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ABSTRACT

Several compounds of the Na,(Mn,_Fe?*),Fe**(PO,); solid solution have been hydrothermally
synthesized at 400 °C and 1 kbar; pure alluaudite-like compounds have been obtained for x = 0.00,
0.25, 0.50, 0.75, and 1.00. Rietveld refinements of the powder X-ray diffraction patterns indicate
the presence of Na* at the A1 and A2' sites, Mn** and Fe** at the M1 site, and Mn*, Fe?*, and Fe** at
the M2 site. The presence of small amounts of Na* at the M1 site and Mn?* at the A1 site indicates a
partially disordered distribution of these cations. An excellent linear correlation has been established
between the M1-M2 distance and the energy of the infrared band attributed to the M**-O vibrations.
The Mossbauer spectra, measured between 85 and 295 K, were analyzed in terms of a model which
includes the next-nearest neighbor interactions at the M2 and M1 crystallographic sites. Fe** and Fe*
isomer shifts are typical of the alluaudite structure and exhibit the expected second-order Doppler
shift. The derived iron vibrating masses and Mossbauer lattice temperatures are within the range of
values expected for iron cations in an octahedral environment. The Fe** and Fe* quadrupole splittings
are typical of the alluaudite structure, and the temperature dependence of the Fe** quadrupole splitting
was fit with the Ingalls model, which yielded a ground state orbital splitting of ca. 460 to 735 cm™ for
the Fe?* sites. The isomer shifts and quadrupole splittings of Fe?* at the M1 site are larger than those

of Fe?* at M2, indicating that the M1 site is both larger and more distorted than the M2 site.

INTRODUCTION

The crystal structure of natural alluaudite was determined by
Moore (1971) in the monoclinic C2/c space group, and led to
the general structural formula X2X1M1M2,(PO,); with Z = 4.
However, more recent structural refinements of synthetic phos-
phates with the alluaudite structure (Yakubovich et al. 1977;
Antenucci 1992; Warner et al. 1993; Antenucci et al. 1993,
1995; Lii and Shih 1994; Leroux et al. 1995a, 1995b; Lii and
Ye 1997; Korzenski et al. 1998; Hatert et al. 2000, 2002, 2003,
2004; Chouaibi et al. 2001; Guesmi and Driss 2002; Daidouh et
al. 2002; Ben Smail and Jouini 2002; Durio et al. 2002; Hidouri
et al. 2003) clearly demonstrate the existence of three cationic
sites that were not reported by Moore (1971). These sites are
located in the channels at crystallographic positions which are
different from those of the X1 and X2 sites. Based on detailed
structural studies, Hatert et al. (2000) proposed a new general
formula, (A2A2")(A1A1'A15)M1M2,(PQO,),, for alluaudite-type
compounds.

In granitic pegmatites, alluaudite exhibits chemical composi-
tions ranging from Na,Mn(Fe*Fe**)(PO,); to NaMnFe3*(PO,)s,
with Mn?* or some Ca?* replacing Na* at the A1 site, Fe?* replac-
ing Mn** at the M1 site, and some Mg?** or Mn?** replacing iron
at the M2 site, where [] represents a lattice vacancy at the A2’
site. The transition between these two end-member compositions
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corresponds to the substitution mechanism Na* + Fe** — [+ Fe*
(Fransolet et al. 1986), and occurs during the oxidation processes
affecting the complex phosphate associations within granitic peg-
matites, particularly in the beryl-columbite-phosphate subtype of
the rare-element pegmatites (Cerny 1991). Numerous oxidized
Na-Mn-Fe-bearing alluaudite specimens have been synthesized
by solid state reactions in air (Hatert et al. 2000, 2004; Hatert
2002a), but only a few compounds containing both Fe** and Fe**
have been hydrothermally synthesized (Yakubovich et al. 1977,
Corbin et al. 1986; Korzenski et al. 1998).

To better understand the crystal chemistry of the weakly
oxidized end-members, the Na,(Mn,_Fe?),Fe’*(PO,); solid
solution, with x = 0.00, 0.25, 0.50, 0.75, and 1.00, has been
synthesized by hydrothermal methods. Rietveld refinements of
powder X-ray diffraction patterns, and infrared and Mossbauer
spectral studies reveal the structural consequences of the replace-
ment of Mn?** by Fe?* in the octahedral chains of the structure.
Mossbauer spectroscopy is an especially valuable tool for this
study because it provides accurate information about the cation
distributions at the M1 and M2 crystallographic sites (Hermann
et al. 2002; Hatert et al. 2003, 2004).

EXPERIMENTAL METHODS

Compounds of the Na,(Mn,_Fe?*),Fe**(PO,); series, with x = 0.00, 0.25, 0.50,
0.75, and 1.00, were hydrothermally synthesized at 400 °C and 1 kbar. Stoichio-
metric quantities of NaH,PO,-H,O, FePO,, MnO, and FeO were homogenized in
a mortar and 100 mg of the mixture was sealed in silver tubes together with 10
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UL of distilled water. The silver tubes, which have an inner diameter of 5 mm,
were placed in a conventional hydrothermal apparatus with horizontally arranged
Tuttle-type cold-seal vessels (Tuttle 1949) for seven days and then cooled in a
stream of cold air. Pressure and temperature errors are estimated to be within +3%
and £10 °C, respectively.

The powder X-ray diffraction patterns of the compounds were recorded with
a Philips PW-3710 diffractometer using 1.9373 A FeKo radiation. The unit-cell
parameters (Table 1) were calculated with the LCLSQ 8.4 least-squares refinement
program (Burnham 1991) from the d-spacings calibrated with Pb(NO;), as an
internal standard. These unit-cell parameters and the atomic positions reported for
NaMnFe,(PO,); (Hatert et al. 2000) served as starting parameters for the Rietveld
refinements which were performed with the DBWS-9807 program of Young et
al. (1998). The 26 range extended from 10 to 100° with a step size of 0.02° and
a step time of 15 s. The total number of refined parameters was 55 for x = 0.00
and 54 for x = 0.25 to 1.00, with 510, 506, 500, 498, and 497 observed reflections
for x = 0.00, 0.25, 0.50, 0.75, and 1.00, respectively. The final Rietveld plot for
Na,MnFe?Fe*(PO,); is shown in Figure 1; fits of equivalent quality were obtained
for the other compounds.

The infrared spectra were recorded with a Nicolet NEXUS spectrometer, from
50 scans with a 2 cm™ resolution, over the 400-4000 cm™ region. The samples
were prepared by intimately mixing 2 mg of sample with KBr to obtain a 150
mg homogeneous pellet which was subsequently dried for a few hours at 120
°C. To prevent water contamination the measurements were performed under a
dry air purge.

The Mossbauer spectra were measured between 85 and 295 K with a con-
stant-acceleration spectrometer which utilized a room-temperature rhodium ma-
trix Co*’source and was calibrated at room temperature with o-iron powder. The
Mossbauer spectral absorbers contained ca. 24 mg/cm? of powder.

The wet chemical analyses were performed using 13 to 20 mg of material. Na,
Mn, and Fe were determined with an Analytic Jena Novaa 300 atomic absorption
spectrophotometer, whereas P was measured by colorimetry.

CRYSTAL CHEMISTRY OF NA,(MN,_,FEZ),FE*(PO,);

X-ray diffraction results

Powder X-ray diffraction patterns of the Na,(Mn,_Fe?"),
Fe**(PO,); solid solution indicate that pure alluaudite-like com-
pounds are obtained for all x values between 0.00 and 1.00. The
reliability factors, positional parameters, site occupancies, and
selected interatomic distances and angles obtained from the Ri-
etveld refinements are given in Tables 1, 2, and 3, respectively.
The satisfactory values of R, Ry, R, and S (Table 1) confirm
the reliability of the refinements. A polyhedral representation of
the crystal structure of Na,MnFe*Fe**(PQ,)s, projected along the
approximate [001] direction, is shown in Figure 2.

It is interesting to note the particularly long P2-O3 distances
for x = 0.00 and 0.25 (Table 3). Preliminary refinements were
performed with a model containing soft restraints for the P-O
bonds. The unacceptable increase of the R factors with this model

TaBLE 1.  Unit-cell parameters and reliability factors for the al-
luaudite-type compounds, Na,(Mn, Fezt),Fe>*(PO,); (S.G.
C2/c)

X 0.00 0.25 0.50 0.75 1.00

a(R) 12.024(4)  11.995(3)  11.944(2)  11.894(4)  11.849(2)

b(A) 12.629(6)  12.596(4) 12.560(2) 12.536(3) 12.539(1)

c(®) 6.515(3) 6.495(2) 6.480(1) 6.471(2) 6.486(1)

B ) 114.58(4)  11460(3)  114.52(1)  11449(2)  114.51(1)

V(A3 899.6(5) 892.3(3) 884.4(2) 878.1(3) 876.8(1)

Ry (%) 2.52 218 214 227 2.65

Rup (%) 3.48 2.90 2.93 3.08 3.83

Rewp. (%) 1.38 1.40 1.46 1.49 1.57

s 2.50 2.06 2.00 2.05 243

Reragq (%) 5.68 4.58 5.61 4.60 5.50

*The forms of the agreement factors are given by Young et al. (1998).

TABLE 2.  Positional (x, y, 2), isotropic thermal (B) and site occupancy
(N) parameters for the synthetic alluaudite-type com-

pounds, Na,(Mn,_Fe"),Fe3*(PO,),

Site  Atom Wyckoff  x y z B(A?) N

Na,Mn,Fe**(PO,); (x = 0.00)

A2’ Na 4e 0 -0.021(1) 0.25 24(7) 0.461(9)

Al Na 4b 0.50 0 0 1.2(5) 0.41(1)
Mn 4b 0.50 0 0 1.2(5) 0.09(1)

M1 Mn 4e 0 0.2693(7) 0.25 24(4) 0.44(2)
Na 4e 0 0.2693(7) 0.25 2.4(4)  0.06(2)

M2 Mn 8f 0.2779(5) 0.6559(4) 0.359(1) 0.5(2) 0.48(2)
Fe 8f 0.2779(5) 0.6559(4) 0.359(1) 0.5(2) 0.50

P1 P 4e 0 -0.287(1) 0.25 2.1(3) 0.50

P2 P 8f 0.2344(8) -0.1056(7) 0.134(2) 2.1(3) 1.00

o1 (¢] 8f 0.463(1) 0.710(1) 0.553(3) 0.9(3) 1.00

02 (0] 8f  0.089(1) 0.6318(8) 0.247(2) 0.9(33) 1.00

03 (6] 8f 0.334(1) 0.671(1) 0.114(2) 0.9(3) 1.00

04 (e] 8f 0.137(1) 0.398(1) 0.340(2) 0.93) 1.00

o5 (0] 8f 0.232(1) 0.823(1) 0319(3) 09(33) 1.00

06 (6] 8f 0.327(1) 0.503(1) 0.393(2) 0.903) 1.00

Na,Mn, sFe}Fe3*(PO,); (x = 0.25)

A2’ Na 4e 0 -0.013(1) 0.25 1.0 0.339(4)

Al Na 4b 0.50 0 0 1.8(3) 0.411(7)
Mn 4b 0.50 0 0 1.8(3) 0.089(7)

M1 Mn 4e 0 0.2676(4) 0.25 1.0(3) 0.47(1)
Na 4e 0 0.2676(4) 0.25 1.0(3) 0.03(1)

M2 Mn 8f 0.2779(4) 0.6557(2) 0.3623(7) 0.6(1) 0.21(4)
Fe 8f  0.2779(4) 0.6557(2) 0.3623(7) 0.6(1) 0.75

P1 P 4e 0 -0.2822(6) 0.25 0.9(2) 0.50

P2 P 8f 0.2343(5) -0.1074(4) 0.130(1) 0.9(2) 1.00

o1 (0] 8f  0.4593(8) 0.7109(9) 0.535(2) 0.5(2)  1.00

02 (¢] 8f 0.1043(9) 0.6383(6) 0.249(1) 0.5(2) 1.00

03 (¢] 8f 0.3360(8) 0.6702(7) 0.115(2) 0.5(2) 1.00

04 (6] 8f 0.1293(8) 0.3980(7) 0.332(1) 0.5(2) 1.00

05 (6] 8f 0.2279(7) 0.8257(8) 0.318(2) 0.5(2) 1.00

06 o 8f 0.3262(7) 0.5017(9) 0.388(1) 0.5(2) 1.00

Na,MnFe?*Fe3**(PO,); (x = 0.50)

A2 Na 4e 0 -0.0113(7) 0.25 1.2(4) 0.380(5)

Al Na 4b 0.50 0 0 1.6(3) 0.489(5)

M1 Mn 4e 0 0.2690(3) 0.25 1.0(2) 0.520(4)

M2 Fe 8f 0.2795(3) 0.6573(2) 0.3641(5) 1.0(1) 0.982(7)

P1 P 4e 0 -0.2846(5) 0.25 1.0 0.50

P2 P 8f 0.2370(4) -0.1106(3) 0.1238(9) 1.0 1.00

o1 (¢] 8f 0.4584(7) 0.7139(6) 0.538(1) 1.1(1) 1.00

02 o 8f 0.1027(8) 0.6433(5) 0.239(1) 1.1(1) 1.00

03 (0] 8f  0.3365(7) 0.6703(5) 0.110(1) 1.1(1)  1.00

04 (¢] 8f 0.1270(7) 0.3992(5) 0.328(1) 1.1(1) 1.00

05 (0] 8f 0.2283(6) 0.8256(6) 0.326(1) 1.1(1) 1.00

06 (6] 8f 0.3235(6) 0.4947(7) 0.384(1) 1.1(1) 1.00

Na,Mn,sFe?tFe’*(PO,); (x = 0.75)

A2’ Na 4e 0 -0.0110(7) 0.25 1.9(4) 0.376(5)

Al Na 4b 0.50 0 0 2.2(3) 0.510(5)

M1 Mn 4e 0 0.2687(3) 0.25 0.3(2) 0.221(3)
Fe 4e 0 0.2687(3) 0.25 0.3(2) 0.25

M2 Fe 8f  0.2803(3) 0.6576(2) 0.3655(4) 0.89(9) 0.990(6)

P1 P 4e 0 -0.2845(4) 0.25 1.0 0.50

P2 P 8f 0.2375(4) -0.1096(3) 0.1243(8) 1.0 1.00

o1 (0] 8f  04575(6) 0.7129(6) 0.536(1) 1.2(1)  1.00

02 (¢] 8f 0.1034(7) 0.6419(4) 0.242(1) 1.2(1) 1.00

03 (¢] 8f 0.3347(6) 0.6671(5) 0.109(1) 1.2(1) 1.00

04 (6] 8f 0.1278(6) 0.4012(5) 0.329(1) 1.2(1) 1.00

05 (¢] 8f 0.2270(6) 0.8261(6) 0.323(1) 1.2(1) 1.00

06 (¢] 8f 0.3215(5) 0.4996(7) 0.3829(9) 1.2(1) 1.00

Na,Fe3*Fe**(PO,); (x = 1.00)

A2 Na 4e 0 -0.0117(7) 0.25 1.0 0.377(2)

Al Na 4b 0.50 0 0 0.4(3) 0.474(5)

M1 Fe 4e 0 0.2688(2) 0.25 1.3(2) 0.504(4)

M2 Fe 8f 0.2819(3) 0.6580(2) 0.3674(5) 1.38(9) 1.051(8)

P1 P 4e 0 -0.2866(4) 0.25 0.4(1) 0.50

P2 P 8f  0.2330(4) -0.1097(3)  0.1230(8) 0.4(1)  1.00

o1 (¢] 8f 0.4580(7) 0.7196(5) 0.541(1) 0.5(1) 1.00

02 o 8f 0.0989(7) 0.6354(4) 0.239(1) 0.5(1) 1.00

03 0] 8f  0.3327(6) 0.6668(5) 0.109(1) 0.5(1)  1.00

04 (6] 8f 0.1300(7) 0.3976(4) 0.329(1) 0.5(1) 1.00

05 o 8f 0.2230(7) 0.8275(5) 0.321(1) 0.5(1) 1.00

06 (6] 8f 0.3252(5) 0.5020(6) 0.389(1) 0.5(1) 1.00
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FIGURE 1. The observed (dots), calculated (solid line), and difference
powder X-ray diffraction patterns of Na,MnFe*Fe**(PO,); obtained from
a Rietveld refinement. The vertical markers indicate the calculated
positions of the FeKo, and FeKa, Bragg reflections.

confirms the distortion of the P20, tetrahedron.

The crystallographic sites of the alluaudite-like compounds
(Table 2) 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
(Na,_,Li,)MnFe,(PO,); compounds (Hatert et al. 2000).

Because iron and manganese cannot be distinguished from
Rietveld refinements of X-ray diffraction data the Fe-content of
the M2 site was fixed to its theoretical value for x = 0.00 and
0.25, whereas the occupancy factors (Table 2) indicate that this
site is filled with Fe for x =0.50 to 1.00. Preliminary refinements
were performed by assuming that Mn?* is at the M1 site and
Na* is at the A1 site. For x = 0.00 and 0.25 these refinements
showed a rather low electronic density at the M1 site, whereas
the electronic density at the A1 site was particularly high when
compared with the theoretical values. This behavior is likely
related to the presence of small amounts of Na* at the M1 site,
and of Mn?** or Fe?* at the Al site. Because the effective ionic
radius of Na* is closer to the effective ionic radius of Mn?* than
to that of Fe** (Shannon 1976) we chose a simple model with Na*
and Mn*" at Al and M1. Consequently, the occupancy factors
for the A1 and M1 sites (Table 2) are calculated assuming a full
occupancy by Na* and Mn?*.

This partially disordered distribution of Na* and Mn** be-
tween the Al and M1 sites (Table 2) was previously observed
by Hatert (2002a) in the alluaudite-like Na,Mn,Fe3*(PO,);
and Na,Mn,Ga(PO,); compounds, synthesized by solid state
reactions. The progressive replacement of Mn?* by Fe** in the
alluaudite structure induces a significant decrease in the unit-
cell parameters (Table 1) and mean M1-O distances (Table 3),
which prevent the incorporation of Na* at the M1 site for x =
0.50 to 1.00.

The occupancy factors given in Table 2 also indicate that
the A2’ site is not completely filled with Na*. The occurrence of

FIGURE 2. The projection of the crystal structure of Na,Mn
Fe?*Fe**(PO,);. The PO, tetrahedra are densely shaded. The shaded
M1 octahedra are occupied by Mn*, and the unshaded M2 octahedra
are occupied by iron. The circles indicate Na* at the Al and A2’
crystallographic sites.

vacancies in this crystallographic site cannot be ruled out, be-
cause natural oxidized alluaudite specimens exhibit compositions
close to [JNaMnFe3*(PO,); or [INaFe*Fe3*(PO,), (Fransolet et
al. 1985, 1986). Small changes in the oxygen fugacity during
synthesis can therefore lead to oxidation of Fe** to Fe*, which
is coupled with replacement of Na* by vacancies through the
Na* + Fe?* — [J+ Fe** substitution mechanism. The Mossbauer
spectral study helped to determine the oxidation state of iron in
the alluaudite-type compounds considered in this paper.

Variation of the unit-cell parameters

The unit-cell parameters of the Na,(Mn,_Fe?"),Fe**(PO,),
alluaudite-like compounds given in Table 1 show an essentially
linear decrease with increasing x, a decrease which results from
the replacement of Mn?* by Fe?* at the M1 and M2 crystallo-
graphic sites. This decrease (Fig. 3) correlates with the variation
of the bond distances induced by the incorporation of Fe** into the
alluaudite structure. The differences between the bond distances
in Na,Mn,Fe*(PO,); and Na,Fe3*Fe**(PQ,)s, see Table 3, clearly
indicate that significant variations in the bond distances occur
for the M1 and M2 crystallographic sites.

As has been shown by Hatert (2002a) and Hatert et al. (2003),
variations in the M2-O bond distances significantly affect the b
unit-cell parameter, whereas variations in the M1-O distances
affect the a parameter. For x = 0.00 to 0.50, the incorporation
of Fe?* at the M2 site (Table 2) provokes a significant decrease
in the b parameter, whereas the decrease in a is smaller (Fig.
3). For x =0.50 to 1.00, Fe** is introduced to the M1 site (Table
2), thus inducing a more significant decrease in a as compared
to b (Fig. 3).

As is shown in Figure 4, the significant decrease in the (3 angle
correlates with the M1-M2 distances given in Table 3. Similar
correlations have been previously established by Hatert (2002a)
and Hatert et al. (2003) for the Na, s(Mn,_.Cd,), sFeis(PO,);,
Na, s(Mn,_,Zn,), sFe}%(PO,);, and NaMn(Fei*,In,),(PO,); alluau-
dite-type solid solutions. However, the correlations previously
observed were better than those presented in Figure 4, probably
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TABLE3. Selected interatomic distances (A) and angles (°) for
the synthetic alluaudite-type compounds, Na,(Mn,_,
Fei'),Fe**(PO,);

X 0.00 0.25 0.50 0.75 1.00 Difference

A2"-06 x2 2.40(1) 2411(6) 2.442(6) 2.447(5) 2.401(6) +0.00

A2'-06 x2 2.627(8) 2.596(6) 2.593(5) 2.604(4) 2.585(4) -0.04

A2'-01 x2 2.66(2) 2.80(2) 2.84(1) 2.83(1) 2.89(1) 0.23

A2-03 x2 3.03(2) 292(1) 2.893(9) 2.863(9) 2.876(9) -0.15

Mean 2.68 2.68 2.69 2.69 2.69 0.01

A1-02 x2 2.25(1) 2.352(7) 2.359(6) 2.352(5) 2.270(5) 0.02

A1-04 x2 2.50(1) 2.433(7) 2.397(6) 2.386(6) 2.418(6) -0.08

A1-04 x2 2.625(9) 2.580(7) 2.559(6) 2.542(5) 2.582(6) -0.04

A1-02 x2 2.85(1) 2.993(7) 3.054(6) 3.028(6) 2.961(6) 0.11

Mean 2.56 2.59 2.59 2.58 2.56 0.00

M1-01 x2 2.32(1) 2.22(1) 2.231(6) 2.224(6) 2.229(6) -0.09

M1-04 x2 221(1) 2.168(9) 2.143(7) 2.165(6) 2.142(6)  -0.07

M1-03 x2 2.20(1) 2.170(8) 2.169(6) 2.198(6) 2.213(6) 0.01

Mean 2.24 2.19 2.18 2.20 2.19 -0.05

M2-03 1.98(1) 2.01(1) 2.033(6) 2.019(6) 2.005(6) 0.03

M2-06 2.00(1) 2.01(1) 2.099(9) 2.032(9) 2.012(8) 0.01

M2-02 2.099(8) 1.910(8) 1.930(7) 1.926(6) 1.994(6) -0.11

M2-01 2.16(1) 2.108(8) 2.084(7) 2.052(6) 2.066(6) -0.09

M2-05 2.17(2) 2.12(1) 2.060(6) 2.063(6) 2.054(7)  -0.12

M2-05 2.17(1) 2.21(1) 2.186(8) 2.190(8) 2.218(7) 0.05

Mean 2.10 2.06 2.07 2.05 2.06 -0.04

M1-M2 3.356(5) 3.352(4) 3.327(3) 3.308(3) 3.290(3) -0.07

P1-02 x2 1.49(1) 1.605(9) 1.550(8) 1.555(6) 1.551(6) 0.06

P1-01 x2 1.52(2) 1.56(1) 1.535(7) 1.549(7) 1.494(7) -0.03

Mean 1.51 1.58 1.54 1.55 1.52 0.01

P2-04 1.485(8) 1.551(8) 1.527(6) 1.508(5) 1.524(6) 0.04

P2-05 1.52(2) 1.51(1) 1.576(8) 1.566(7) 1.552(7) 0.03

P2-06 1.53(1) 1.54(1) 1.498(9) 1.530(9) 1.549(8) 0.02

P2-03 1.69(2) 1.66(1) 1.589(8) 1.569(7) 1.553(8) -0.14

Mean 1.56 1.56 1.55 1.54 1.54 -0.02

02-P1-02 92.9(9) 102.8(6) 108.5(5) 107.2(4) 101.8(4)

01-P1-01 101(1) 109.6(8) 109.3(5) 109.2(5) 111.6(5)

02-P1-01x2 112.9(5) 108.1(4) 105.4(3) 106.5(3) 106.7(3)

02-P1-01x2 119.5(6) 114.2(4) 114.3(3) 113.8(3) 115.0(3)

Mean 109.8 109.5 109.5 109.5 109.5

04-P2-03  101.2(7) 104.8(4) 110.7(4) 110.3(4) 106.8(4)

06-P2-03 107.9(8) 108.6(5) 108.5(4) 108.7(4) 109.5(4)

06-P2-05  117.1(8) 112.3(5) 106.2(4) 107.1(4) 108.4(4)

05-P2-03 107.9(9) 109.4(6) 110.6(4) 110.8(4) 112.8(4)

06-P2-04  114.5(8) 114.0(5) 113.2(4) 111.2(4) 111.7(3)

04-P2-05  106.9(8) 107.5(5) 107.6(4) 108.7(4) 107.6(4)

Mean 109.3 109.4 109.5 109.5 109.5

because the replacement of Mn?* by Fe?* induces a smaller change
in the M1-M2 distance (Table 3) as compared to the significant
variations observed by Hatert (2002a) and Hatert et al. (2003).
This is due to the similar effective ionic radii of 0.830 A for Mn**
and 0.780 A for Fe** (Shannon 1976).

Infrared spectroscopy

The infrared spectra of Nay,(Mn,_Fe?*),Fe’*(PO,);, shown in
Figure 5, are typical of an orthophosphate structure (Rulmont
et al. 1991). Because the infrared spectra of alluaudite samples
exhibit a complexity which is related both to the low symmetry
and to the large unit-cell of the alluaudite structure (Antenucci
etal. 1993), it is difficult to assign all the individual absorption
bands. Nevertheless, the spectra of Na,(Mn,_[Fe?),Fe**(PO,);
can be assigned through comparison with the similar spectra of
NaCdIn,(PO,); and NaMn(Fe,_In,),(PO,); published by Ante-
nucci et al. (1993) and Hatert et al. (2003). According to these
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FIGURE 3. The compositional dependence of the unit-cell parameters

of Na,Mn,_Fe?!),Fe**(PO,);. The error bars are smaller than the data
points.

authors, the stretching vibrational modes of the PO, tetrahedra
occur in the 1200-850 cm™ region, while the PO, bending vibra-
tional modes occur between ca. 400 and 650 cm™'. Starting from
these hypotheses, a more detailed assignment of the absorption
bands is presented in Table 4.

According to the fundamental vibrational frequencies of the
PO, tetrahedron given by Farmer (1974), the absorption bands
between 930 and 1094 cm™' can be assigned to v, the antisym-
metric stretching modes of the PO, anions, and the bands between
545 and 584 cm™ can be assigned to v,, their bending mode. The
bands at 520 and 595 cm™ in the spectrum of Na,Fe3*Fe**(PO,);
are more difficult to assign, whereas the weak band at 909 cm™
probably corresponds to v,, the symmetric stretching mode of
the distorted PO, tetrahedron.

When the Fe?**-content of the Na,(Mn,_[Fe?"),Fe**(PO,); solid
solution increases, the infrared spectra show an important dis-
placement of an absorption band found at 433 cm™ in the spec-
trum of Na,Fe}'Fe3*(PO,); (Table 4). This band can be assigned
to the Mn?-O and Fe*-O vibrations, an assignment which is
confirmed by the excellent correlation between the M1-M2 bond
distance and the energy of the absorption band (Fig. 6).

White and Keramidas (1972) studied the infrared spectra of
several oxides and established a linear correlation between the
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highest frequency band in the spectra and the M**-O bond dis-
tance. According to this correlation, the highest frequency band
at 653 cm ™ for the Fe**-O vibrational mode in the spectrum of
Na,Fe}"Fe**(PO,); corresponds to a Fe**-O distance of 2.08 A,
a value which is close to the mean M2-O bond length of 2.06
A (Table 3).

Fes” Mossbauer spectroscopy

The 85 K Mossbauer spectra of Na,(Mn,_Fe2),Fe**(PO,),,
with x = 0.00, 0.25, 0.50, 0.75, and 1.00, are shown in Figure
7 and the spectra of Na,Mn, sFelsFe**(PO,);, obtained at four
different temperatures, are shown in Figure 8. The general ap-
pearance of these spectra indicate that they should be fit with
at least two doublets, one assigned to Fe?* with a large isomer
shift and quadrupole splitting, and a second assigned to Fe** and
having a small isomer shift and quadrupole splitting. However,
both the poor fits and the broad linewidths obtained from such
preliminary fits reveal that a reasonable spectral fit will require
at least two Fe?* doublets and two Fe** doublets.

Three different models for the Mossbauer spectral analysis
have been developed, based on the previous investigations
by Hermann et al. (2002) and Hatert et al. (2003, 2004). The
first model has been used for x = 0.00 and 0.25, and considers

114.7
w 1148 |
Q
o
o
e =3
< asf

1144 - -

328 330 332 334 3.36 3.38

M(1)-M(2) distance, A
FIGURE 4. Correlation between the B angle and the M1-M2 distance
in the Na,(Mn,_Fe?"),Fe**(PO,); alluaudite-type compounds.

Transmittance, arbitrary unit
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FIGURE 5. The infrared spectra of the Na,(Mn,_Fe?"),Fe’*(PO,);
alluaudite-type compounds.
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a random distribution of Fe**, Fe**, and Mn?** at the M2 site,
while the M1 site is filled with Mn?*. In this model, six different
next-nearest neighbor iron environments are possible (Fig. 9).
Thus, if f represents the Fe** fraction of the total iron content
of the M2 site, the probabilities given in Figure 9 for the six
different iron environments are obtained. Under these assump-
tions, the Mossbauer spectra should exhibit three Fe** and three
Fe** quadrupole doublets. A fit with these assumptions would
require 21 adjustable parameters, but preliminary fits indicated
that the isomer shifts and linewidths of the three Fe** and three
Fe** doublets were identical within experimental error. Thus,
the final fits involved the adjustment of only 13 parameters, one
Fe?* fraction, f, two isomer shifts, d, six quadrupole splittings,
AEq, and two linewidths, I, as well as the total spectral area and
spectral baseline. For x = 0.00, however, the very low amount
of Fe?*, ca. 8%, makes it impossible to obtain a satisfactory fit.
For this reason, the values of AE, for Fe** were constrained to
the values obtained for x = 0.25.

The second model, applied for x = 0.50, is similar to that
developed by Hermann et al. (2002), in which a random distri-
bution of Fe** and Fe** occurs at M2, whereas M1 is filled with
Mn?* (Fig. 9). The Mossbauer spectra should therefore show two
Fe?* and two Fe* doublets. The fits involved the adjustment of
11 parameters, one Fe?* fraction, f, two isomer shifts, 8, four
quadrupole splittings, AE,, and two linewidths, T", as well as
the total spectral area and spectral baseline.

TABLE4. Assignments of the infrared frequencies (cm™) for the al-
luaudite-type compounds, Na,(Mn,_Fez*),Fe**(PO,);
0.00 0.25 050 0.75 1.00 Difference Assignment
1082 1089 1097 1097 1094 12 v; PO,
1044 1044 - v; PO,
990 992 993 1004 1001 11 v; PO,
930 938 941 942 936 v; PO,
924 919 909 - v, PO,?
653 - Fe3*-0
634 634 634 638 4 Fe3*-0
602 602 596 596 595 -7 Fe**-O orv, PO, ?
583 584 581 581 580 -3 v, PO,
575 - v, PO,
545 545 545 546 545 0 v, PO,
516 518 520 517 520 4 (Fe,Mn)*-0 or v, PO,?
466 467 465 464 463 -3 Fe**-0 or PO, bending ?
415 417 422 427 433 18 (Fe,Mn)?*-O
3.38
336
oL
g
g 334 F
5
S
S 332¢
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328 L . : : —
410 415 420 425 430 435

Wavenumber, cm™

FIGURE 6. Correlation between the M 1-M2 distance and the energy of
the infrared absorption band assigned to the Fe?*-O and Mn?*-O vibrations
in the Na,(Mn,_Fe2),Fe**(PO,); alluaudite-type compounds.



658

The last model was used to fit the spectra of the compounds
with x = 0.75 and 1.00. In these samples, the occupancy of M2
is the same as that observed for x = 0.50, but a disordered dis-
tribution of Mn?* and Fe** occurs at M1. We consider that Fe**
does not occupy the M1 site, because the effective ionic radius
of this cation, 0.645 A, is very small, compared to the effective
ionic radii of 0.780 and 0.830 A for Fe** and Mn?*, respectively
(Shannon 1976). Consequently, the interactions between Fe?*
localized at M1 and the cations occurring at the adjoining M2
site must be taken into account (Fig. 9). According to this model,
the Mossbauer spectra should exhibit three M1 Fe?* doublets,
two M2 Fe** doublets, and two M2 Fe** doublets. However,
preliminary fits with this model were unsatisfactory, probably
because the number of parameters was too high. For this reason,
the less probable M1 Fe** doublet was neglected (Fig. 9), and the
final fits involved the adjustment of 15 parameters, one Fe** frac-
tion, f, three isomer shifts, §, six quadrupole splittings, AE, and
three linewidths, I, as well as the total spectral area and spectral
baseline. The resulting fits are excellent, as is shown in Figures 7
and 8; the best-fit hyperfine parameters are given in Table 5.

In agreement with the second order Doppler shift (Herber
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FIGURE 7. The Mossbauer spectra of Na,(Mn,_Fe2*),Fe**(PO,);
obtained at 85 K.
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1984), both the Fe* and Fe** isomer shifts decrease with in-
creasing temperature, as is shown in Figure 10 for Na,Mn, sFe?’
Fe**(PO,);. A comparable linear behavior was observed for all
the other compounds under study herein and the zero tempera-
ture intercepts, 8(0), and the slopes, dd/dT, are given in Table
6. The temperature dependence of the logarithm of the absorp-
tion area was fit with the Debye model (Herber 1984) in which
the mass of the iron nuclide was fixed at 57 g/mol. The Debye
or Mossbauer lattice temperatures obtained from these fits for
the Na,(Mn,_Fe2*),Fe**(PO,); alluaudite-type compounds are
given in Table 6. Debye temperatures between 320 and 430 K
are typical for iron in the octahedral sites of the spinel structure
(Vandenberghe and De Grave 1989).

As expected, the high-spin Fe** quadrupole splittings, AEq 3 3,
AEq 5., and AEq 5\, are independent of temperature within exper-
imental error (Fig. 11). In contrast, but as expected, the high-spin
Fe** quadrupole splittings, AEq,, AEq, 3, and AEq, .y, increase
substantially with cooling (Fig. 11). The temperature dependence
of the Fe?* quadrupole splitting, AE, in a distorted environment
may be calculated (Ingalls 1964) from the expression,

AEq = AE§(0) X {1 — exp(—A/KT)}{1 + 2exp(—A/KT)},

where AEy(0) is the quadrupole splitting at 0 K and A is the
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FIGURE 8. The Mossbauer spectra of Na,Mn,sFe3Fe**(PO,);
obtained at the indicated temperatures.
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FIGURE 9. The nine different configurations of next-nearest neighbor
M sites occupied by Fe** (shaded), Fe** (white), and Mn (densely
shaded) in the Nay(Mn,_Fe2),Fe**(PO,); alluaudite-type compounds.
The calculated probabilities are shown for x = 0.00 to 1.00.

low-symmetry crystal field splitting of the octahedral Fe**
orbital triplet ground state. It should be noted that an incorrect
equation was used by Hermann et al. (2002) and Hatert et al.
(2003) to fit the temperature dependence of the Fe** quadrupole
splittings. The solid lines shown in Figure 11 correspond to the
best fits of the quadrupole splittings with the Ingalls model and
the parameters are given in Table 6. A splitting of 500 to 700
cm™ is rather normal for a distorted octahedral environment
(Hartmann-Boutron and Imbert 1968). These values are similar
to those given by Hatert et al. (2004), with A, ; significantly
larger than A,, (Table 6). The failure of the Ingalls model to
more adequately fit the Fe?*-Fe* quadrupole splittings (Fig.
11) is an indication that the low-symmetry components of the
octahedral crystal field are changing with temperature, changes
which are not considered by the Ingalls model. Indeed, such
changes are expected in alluaudite-like compounds which have
a non-compact crystal structure.

DISCUSSION

This paper reports both the first hydrothermal synthesis of a
complete solid solution of Na-Mn-Fe-bearing alluaudite speci-
mens and their crystal-chemical characterization. It is important
to note that the hydrothermal synthesis of alluaudite specimens
with chemical compositions close to those of natural primary
alluaudite specimens (Fransolet et al. 1985, 1986) constitutes a
very promising result, because preliminary data concerning the
stability of alluaudite have been obtained with this technique
(Hatert 2002a, 2002b; Hatert and Fransolet 2002).

Rietveld refinements of the powder X-ray diffraction patterns
have shown a partially disordered distribution between Na* and
Mn?* at the Al and M1 crystallographic sites. The presence of
vacancies at the A2’ site has also been observed herein. Ac-
cording to the oxidation mechanism corroborated by Fransolet
et al. (1985, 1986), Na* + Fe** — [[1+ Fe’**, alluaudite samples
containing vacancies are also enriched in Fe*, compared to
the nominal compositions. The Rietveld refinements show the
presence of 0.24 to 0.32 vacancies for x = 0.25 to 1.00, whereas
the number of vacancies per formula unit is only 0.08 for x =
0.00. Beginning with the fraction of Fe?* obtained from the 85
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K Mbossbauer spectrum, we can calculate the excess amount of
Fe**, an amount which corresponds to the number of vacancies
per formula unit. For x = 0.25 to 1.00 the calculated number of
vacancies is between 0.23 and 0.36, whereas an excess of Fe>* in
Na,Mn,Fe*(PO,); indicates that the A2’ site is completely filled
with Na*. These calculated values are in excellent agreement with
the number of vacancies obtained from the Rietveld refinements
of the powder X-ray diffraction patterns.
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TABLE 5. MGssbauer spectral parameters for Na,(Mn,_FeZ*),Fe3*(PO,);

A M2 Fe®* (mm/s) M2 Fe?* (mm/s)
X T(K) [(%€)(mm/s)1/(mg/cm?) (%) O* AEqs; AEqys, AEqsmn T & AEqs AEq, AEqown T
0.00 85 -7.49(2) 7.9(2) 0.531(1) 0.823(2) 1.14(3) 0.549(2) 0.288(2) 1.322(5) 2.892t 2.59t 2.75(2) 0.28(1)
155 -7.16(2) 7.8(3) 0.508(1) 0.814(2)  1.12(3) 0.549(2) 0.292(2) 1.285(5) 2.838t 2.6t 267(2)  0.27(1)
225 -6.74(2) 6.7(3) 0.470(1) 0.802(3)  1.07(4) 0.548(2) 0.302(3) 1.233(5) 2.75% 2471 2.62(2)  0.26(1)
295 -6.55(2) 7.1(3) 0.429(1)  0.796(3) 1.06(4) 0.539(3) 0.304(3) 1.170(6) 2.652t 1.75% 2.51(2) 0.28(1)
0.25 85 -12.22(3) 13.4(1) 0.533(1) 0.709(1)  0.968(7) 0.475(2) 0.267(2) 1.316(1) 2.892(7) 2.59(4) 2.69(1) 0.263(7)
155 -11.78(3) 13.3(1) 0.514(1)  0.705(1) 0.963(7) 0.469(2) 0.268(2) 1.291(1) 2.838(9) 2.6(1) 2.66(2) 0.271(8)
225 -11.33(3) 12.7(2) 0.486(1) 0.698(1)  0.950(8) 0.471(2) 0.276(2) 1.255(1) 2.75(1) 247(4) 2.60(1)  0.268(9)
295 -10.69(3) 12.5(1) 0.446(1) 0.689(1)  0.925(9) 0.467(2) 0.272(2) 1.204(1) 2.652(8) 1.75(3) 2.48(1)  0.256(8)
0.50 85 -9.64(3) 35.8(2) 0.538(1) 0.514(2)  0.758(4) - 0.281(2) 1.313(1) 2.835(3) 2.634(8) - 0.275(5)
155 -8.93(2) 35.1(2) 0.518(1) 0.509(2)  0.748(4) - 0.289(2) 1.289(1) 2.790(3) 2.579(8) - 0.276(4)
225 -8.10(2) 33.8(2) 0.489(1) 0.511(2) 0.722(5) - 0.291(2) 1.251(1) 2.721(2) 2.483(7) - 0.261(4)
295 -7.51(2) 32.2(2) 0.460(1) 0.502(3)  0.704(7) - 0.306(3) 1.213(1) 2.636(3) 2.368(7) - 0.263(4)
0.75 85 -6.92(1) 32.3(2) 0.539(1) 0.533(1) 0.773(3) - 0.278(2) 1.297(2) 2.797(4) 2.61(1) - 0.256(5)
155 -6.64(2) 30.9(2) 0.521(1) 0.533(2)  0.766(4) - 0.289(1) 1.267(3) 2.772(4) 2.57(1) - 0.261(6)
225 -6.24(1) 29.3(2) 0.495(1)  0.527(2)  0.733(6) - 0.293(2) 1.241(3) 2.686(4) 2.36(1) - 0.251(5)
295 -5.91(2) 27.9(2) 0.466(1)  0.509(3) 0.687(9) - 0.309(3) 1.166(3) 2.564(4) 2.17(1) - 0.28(1)
1.00 85 -5.91(2) 38.1(3) 0.550(1)  0.525(2)  0.791(5) - 0.289(6) 1.309(2) 2.728(5) 2.49(1) - 0.257(7)
155 -3.07(1) 35.2(3) 0.524(1) 0.534(3) 0.775(6) - 0.288(3) 1.261(2) 2.680(5) 2.45(1) - 0.249(6)
225 -2.90(1) 33.4(4) 0.499(1) 0.511(4)  0.71(1) - 0.300(5) 1.201(7) 2.56(1) 2.23(2) - 0.271(9)
295 -2.74(1) 34.5(6) 0.476(1) 0.455(8)  0.63(1) - 0.317(7) 1.113(5) 2.3t 2.1t - 0.33(1)

* Relative to room temperature o-iron foil.
1 Constrained value.

TABLE6. Parameters obtained from the temperature dependence  TABLE7. Wet chemical analyses of the synthetic alluaudite-type
of the M6ssbauer spectra of Na,(Mn,_Fe2*),Fe3*(PO,); compounds, Na,(Mn,_Fez"),Fe3*(PO,);

X 0.00 0.25 0.50 0.75 1.00 X 0.00 0.25 0.50 0.75 1.00

Oy, tot. (K) 420200  430(8) 317(7) 395(4) 391(4) P,0s 41.46 41.38 42,52 4157 41.86

M1 site Fe,05" 12.85 19.50 20.38 21.28 19.76

10%x d&/dT Fe** - - - -7(1) -8.2(4) FeO’ 2.21 3.74 10.27 16.08 24.89

[(mm/s)/K] MnO 27.66 20.61 13.52 6.41 0.00

5(0) Fe?* (mm/s) - - - 145(2)  1.456(8) Na,O 11.90 11.89 1244 1221 12.40

AEq;.,5(0) (mm/s) - - - 3.05* 3.06* Total 96.08 97.12 99.13 97.55 98.91

Ayss(cm™) - - - 620(33)  554(30) Cation numbers

AEq3.,3(0) (mm/s) - - - 2.76* 2.74* P 3.000 3.000 3.000 3.000 3.000

Asos (cm™) - - - 660(43) 558(35) Fe3* 0.827 1.257 1.278 1.365 1.259
Fe2* 0.158 0.268 0.716 1.146 1.762

M2 site Mn 2.002 1.495 0.954 0.463 0.000

10%x d&/dT Fe** -7.2(6) -5.3(6) -4.8(4) -6(1) -9.2(9) Na 1.972 1.974 2.010 2.018 2.035

[(mm/s)/K] Note: The cation numbers were calculated on the basis of 3 P per formula unit.

10*x dd/dT Fe** -4.9(4) -4.1(5) -3702) -35(2) -3.53(6) *The Fe,0; and FeO contents were calculated from the Fe**/Fe?* ratios measured

[(mm/s)/K] from the Mossbauer spectra.

8(0) Fe>* (mm/s) 1.39(1)  1.37(1)  1.359(7)  136(2)  1.39(1)

5(0) Fe** (mm/s) 0.578(9) 0.574(9) 0.573(5) 0.573(5)  0.579(1)

AEq,3(0) (mm/s) - 2.9* 2.84* 2.8* 2.73*

Ays (cm™) - 694(30)  733(31)  708(15)  585(5) volume when Mn?* is replaced by Fe**. The excellent linear cor-

AEq22(0) (mm/s) - 264 2.64* 26* 248% relation between the unit-cell volume and the M2 Fe** isomer

Ay, (cm™) - 459(47) 656(24) 561(12)  566(19) . . .

AEgyn(0) (mm/s)  2.78% 2.7% _ _ _ shifts is shown on Figure 12.

Az (€M) 663(40)  717(19) - - - The alluaudite-type compounds Na,Mn,Fe**(PO,); (x =0.00)

* Parameter constrained to the value given.

To confirm the presence of vacancies, wet chemical analyses
were performed (Table 7), which unexpectedly show a sodium
content in good agreement with the nominal compositions. The
difference between the data deduced from the X-ray structure
refinements and the chemical compositions could indicate the
presence of small amounts of impurities that were not detected
by X-ray diffraction and Mossbauer spectroscopy. Maricite-type
phosphates, for example, are Na-rich phases that have been iden-
tified in association with alluaudite in hydrothermal experiments
at 400 to 800 °C (Hatert 2002a).

The M2 Fe** isomer shifts of the Na,(Mn,_JFe2*),Fe**(PO,);
alluaudite-type compounds show a significant increase when x
increases. This behavior is due to the decrease of the unit-cell

and Na,MnFe*Fe**(PO,); (x = 0.50) have previously been syn-
thesized by Hatert et al. (2004), who reported Mossbauer mea-
surements between 4.2 and 295 K. However, it must be stressed
that the synthesis conditions used for these samples are very
different from those used in the present study. Na,Mn,Fe*(PO,),
was obtained through a solid state reaction in air, at 850 °C, and
Na,MnFe*Fe*(PO,); was hydrothermally synthesized at 700 °C
and 3.5 kbar (Hatert et al. 2004). For this reason, the parameters
obtained from the Mossbauer spectra are slightly different in the
two papers. For example, Na,Mn,Fe**(PO,); obtained through
the solid state reaction does not contain any trace of Fe** (Hatert
et al. 2004), although the same compound synthesized by hy-
drothermal technique shows ca. 8 at% of Fe?*. This difference
is due to the very high oxygen fugacity which prevailed during
the solid state synthesis in air as compared to the lower oxygen
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M1 Fe?* (mm/s)

o* AEgras AEqsas r
1.387(3) 3.035(8) 2.754(8) 0.271(8)
1.366(6) 2.92(1) 2.652(6) 0.271(8)
1.288(4) 2.84(1) 2.579(6) 0.259(8)
1.258(4) 2.68(1) 2.498(8) 0.238(9)
1.382(2) 3.060(5) 2.74(1) 0.303(6)
1.335(3) 2.902(7) 2.567(8) 0.306(6)
1.272(6) 2.73(1) 2.465(8) 0.285(9)
1.211(2) 2.591(5) 2.325(7) 0.249(6)

fugacity prevailing during the hydrothermal synthesis.

An important difference between the results given by Hat-
ert et al. (2004) and herein is the assignment of AE, Fe** for
Na,Mn,Fe**(PO,);. The values of AE, 5\, reported by Hatert et
al. (2004) are larger than the values of AEq; 3, an observation
which can be explained by the significant distortion affecting the
adjacent M2 octahedra when they are occupied by Fe** and Mn?*.
In contrast, the values of AEq; v, given herein are smaller than
the values of AE, ;5. The reason for this difference is unknown,
but another model with an assignment similar to that proposed
by Hatert et al. (2004) was undertaken. The fits obtained with this
model were very poor, and it was decided to retain the first model
even in view of the different values of AEq; i, and AEq 5 .

Because Fe?* occurs at both the M1 and M2 crystallographic
sites, it is possible to compare the values of isomer shifts and
quadrupole splittings of these sites. The quadrupole splittings and
isomer shifts of Fe?* at the M1 site are larger than those of Fe**
at the M2 site (Table 5), thus indicating that the M1 site is larger
and more distorted than M2. These observations corroborate the
structural data previously reported in the literature (Moore 1971;
Hatert et al. 2000).
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