refinements of NaMn(Fe1–xInx)2(PO4)3,
with x = 0.25, 0.50, 0.75, and 1.00, were carried out with data
collected on a Philips PW-3710 diffractometer with FeKa
radiation. The unit-cell parameters calculated from the
Pb(NO3)2-calibrated powder pattern (Table 1), and the atomic
positions reported for NaMnFe2(PO4)3 (Hatert et al. 2000),
served as starting parameters for the refinements that were
performed with the DBWS-9807 program developed by Young
et al. (1998). The investigated 2q range extended from 10 to
100∞, the step width was 0.02∞, and the step time was 15 s.

The total number of refined parameters was 55 with 504,
510, 524, and 530 observed reflections, for x = 0.25, 0.50,
0.75, and 1.00, respectively. The final Rietveld plot for
NaMnFeIn(PO4)3 is shown in Figure 1. Fits of equivalent qual-
ity were obtained for the other compounds.

Infrared spectra were recorded with either a Nicolet MA-
GNA-IR 760 spectrometer over the 400–4000 cm–1 range us-
ing KBr discs, or a Bruker IFS 66 spectrometer over the
100–550 cm–1 range using polyethylene discs.

Mössbauer spectra were measured between 90 and 295 K
with a constant-acceleration spectrometer that utilized a room
temperature rhodium matrix 57Co source and was calibrated
at room temperature with a-iron foil. The Mössbauer spec-
tral absorbers contained 30, 34, 36, 18, 22, and 13 mg/cm2 of
powder for x = 0.00, 0.10, 0.25, 0.50, 0.75, and 0.90, respec-
tively. NaMn57Fe0.02In1.98(PO4)3 was prepared with 95% en-
riched 57Fe and its absorber contained 32 mg/cm2 of sample.

TABLE 1. Unit-cell parameters for the synthetic alluaudite-like com-
pounds, NaMn(Fe1–xInx)2(PO4)3 (space group C2/c)

x a (Å) b (Å) c (Å) b (∞) V (Å3)
0.00 12.001(2) 12.538(2) 6.405(1) 114.45(1) 877.3(2)
0.10 12.013(2) 12.572(3) 6.416(1) 114.45(2) 882.1(2)
0.25 12.064(2) 12.641(2) 6.428(1) 114.63(1) 891.2(2)
0.50 12.131(2) 12.746(2) 6.470(1) 114.84(1) 907.9(2)
0.75 12.222(3) 12.845(2) 6.507(1) 115.11(2) 925.0(2)
0.90 12.261(3) 12.911(2) 6.535(1) 115.20(2) 936.1(2)
1.00 12.282(2) 12.948(2) 6.552(1) 115.21(1) 942.8(2)

TABLE 2. Chemical analyses of the alluaudite-like compounds,
NaMn(Fe1–xInx)2(PO4)3

x 0.00 0.10 0.25 0.50 0.75 0.90 1.00
P2O5 44.41 43.49 40.47 38.13 36.35 38.28 35.49
In2O3 (*) – 5.67 13.19 24.86 35.55 44.92 46.28
Fe2O3 30.05 27.43 23.60 14.75 7.53 2.89 –
FeO 3.62 3.15 1.59 0.91 0.00 0.00 –
MnO 15.93 14.76 13.99 13.11 12.48 12.11 11.75
Na2O 6.11 6.13 6.04 5.76 5.40 5.99 5.09
    Total 100.12 100.63 98.88 97.52 97.31 104.19 98.61

Cation numbers
P 3.000 3.000 3.000 3.000 3.000 3.000 3.000
In (*) – 0.200 0.500 1.000 1.500 1.800 2.000
Fe3+ 1.804 1.682 1.555 1.032 0.552 0.201 –
Fe2+ 0.242 0.215 0.116 0.071 0.000 0.000 –
Mn 1.077 1.019 1.038 1.032 1.030 0.950 0.994
Na 0.945 0.968 1.025 1.038 1.021 1.075 0.985
Fe3+ (%) 88.2 88.7 93.0 93.6 100.0 100.0 –
Fe2+ (%) 11.8 11.3 7.0 6.4 0.0 0.0 –
Note: Wet chemical analyses by J.-M. Speetjens. Cation numbers were
calculated on the basis of 3 P per formula unit, and the In content (*) was
deduced from the theoretical composition.

FIGURE 1. The observed (dots), calculated (solid line), and
difference X-ray powder diffraction patterns of NaMnFeIn(PO4)3

obtained from a Rietveld refinement. The vertical markers indicate
the positions calculated for the FeKa1 and FeKa2 Bragg reflections.
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CRYSTAL CHEMISTRY OF NaMn(Fe1–xInx)2(PO4)3

Characterization of the compounds

The NaMn(Fe1–xInx)2(PO4)3 alluaudite-like compounds
crystallize as fine-grained white powders. Powder X-ray dif-
fraction patterns indicate that pure alluaudite-like phases are
obtained for all x values between 0.00 and 1.00. The wet
chemical analyses (Table 2) confirm the chemical composi-
tion of the compounds and indicate the presence of 0.0 to
11.8 atomic percent of Fe2+, an amount that decreases as x
increases.

X-ray Rietveld refinements

The reliability factors, positional parameters, site occu-
pancies, and interatomic distances and angles, deduced from
the Rietveld refinements of the X-ray powder diffraction pat-
terns of the NaMn(Fe1–xInx)2(PO4)3 alluaudite-like compounds,
are given in Tables 3, 4, and 5, respectively. Both the satis-
factory values of Rp, Rwp, RBragg, and S (Table 3), and the mean
O-P1-O and O-P2-O angles (Table 5), which are close to those
of an ideal tetrahedron, confirm the reliability of the refine-
ments. A polyhedral representation of the crystal structure of
NaMnFeIn(PO4)3, projected along the approximate [001] di-
rection, is shown in Figure 2.

The crystallographic sites of the alluaudite-like compounds
(Table 4) are labeled according to the nomenclature recently
proposed by Hatert et al. (2000). The morphologies of the
coordination polyhedra of M1 and M2 are those of distorted
octahedra, whereas the morphologies of A1 and A2' are those

of a distorted cube and of a gabled disphenoid, respectively.
These morphologies are similar to those previously described
for the (Na1–xLix)MnFe2(PO4)3 compounds (Hatert et al. 2000).

The occupancy factors given in Table 4 indicate that the
A1 site is filled with Na+, whereas the A2' site contains only
small amounts of this cation. This distribution of Na+ between
the A1 and A2' crystallographic sites is similar to that al-
ready observed for NaMnFe2(PO4)3 (Hatert et al. 2000). The
positions of the sodium atom at the A2' site are shown in
Figure 3. For x = 0.25 and 0.50, Na+ is located above the
square formed by the four O6 atoms, whereas for x = 0.75,
Na+ is located below this plane.

Because Fe3+ and Mn2+ cannot be distinguished by Rietveld
refinements of X-ray data, the Fe3+-content of the M2 site
was fixed to its theoretical value. Preliminary refinements
were performed assuming Mn2+ at M1 and (Fe3+, In3+) at M2.
These refinements showed a rather high electronic density at
M1, whereas the electronic density at M2 was particularly
low, compared to the theoretical values. This behavior is likely
related to the presence of small amounts of In3+ at the M1 site
and of Mn2+ at the M2 site. Consequently, the occupancy fac-
tors for the M sites (Table 4) were calculated assuming a full
occupancy of M1 by Mn2+ and In3+, and of M2 by Fe3+, In3+,
and Mn2+.

The partially disordered cationic distribution of Mn2+ and
In3+ at the M1 and M2 crystallographic sites is probably due
to the similar ionic radii of Mn2+ and In3+, 0.830 and 0.800 Å,
respectively (Shannon 1976). As is shown in Figure 4, In3+

occupies the M1 site up to a maximum value of ca. 0.25 atom
per formula unit, whereas the Mn2+ content at the M2 site
increases linearly with increasing x. This linear behavior in-
dicates that large amounts of Mn2+ can occupy the M2 site, as
has already been observed by Antenucci (1992), who inserted
up to 50 atomic% Mn2+ at the M2 site of the alluaudite-like
compounds, Na2Mn2M(PO4)3, where M is Fe3+, In3+, Cr3+, or
Al3+. For x = 0.00, Figure 4 indicates the absence of Mn2+ at
the M2 site of the alluaudite structure, thus confirming data
previously published by Hatert et al. (2000).

Variation of the unit-cell parameters

The unit-cell parameters of the NaMn(Fe1–xInx)2(PO4)3

alluaudite-like compounds given in Table 1 increase in a lin-
ear fashion with increasing x due to the replacement of Fe3+

TABLE 3. Reliability factors for the Rietveld refinements of
thealluaudite-like compounds, NaMn(Fe1–xInx)2(PO4)3

x 0.25 0.50 0.75 1.00
Rp (%) 2.54 2.57 3.08 4.31
Rwp (%) 3.54 3.57 4.20 5.94
Rexp. (%) 1.65 1.99 2.21 2.44
S 2.13 1.78 1.89 2.42
RBragg (%) 5.44 2.98 3.35 4.65

FIGURE 2. A projection of the crystal structure of NaMnFeIn(PO4)3.
The PO4 tetrahedra are densely shaded. The shaded M1 octahedra are
occupied by Mn2+, and the unshaded M2 octahedra are occupied by Fe
and In3+. The circles indicate Na+ at the A1 and A2' crystallographic sites.

FIGURE 3. Morphology of the A2' crystallographic site in the
NaMn(Fe1–xInx)2(PO4)3 alluaudite-like compounds, for x values of 0.25
(a), 0.50 (b), and 0.75 (c).
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by In3+ at the M2 crystallographic site. This increase in the unit-
cell parameters (Fig. 5) correlates with the variation of bond
distances induced by the incorporation of indium into the
alluaudite structure. The differences between the bond distances
of NaMnFe2(PO4)3 and NaMnIn2(PO4)3, presented in Table 5,
clearly indicate that significant variations in the bond distances
occur for the A1 and M2 crystallographic sites. Indeed, for the
M2 crystallographic site, the nearly isotropic increase in the

bond distances does not result in an isotropic increase of the
unit-cell parameters (Fig. 5). This behavior is probably related
to the orientation of the M2-O5 and M2-O6 bonds, which are
parallel to the b axis. In contrast, no bonds are parallel to the a
and c axes (Fig. 6). Consequently, the increase in the b unit-
cell parameter is more important that the increase in the a and
c parameters (Fig. 5).

As shown in Figure 7, the significant increase in the b
angle correlates with the M1-M2 distances given in Table 5,
a correlation that can be qualitatively understood as follows.
The increasing M1-M2 distance indicates an elongation of
the octahedral chains of the alluaudite structure, resulting in
an increased b angle (Fig. 8). The variations in the A2'-O
bond distances are related to the displacement of the Na+ at-
oms at this crystallographic site (Fig. 3). Consequently, these
variations of bond distances do not affect the unit-cell pa-
rameters.

Infrared spectroscopy

The infrared spectra of NaMn(Fe1–xInx)2(PO4)3, shown in
Figure 9, are typical of an orthophosphate structure (Rulmont
et al. 1991). Qualitatively, sharp bands are observed for x =
0.00 and 1.00, whereas broader bands are observed for the com-
pounds with x = 0.25, 0.50, and 0.75. This feature can prob-
ably be related to the disordered distribution of Fe3+ and In3+ at
the M2 crystallographic site for the intermediate compounds.

Because the infrared spectra of alluaudites exhibit a com-
plexity that is related both to the low symmetry and to the
large unit cell of the alluaudite structure (Antenucci et al.

TABLE 4. Positional (x, y, z), isotropic thermal (B) and site occupancy (N) parameters for the synthetic alluaudite-like compounds,
NaMn(Fe1–xInx)2(PO4)3

Site Wyckoff Atom x y z B(Å2) N x y z B(Å2) N

NaMnFe1.5In0.5(PO4)3 NaMnFeIn(PO4)3

A2' 4e Na 0 –0.03(1) 1/4 1.0 0.033(4) 0 –0.011(5) 1/4 1.0 0.059(4)
A1 4b Na 1/2 0 0 3.3(4) 0.500(7) 1/2 0 0 3.3(4) 0.490(6)
M1 4e Mn 0 0.2650(3) 1/4 0.6(2) 0.426(4) 0 0.2631(2) 1/4 0.8(2) 0.390(4)

In 0 0.2650(3) 1/4 0.6(2) 0.074 0 0.2631(2) 1/4 0.8(2) 0.110
M2 8f Fe 0.2831(3) 0.6520(2) 0.3717(5) 0.8(1) 0.75 0.2831(2) 0.6504(1) 0.3731(4) 0.33(8) 0.5

In 0.2831(3) 0.6520(2) 0.3717(5) 0.8(1) 0.218(8) 0.2831(2) 0.6504(1) 0.3731(4) 0.33(8) 0.413(8)
Mn 0.2831(3) 0.6520(2) 0.3717(5) 0.8(1) 0.032 0.2831(2) 0.6504(1) 0.3731(4) 0.33(8) 0.087

P1 4e P 0 –0.2825(5) 1/4 0.6(2) 0.5 0 –0.2886(5) 1/4 0.3(1) 0.5
P2 8f P 0.2375(5) –0.1086(4) 0.1331(9) 0.6(2) 1.0 0.2407(4) –0.1099(4) 0.1306(8) 0.3(1) 1.0
O1 8f O 0.4589(8) 0.7284(8) 0.529(2) 0.4(2) 1.0 0.4549(7) 0.7199(7) 0.534(1) 0.2(1) 1.0
O2 8f O 0.0969(9) 0.6358(7) 0.234(1) 0.4(2) 1.0 0.0977(7) 0.6355(6) 0.242(1) 0.2(1) 1.0
O3 8f O 0.3242(8) 0.6609(7) 0.106(2) 0.4(2) 1.0 0.3304(7) 0.6625(6) 0.104(1) 0.2(1) 1.0
O4 8f O 0.1329(8) 0.3955(6) 0.327(1) 0.4(2) 1.0 0.1278(7) 0.3942(5) 0.324(1) 0.2(1) 1.0
O5 8f O 0.2239(8) 0.8283(7) 0.315(2) 0.4(2) 1.0 0.2234(7) 0.8212(6) 0.312(1) 0.2(1) 1.0
O6 8f O 0.3110(6) 0.5012(9) 0.371(1) 0.4(2) 1.0 0.3122(6) 0.4970(8) 0.370(1) 0.2(1) 1.0

NaMnFe0.5In1.5(PO4)3 NaMnIn2(PO4)3

A2' 4e Na 0 0.008(6) 1/4 1.0 0.052(4) 0 0.069(6) 1/4 1.0 0.059(6)
A1 4b Na 1/2 0 0 3.7(4) 0.498(7) 1/2 0 0 3.4(5) 0.501(9)
M1 4e Mn 0 0.2635(2) 1/4 1.0(2) 0.377(4) 0 0.2641(3) 1/4 1.1(2) 0.384(4)

In 0 0.2635(2) 1/4 1.0(2) 0.123 0 0.2641(3) 1/4 1.1(2) 0.116
M2 8f Fe 0.2844(2) 0.6497(1) 0.3740(3) 0.52(7) 0.25 – – – – –

In 0.2844(2) 0.6497(1) 0.3740(3) 0.52(7) 0.64(1) 0.2856(2) 0.6488(1) 0.3759(3) 0.17(8) 0.85(1)
Mn 0.2844(2) 0.6497(1) 0.3740(3) 0.52(7) 0.11 0.2856(2) 0.6488(1) 0.3759(3) 0.17(8) 0.15

P1 4e P 0 –0.2898(5) 1/4 0.2(1) 0.5 0 –0.2935(6) 1/4 0.3(1) 0.5
P2 8f P 0.2407(4) –0.1116(4) 0.1329(9) 0.2(1) 1.0 0.2394(5) –0.1131(5) 0.129(1) 0.3(1) 1.0
O1 8f O 0.4560(8) 0.7198(7) 0.536(1) 0.1(2) 1.0 0.458(1) 0.7225(9) 0.543(2) 1.0 1.0
O2 8f O 0.0972(7) 0.6335(7) 0.242(1) 0.1(2) 1.0 0.1005(9) 0.6343(9) 0.251(2) 1.0 1.0
O3 8f O 0.3325(7) 0.6625(7) 0.105(1) 0.1(2) 1.0 0.3366(9) 0.663(1) 0.109(2) 1.0 1.0
O4 8f O 0.1291(8) 0.3934(5) 0.328(1) 0.1(2) 1.0 0.128(1) 0.3932(7) 0.330(2) 1.0 1.0
O5 8f O 0.2252(7) 0.8198(6) 0.311(1) 0.1(2) 1.0 0.2258(9) 0.8181(8) 0.310(2) 1.0 1.0
O6 8f O 0.3130(6) 0.4937(8) 0.369(1) 0.1(2) 1.0 0.3121(9) 0.496(1) 0.365(2) 1.0 1.0

FIGURE 4. The compositional dependence of the site occupancies
in NaMn(Fe1–xInx)2(PO4)3.
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1993), it is difficult to assign all the individual absorption bands.
Nevertheless, the similarity of the NaMn(Fe1–xInx)2(PO4)3 spec-
tra with that of NaCdIn2(PO4)3 permits the assignments pro-
posed by Antenucci et al. (1993) to be used for
NaMn(Fe1–xInx)2(PO4)3. According to these authors, the stretch-
ing vibrational modes of the PO4 tetrahedra occur in the 1200–
850 cm–1 region, whereas the PO4 bending vibrational modes
occur between ca. 400 and 650 cm–1. Starting from these hy-
potheses, a more detailed assignment of the absorption bands
is presented in Table 6.

According to the fundamental vibrational frequencies of
the PO4 tetrahedron given by Farmer (1974), the absorption
bands between 939 and 1111 cm–1 can be assigned to n3, the
antisymmetric stretching modes of the PO4 anions, whereas
the bands between 517 and 599 cm–1 can be assigned to n4,
their bending mode. The weak band at 902 cm–1 in the spec-
trum of NaMnIn2(PO4)3 probably corresponds to n1, the sym-

TABLE 5. Selected interatomic distances (Å) and angles (∞) for the synthetic alluaudite-like compounds, NaMn(Fe1–xInx)2(PO4)3

x 0.00 (*) 0.25 0.50 0.75 1.00 Difference
A2’-O6 ¥ 2 2.526(2) 2.57(2) 2.562(7) 2.563(7) 2.73(3) 0.20
A2’-O6 ¥ 2 2.693(2) 2.73(2) 2.699(5) 2.711(7) 2.87(3) 0.18
A2’-O1 ¥ 2 2.868(6) 2.8(1) 2.95(5) 3.19(7) 2.96(6) 0.09
A2’-O3 ¥ 2 2.888(5) 3.07(9) 2.90(5) 2.72(6) 2.19(5) –0.70
Mean 2.74 2.79 2.78 2.80 2.69 –0.05

A1-O2 ¥ 2 2.320(1) 2.260(8) 2.299(7) 2.291(8) 2.35(1) 0.03
A1-O4 ¥ 2 2.333(1) 2.434(8) 2.425(7) 2.461(7) 2.48(1) 0.15
A1-O4 ¥ 2 2.581(1) 2.653(7) 2.647(6) 2.668(7) 2.666(8) 0.09
A1-O2 ¥ 2 2.979(1) 2.984(8) 2.971(7) 2.976(7) 2.989(9) 0.01
Mean 2.55 2.58 2.59 2.60 2.62 0.07

M1-O1 ¥ 2 2.191(1) 2.104(8) 2.197(7) 2.220(8) 2.253(9) 0.06
M1-O4 ¥ 2 2.175(1) 2.208(8) 2.191(6) 2.203(7) 2.199(9) 0.02
M1-O3 ¥ 2 2.246(1) 2.335(8) 2.266(7) 2.264(7) 2.24(1) –0.01
Mean 2.20 2.22 2.22 2.23 2.23 0.03

M2-O6 1.925(1) 1.94(1) 1.99(1) 2.04(1) 2.01(1) 0.09
M2-O3 2.029(1) 1.973(8) 2.056(7) 2.075(7) 2.103(9) 0.07
M2-O2 1.991(1) 2.053(8) 2.052(6) 2.085(6) 2.071(7) 0.08
M2-O5 2.053(1) 2.064(9) 2.104(8) 2.136(8) 2.17(1) 0.12
M2-O1 2.057(1) 2.160(8) 2.095(7) 2.108(7) 2.152(9) 0.10
M2-O5 2.220(1) 2.322(9) 2.276(8) 2.283(8) 2.29(1) 0.07
Mean 2.05 2.09 2.10 2.12 2.13 0.08

M1-M2 3.335(1) 3.347(3) 3.374(2) 3.396(2) 3.420(2)

P1-O1 ¥ 2 1.545(1) 1.46(1) 1.541(9) 1.548(9) 1.54(1) –0.01
P1-O2 ¥ 2 1.541(1) 1.595(9) 1.547(7) 1.561(8) 1.55(1) +0.01
Mean 1.54 1.53 1.54 1.55 1.55 0.00

P2-O4 1.525(1) 1.476(7) 1.496(6) 1.502(7) 1.537(8) 0.01
P2-O5 1.557(1) 1.48(1) 1.549(9) 1.532(9) 1.54(1) –0.02
P2-O6 1.530(1) 1.50(1) 1.51(1) 1.50(1) 1.55(1) 0.02
P2-O3 1.553(1) 1.55(1) 1.548(9) 1.57(1) 1.57(1) 0.02
Mean 1.54 1.50 1.53 1.53 1.55 0.01

O2-P1-O2 104.8(1) 99.3(5) 102.6(5) 101.7(5) 105.6(7)
O1-P1-O2 ¥ 2 108.54(7) 101.6(4) 108.2(4) 108.5(4) 109.3(5)
O1-P1-O2 ¥ 2 112.31(7) 113.8(4) 113.5(4) 114.6(4) 113.2(5)
O1-P1-O1 110.25(9) 124.3(7) 110.7(6) 109.0(6) 106.4(8)
Mean 109.5 109.1 109.5 109.5 109.5

O4-P2-O3 110.62(8) 103.0(5) 108.5(4) 107.8(4) 109.3(5)
O4-P2-O5 108.68(7) 109.9(5) 110.0(4) 111.0(5) 110.6(6)
O5-P2-O6 109.96(7) 110.0(5) 108.8(4) 109.2(4) 109.1(6)
O4-P2-O6 111.23(7) 110.3(5) 112.8(4) 113.0(4) 111.1(6)
O6-P2-O3 108.70(7) 110.7(5) 109.2(4) 107.8(5) 108.6(6)
O5-P2-O3 107.58(7) 112.8(6) 107.5(5) 107.9(5) 108.1(6)
Mean 109.5 109.5 109.5 109.5 109.5
* Single-crystal structure refinement data from Hatert et al. (2000).

metric stretching mode of the PO4 tetrahedron.
When the indium-content of the NaMn(Fe1–xInx)2(PO4)3

solid solution increases, the infrared spectra show the emer-
gence of weak absorption bands that can be attributed to In3+-
O vibrations. In the spectrum of NaMnIn2(PO4)3, these bands
are localized at 229, 308, 345, 488, 613, and 634 cm–1 (Table
6). A study by White and Keramidas (1972) of the infrared
spectra of several oxides has established a correlation between
the highest frequency band in the spectra and the M3+-O bond
distance. According to this correlation, the highest frequency
band for the In3+-O vibrational mode at 634 cm–1 corresponds
to an In3+-O distance of 2.12 Å, a value that is close to the
mean bond length of 2.13 Å (Table 5).

The replacement of Fe3+ by In3+ also leads to the disap-
pearance of weak bands at 249, 327, and 466 cm–1 in the spec-
trum of NaMnFe2(PO4)3, bands that can reasonably be assigned
to the Fe3+-O vibrations. The absorption bands at ca. 414 and
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FIGURE 5. The compositional dependence of the unit-cell
parameters of NaMn(Fe1–xInx)2(PO4)3. The error bars are smaller than
the data points.

FIGURE 6. Morphology of the M2 crystallographic site in the
alluaudite-like compound, NaMnFeIn(PO4)3.

FIGURE 7. The correlation between the b angle and the M1-M2
distance in the alluaudite-like compounds, NaMn(Fe1–xInx)2(PO4)3.

FIGURE 8. A projection of the octahedral M chains of the alluaudite
structure showing the relationship between the M1-M2 distance and
the b angle in the alluaudite-like compounds, NaMn(Fe1–xInx)2(PO4)3.
The M1 octahedra are shaded.

FIGURE 9. The infrared spectra of the NaMn(Fe1–xInx)2(PO4)3

alluaudite-like compounds.
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478 cm–1 are observed in the spectra for x = 0.00 to 1.00, sug-
gesting their possible assignment to Mn2+-O vibrational modes
or to PO4 bending modes.

57Fe Mössbauer spectroscopy

The 90 K Mössbauer spectra of NaMn(Fe1–xInx)2(PO4)3,
with x = 0.00, 0.10, 0.25, 0.75, 0.90, and 0.99 are shown in
Figure 10 and the spectra of NaMnFeIn(PO4)3, obtained at
five different temperatures, are shown in Figure 11. The gen-
eral appearance of these spectra indicate that they should be
fit with at least two doublets, one assigned to Fe2+ and having

a large isomer shift and quadrupole splitting, and a second as-
signed to Fe3+ and having a small isomer shift and quadrupole
splitting. However, the poor fits and the broad linewidths of
ca. 0.45 mm/s obtained with such preliminary fits suggested
that a reasonable spectral fit requires at least two Fe2+ doublets
and two Fe3+ doublets.

A model for the Mössbauer spectral analysis has been de-
veloped (Hermann et al. 2001) on the basis of the alluaudite
crystal structure (Hatert et al. 2000). In this model, four dif-
ferent next-nearest neighbor iron environments are possible
(Fig. 12), if one assumes both a random distribution of Fe2+,

FIGURE 10. The Mössbauer spectra of NaMn(Fe1–xInx)2(PO4)3

obtained at 90 K.
FIGURE 11. The Mössbauer spectra of NaMnFeIn(PO4)3 obtained

at the indicated temperatures.
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Fe3+, and In3+ at the M2 sites and that the Fe2+ and In3+ ions are
equivalent in their perturbation of the spectral hyperfine pa-
rameters. The latter assumption is justified because the Fe2+

and In3+ cations have similar six-coordinate ionic radii of 0.780
and 0.800 Å (Shannon 1976), respectively, and because it has
been shown that the different cation charges do not signifi-
cantly influence the hyperfine parameters (Hermann et al.
2001). Thus, if g and (1 – g) are the Fe2+ and Fe3+ fractions of
the total iron content, respectively, and if x is the In3+ con-
tent, the probabilities given in Figure 12 for the four different

iron environments of a given M2 site are obtained. Given these
assumptions, the Mössbauer spectra should exhibit two Fe2+

and two Fe3+ quadrupole doublets. A fit with these assump-
tions would require 15 adjustable parameters, but prelimi-
nary fits indicated that the isomer shifts and linewidths of the
two Fe2+ and two Fe3+ doublets were identical within experi-
mental error. Thus, the final fits involved the adjustment of
only 11 parameters, one Fe2+ fraction, g, two isomer shifts, d,
four quadrupole splittings, DEQ, and two linewidths, G, as well
as the total spectral area and spectral baseline. The value of x
was fixed to its stoichiometric value. The resulting fits are
excellent as is shown in Figures 10 and 11; the best-fit hyper-
fine parameters for the four environments are given in Table 7.

The fraction, g, of Fe2+ obtained from Mössbauer spec-
troscopy, which ranges from 7.5 to 19.1 atomic percent of the
total iron content at 90 K, is substantially larger than that
obtained by chemical analysis that gives values ranging from
0.0 to 11.8 percent. However, both the chemical analysis and
Mössbauer spectroscopy indicate that the Fe2+ content de-
creases with increasing x. This behavior is discussed in detail
below. As is well known (De Grave and Van Alboom 1991),
the Fe2+ recoil-free fraction decreases more with increasing
temperature than does that of Fe3+, a difference that explains
the slight decrease in g observed with increasing tempera-
ture. The following discussion will use the values of g ob-
tained at 90 K, a temperature at which the Fe2+ and Fe3+ recoil
free fractions can be assumed to be equal (De Grave and Van
Alboom 1991).

In agreement with the second order Doppler shift, both
the Fe2+ and Fe3+ isomer shifts decrease with increasing tem-
perature, as is illustrated in Figure 13 for NaMnFeIn(PO4)3.
A similar linear behavior has been observed for all the other
compounds under study herein and the zero temperature in-
tercepts, d(0), and the slopes, dd/dT, are given in Table 8.

TABLE 6. Assignments of the infrared frequencies for the alluaudite-
like compounds, NaMn(Fe1–xInx)2(PO4)3

0.00 0.25 0.50 0.75 1.00 Assignment
1111

1123 1123
1133 1132
1135 1136 n3 PO4

1021 1019 1014 1013
963 957 965 961

951 951 946
939

908 902 n1 PO4

634 In3+-O
614 613 In3+-O

598 594 596 599 599
577 575 574 572 571
571 n4 PO4

543 540 540 540 539
520 520 518 517 517

488 In3+-O
477 479 478 478 478 Mn2+-O or PO4 bending?
466 467 Fe3+-O
417 418 416 414 410 Mn2+-O or PO4 bending?

354 353 348 345 In3+-O
327 326 326 Fe3+-O

318 315 308 In3+-O
249 248 247 Fe3+-O

230 229 228 229 In3+-O

}
}

FIGURE 12. The four different configurations of next-nearest
neighbor M2 sites occupied by Fe3+, Fe2+, and In3+ and the probabilities
as obtained for the iron ion in bold face type. The vertical lines represent
the M2 sites occupied by Fe3+, the horizontal lines by Fe2+, and the
obliques by Fe2+ or In3+.

FIGURE 13. The temperature dependence of the isomer shifts of
NaMnFeIn(PO4)3.
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From these slopes and that of the logarithm of the absorption
area, d(ln Area)/dT, the effective vibrating masses and
Mössbauer lattice temperatures, qM, have been calculated
(Herber 1984) and are also given in Table 8. Because the Fe3+

Mössbauer lattice temperatures are between 294 and 440 K,
the linear approximation used for the temperature dependence
of the isomer shift between 90 and 295 K is rather poor (Long
et al. 2000) and the relatively large effective vibrating masses
of ca. 90 g/mol are probably overestimated. The reasonable
temperature dependence of the isomer shifts does, however,
serve to validate the model used to fit the spectra. The ob-
served 294 to 440 K range of Mössbauer lattice temperatures

are within the 288 to 460 K range typically observed for Fe3+ in
the octahedral sites of the spinel structure (Vandenberghe and
De Grave 1989). The Fe2+ Mössbauer lattice temperatures are
systematically larger than those obtained for Fe3+, probably
because the larger Fe2+ cation is more tightly bound within the
M2 site, a site that is normally occupied by the smaller Fe3+

cation.
As expected, within experimental error, the high-spin Fe3+

quadrupole splittings, DEQ,3–3 and DEQ,3–2, are independent of
temperature. In contrast, but as expected, the high-spin Fe2+

quadrupole splittings, DEQ,2–2 and DEQ,2–3, increase substan-
tially upon cooling (Fig. 14). The temperature dependence of

TABLE 7. Mössbauer spectral parameters for NaMn(Fe1–xInx)2(PO4)3

                  A Fe3+ (mm/s) Fe2+ (mm/s)
x T (K) [(%e)(mm/s)]/(mg/cm2) g (%) d* DEQ,3-3 DEQ,3–2 G d* DEQ,2–3 DEQ,2–2 G
0.00 295 –0.828(2) 17.8(4) 0.428(1) 0.520(1) 0.77(1) 0.309(2) 1.253(5) 2.71(1) 2.09(7) 0.43(1)

240 –0.853(2) 18.2(4) 0.444(1) 0.521(1) 0.77(1) 0.298(2) 1.264(4) 2.78(1) 2.19(7) 0.42(1)
190 –0.887(3) 18.3(4) 0.470(1) 0.522(2) 0.77(1) 0.309(2) 1.301(5) 2.87(1) 2.32(7) 0.42(2)
140 –0.918(3) 19.3(4) 0.493(1) 0.524(2) 0.77(1) 0.301(2) 1.325(4) 2.96(1) 2.44(6) 0.41(1)

90 –0.943(2) 19.1(4) 0.513(1) 0.525(1) 0.77(1) 0.294(2) 1.341(4) 3.04(1) 2.48(5) 0.38(1)
0.10 295 –1.225(3) 16.6(3) 0.439(1) 0.518(2) 0.733(6) 0.289(2) 1.259(3) 2.637(7) 2.06(3) 0.35(1)

225 –1.277(3) 16.7(3) 0.468(1) 0.518(2) 0.739(6) 0.287(2) 1.282(4) 2.765(8) 2.31(3) 0.36(1)
155 –1.355(4) 17.5(3) 0.505(1) 0.520(2) 0.743(7) 0.289(2) 1.328(4) 2.907(8) 2.40(3) 0.33(1)

90 –1.415(3) 18.2(2) 0.529(1) 0.519(1) 0.740(5) 0.281(2) 1.355(3) 2.990(6) 2.56(2) 0.33(1)
0.25 295 –0.861(3) 11.7(4) 0.438(1) 0.538(2) 0.734(5) 0.265(3) 1.259(5) 2.65(1) 2.02(3) 0.29(2)

240 –0.935(4) 12.2(4) 0.470(1) 0.536(2) 0.748(4) 0.268(3) 1.306(6) 2.77(1) 2.11(3) 0.31(2)
190 –0.983(5) 12.5(4) 0.496(1) 0.528(2) 0.748(4) 0.269(2) 1.319(6) 2.85(2) 2.51(4) 0.35(3)
140 –1.019(4) 12.5(3) 0.521(1) 0.535(2) 0.752(3) 0.266(2) 1.346(5) 2.93(1) 2.52(2) 0.32(2)

90 –1.069(2) 12.6(4) 0.539(1) 0.539(2) 0.752(4) 0.268(2) 1.366(5) 3.03(1) 2.65(3) 0.31(2)
0.50 295 –1.406(6) 10.7(5) 0.441(1) 0.498(3) 0.718(2) 0.269(3) 1.217(7) 2.66(4) 2.38(3) 0.33(3)

240 –1.514(6) 11.1(4) 0.476(1) 0.508(3) 0.717(2) 0.257(2) 1.269(4) 2.75(3) 2.52(2) 0.30(2)
190 –1.570(5) 11.0(3) 0.498(1) 0.514(2) 0.719(2) 0.261(2) 1.296(3) 2.85(2) 2.59(1) 0.27(2)
140 –1.632(5) 11.2(3) 0.518(1) 0.507(3) 0.726(2) 0.270(2) 1.328(4) 2.95(2) 2.65(1) 0.28(2)

90 –1.697(5) 11.8(2) 0.541(1) 0.517(2) 0.729(2) 0.268(2) 1.358(3) 3.02(1) 2.71(1) 0.28(1)
0.75 295 –0.809(6) 11.6(9) 0.445(1) 0.48(2) 0.661(5) 0.286(6) 1.19‡ 2.73‡ 2.38‡ 0.38(5)

240 –0.828(6) 9.7(6) 0.478(1) 0.50(2) 0.664(4) 0.280(5) 1.28(1) 2.85(9) 2.53(2) 0.28(4)
190 –0.867(6) 9.6(6) 0.498(1) 0.51(2) 0.662(5) 0.277(5) 1.32(1) 2.92(7) 2.62(2) 0.24(3)
140 –0.891(7) 8.3(9) 0.519(1) 0.49(2) 0.677(4) 0.270(6) 1.32(1) 2.9(2) 2.66(3) 0.27(6)

90 –0.930(9) 8.4(8) 0.540(1) 0.51(2) 0.670(6) 0.280(6) 1.36(1) 3.02‡ 2.73(2) 0.24(4)
0.90 295 –1.80(2) 7.4(5) 0.45(1) 0.384(2) 0.64(7) 0.304(5) 1.19‡ 2.73‡ 2.41‡ 0.3‡

240 –1.90(3) 5.4(7) 0.48(1) 0.489(3) 0.64(10) 0.30(1) 1.28‡ 2.85‡ 2.53‡ 0.3‡
190 –2.06(3) 6.3(6) 0.50(1) 0.475(2) 0.64(10) 0.30(1) 1.31‡ 2.85‡ 2.65‡ 0.3‡
140 –2.09(2) 6.7(6) 0.53(1) 0.469(2) 0.65(10) 0.29(1) 1.35(3) 2.88‡ 2.75(3) 0.3‡

90 –2.67(2) 7.5(6) 0.546(7) 0.441(2) 0.65(6) 0.289(7) 1.36(2) 3.02‡ 2.79(4) 0.3‡
0.99 295 –1.219(5) † 8.5(4) 0.444(1) –d 0.609(1) 0.355(2) 1.206(7) –d 2.51(2) 0.35(3)

240 –1.254(5) † 8.2(4) 0.461(1) –d 0.614(2) 0.355(3) 1.224(7) –d 2.55(1) 0.33(3)
190 –1.313(5) † 8.9(3) 0.486(1) –d 0.618(1) 0.348(2) 1.278(6) –d 2.64(1) 0.35(2)
140 –1.378(7) † 9.3(4) 0.509(1) –d 0.624(3) 0.352(4) 1.308(7) –d 2.72(2) 0.36(4)

90 –1.432(7) † 9.2(4) 0.527(1) –d 0.628(4) 0.348(4) 1.334(6) –d 2.82(2) 0.34(3)
* Relative to a-iron foil.
† 50[(%e)(mm/s)]/(mg/cm2) to take into account the enriched 57Fe content.
‡ Constrained value.  {{auth: what does footnote d stand for? please define or we’ll delete. If defined, note that we’ll use § not d.}}

TABLE 8. Parameters obtained from the temperature dependence of the Mössbauer spectra of NaMn(Fe1–xInx)2(PO4)3

x 0.00 0.10 0.25 0.50 0.75 0.90 0.99
104 ́  dd/dT Fe2+ [(mm/s)/K] –4.6(2) –4.9(5) –5.0(5) –5.1(5) –7.2(2.0) – –6.6(6)
104 ́  dd/dT Fe3+ [(mm/s)/K] –4.3(5) –4.5(2) –5.0(2) –4.9(4) –4.5(2) –4.8(2) –4.2(2)
d(0) Fe2+ (mm/s) 1.385(9) 1.399(9) 1.41(1) 1.40(1) 1.43(3) – 1.40(1)
d(0) Fe3+ (mm/s) 0.552(4) 0.571(4) 0.588(5) 0.588(7) 0.583(4) 0.591(3) 0.566(3)
104 ́  d(ln Area)/dT (K–1) –6.4(4) –7.2(3) –10.2(8) –9.1(8) –6.9(4) –10(2) –8.2(5)
Meff Fe2+ (g/mol) 90(9) 85(9) 84(8) 82(8) 58(16) – 63(6)
Meff Fe3+ (g/mol) 96(4) 93(4) 84(3) 84(7) 92(4) 87(4) 99(5)
q'M Fe2+ (K) 369(21) 355(20) 301(20) 324(20) 440(65) – 390(20)
q'M Fe3+ (K) 357(13) 340(10) 301(13) 319(20) 351(13) 294(30) 310(12)
D2–3 (cm–1) 542(30) 508(30) 512(24) 514(24) 567(50) – –
DEQ,2–3(0) (mm/s) 3.05* 3.05* 3.05* 3.05* 3.05* – –
D2–2 (cm–1) 495(20) 433(20) 381(18) 459(22) 528(16) – 513(34)
DEQ,2–2(0) (mm/s) 2.46(2) 2.6* 2.7* 2.75* 2.75* – 2.85*
* Parameter constrained to the value given.
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the Fe2+ quadrupole splitting, DEQ, in a distorted environment
may be calculated (Ingalls 1964) from the expression DEQ =
DEQ(0) ́  tanh(D/(2kT)), where DEQ(0) is the quadrupole split-
ting at 0 K and D is the low-symmetry crystal field splitting
of the octahedral Fe2+ orbital triplet ground state. The solid
lines shown in Figure 14 correspond to the best fits of the
quadrupole splittings with the model and the best-fit param-
eters are given in Table 8. A splitting of ca. 500 cm–1 is rather
normal for a distorted octahedral environment (Hartmann-
Boutron and Imbert 1968). The failure of the Ingalls’ model
to more adequately fit the Fe2+-Fe3+ quadrupole splittings (Fig.
14) is an indication that the low-symmetry components of
the octahedral crystal field are changing with temperature,
changes that are not considered by the Ingalls’ model. In-
deed, such changes are expected in alluaudite-like compounds
that have a non-compact crystal structure.

DISCUSSION AND CONCLUSIONS

The synthesis of the NaMn(Fe1–xInx)2(PO4)3 solid solution
confirms that alluaudite-like phosphates can easily accept In3+

as a trivalent cation, an observation that is in good agreement
with the synthesis of NaCdIn2(PO4)3 (Antenucci et al. 1993)
and Na3In2(PO4)3 (Lii and Ye 1997). X-ray Rietveld refine-
ments indicate a partially disordered distribution between
Mn2+ and In3+ at the M1 and M2 sites of NaMnIn2(PO4)3,
whereas a non-disordered distribution of Cd2+ and In3+ at these
crystallographic sites has been observed in NaCdIn2(PO4)3

(Antenucci et al. 1993; Hatert et al. 2001). This difference is
probably due to the similar ionic radii of Mn2+ and In3+, radii
that are 0.830 and 0.800 Å, respectively, whereas the ionic
radius of Cd2+, which is 0.95 Å, is significantly larger (Shan-
non 1976).

The compositional dependence of the Fe2+ content, ob-
tained from the Mössbauer spectral analysis, is shown in Fig-
ure 15. The decrease in the Fe2+ content with increasing x can
be qualitatively understood as follows. For steric reasons, the
M2 crystallographic site cannot be completely filled with Fe3+,
and, as a consequence, small amounts of larger cations, such
as Fe2+ or Mn2+, are generally observed at this site in natural
and synthetic alluaudites (Moore 1971; Moore and Ito 1979;
Hatert et al. 2000; Hermann et al. 2001). Because Fe2+ and
In3+ have similar radii of 0.780 and 0.800 Å, respectively,
values that are larger than the Fe3+ radius of 0.645 Å (Shan-
non 1976), the replacement of Fe3+ by In3+ increases the mean
ionic radius of the cations found at the M2 site. Consequently,
the M2 site no longer needs to stabilize a small amount of
Fe2+. Hence, as the number of In3+ cations increases, the num-
ber of Fe2+ cations decreases.

The compositional dependence of the isomer shifts (Fig.
16) shows an increase of 0.03 mm/s of both the Fe3+ and Fe2+

isomer shifts from x = 0.00 to 0.25 and no significant varia-
tion for x above 0.25. This behavior is somewhat surprising
in view of the linear compositional dependence of the unit-
cell volume shown in Figure 5. The interpretation of the com-
positional dependence of the isomer shifts requires a finer

FIGURE 14. The temperature dependence of the quadrupole
splittings of NaMnFeIn(PO4)3.

FIGURE 15. The compositional dependence of the Fe2+ content in
NaMn(Fe1–xInx)2(PO4)3.



HATERT ET AL.: ALLUAUDITE-LIKE SOLID SOLUTION 11

analysis of the steric effect on the isomer shift. We will restrict
our discussion to the Fe3+ isomer shift, because the Fe3+ dou-
blets are the main components of the spectra. The relationship
between the Fe3+ isomer shift in NaMn(Fe1–xInx)2(PO4)3 (solid
squares), and the mean Fe3+-O distance from Table 5, is shown
in Figure 17, where the open squares represent the data for
NaFe3.67(PO4)3 (Korzenski et al. 1998), Na0.5Li0.5MnFe2(PO4)3

(Hermann et al. 2001), and Ag2Mn2Fe(PO4)3 (Chouaibi et al.
2001). The satisfactory linear fit, with R = 89%, indicates an
increase in isomer shift of 0.23 (mm/s)/Å with the mean Fe3+-O
distance and hence the iron site volume, as x increases in

NaMn(Fe1–xInx)2(PO4)3. A similar linear dependence has been
previously observed for Fe2+ in various phosphate minerals
(Shinno and Li 1998).
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