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Abstract 19 

A 57Fe Mössbauer spectroscopic study of natural eosphorite, (Mn, Fe2+)AlPO4(OH)2H2O, is 20 

reported. The Mössbauer spectra were collected at temperatures between 295 K and 4.2 K. At 21 

temperatures exceeding 30 K, the Mössbauer spectra consist of a somewhat broadened 22 

quadrupole doublet with a splitting of 1.73 mm/s at 295 K. From the spectrum recorded at 250 23 

K in an external magnetic field of 60 kOe, it is derived that the sign of the principal 24 

component of the electric field gradient (EFG) is negative and that the EFG’s asymmetry 25 

parameter is large (~0.5). From these findings, it is concluded that the octahedral coordination 26 

of the ferrous cations exhibits in first order a trigonal compression with a further lowering 27 

from axial symmetry due to an additional distortion. The spectrum collected at 4.2 K shows 28 

the existence of magnetic ordering. It was analysed in terms of the full hyperfine interaction 29 

Hamiltonian, yielding a magnetic hyperfine field value of 146 kOe and EFG characteristics 30 

that are fully in line with those obtained from the external-field spectrum. In the temperature 31 

range from 10 to 30 K, the spectra indicate the occurrence of relaxation effects. They could be 32 

satisfactorily described in terms of the Blume-Tjon (BT) model for electronic relaxation, 33 

assuming a superposition of a slow- and a fast-relaxation component. The observed 34 

temperature dependence of the isomer shift is adequately described by the Debye model for 35 

the lattice vibrations. The characteristic Mössbauer temperature was found as (360 ± 20) K 36 

and the zero-Kelvin intrinsic isomer shift as (1.480 ± 0.005) mm/s. The variation of the 37 

quadrupole splitting with temperature is explained by the thermal population of the Fe2+ 38 

electronic states within the T2g orbital triplet, which is split by the trigonal crystal field in a 39 

singlet ground state and an upper doublet state, the latter being further split into two orbital 40 

singlets by an additional distortion. The energies of these latter excited states with respect to 41 

the ground state are calculated to be 280 ± 20 cm-1 and 970 ± 50 cm-1, respectively, based on a 42 

point-charge calculation of the 5D level scheme. This calculation confirms the sign of the Vzz 43 
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component of the electric field gradient being negative as it is determined from the external 44 

magnetic field measurement and from the magnetic spectrum acquired at 4.2 K. Iron 45 

phosphates are widely spread minerals in the Earth’s crust and are expected to occur in soils 46 

and rocks on Mars as well. Mössbauer spectroscopy as complimentary source of information 47 

to the results of other analytical techniques, could therefore be useful to identify and 48 

characterize the environmental Fe-bearing phosphates. 49 

 50 
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INTRODUCTION 55 

 Eosphorite, ideally Mn2+AlPO4(OH)2.H2O, has orthorhombic symmetry with space 56 

group Bbam (Hanson 1960, Huminicki and Hawthorne 2002). The structure is depicted in 57 

Figure 1 and consists of alternating chains of Mn octahedra and Al octahedra that run parallel 58 

to the c-axis. The strongly-distorted Mn octahedra share opposite O1-O2 edges, while the 59 

more regular Al octahedra share opposite O3 corners occupied by H2O groups. The two types 60 

of chains are linked to each other by sharing their O4 corners, thus forming parallel sheets 61 

that are held together by P cations in a tetrahedral O4 coordination. Based on single-crystal X-62 

ray diffraction, Hoyos et al. (1993) concluded that the two aforementioned O4 sites are both 63 

occupied by OH groups. However, a more recent structure refinement using neutron 64 

diffraction data for a single-crystal of eosphorite has revealed that only one of the O4 sites is 65 

occupied by OH, while the other is occupied by H2O (Gatta et al. 2013).   Thus, the structure 66 

can be considered as being composed of chains of MnO4(OH,H2O)2 and 67 

AlO2(OH)2(OH,H20)2 octahedra. Eosphorite is isomorphous with childrenite, 68 

FeAlPO4(OH)2.H2O, and the two mentioned minerals form the end members of a complete 69 

solid-solution series. It is generally accepted in the literature that only Fe2+ is present in the 70 

structure of iron-substituted eosphorite, (Mn,Fe)AlPO4(OH)2.H2O, and that these Fe2+ cations 71 

are found in the Mn octahedra.  72 

Mössbauer spectra (MS) at room temperature (RT) of a number of iron-substituted 73 

eosphorites with different Fe/Mn ratios have been presented by da Costa et al. (2005). These 74 

authors found a relatively narrow ferrous doublet with constant isomer shift δFe of 1.25 mm/s 75 

and quadrupole splittings ΔEQ in the range 1.70 to 1.74 mm/s. More recently, Dyar et al. 76 

(2014) in a compilation of Mössbauer data on a large variety of phosphate minerals reported 77 

for a childrenite-eosphorite solid solution with unspecified Fe/Mn ratio a single quadrupole 78 

doublet with δFe = 1.25 mm/s and ΔEQ = 1.66 mm/s. As far as could be traced by the present 79 
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authors, no further Mössbauer data on childrenite-eosphorite solid solutions are available in 80 

the literature. In the present contribution, MS acquired at many different temperatures in the 81 

range between 4.2 K and 295 K for an eosphorite sample (RO-02, Fe/Mn ratio of 0.60) 82 

studied earlier by da Costa et al. (2005) are presented and the temperature variations of the 83 

isomer shift and the quadrupole interaction are discussed.  84 

 85 

EXPERIMENTAL 86 

 The specimen of natural eosphorite was characterized by X-ray diffraction and 87 

microprobe analysis. The unit-cell parameters were calculated as a = 10.429 Å, b = 13.474 Å 88 

and c = 6.925 Å. Chemical analysis revealed the presence of 17.8 wt % MnO and 10.5 wt % 89 

FeO in the sample.  90 

MS were collected at selected temperatures between 4.2 K and 295 K using spectrometers 91 

operating in constant acceleration mode with triangular reference signal. 57Co(Rh) sources 92 

were used. A spectrum was acquired at ~250 K in a longitudinal external magnetic field of 60 93 

kOe to determine the sign of the principal component Vzz of the electric field gradient (EFG) 94 

and the EFG’s asymmetry parameter η. The counts were accumulated in 1024 channels. 95 

Spectra were run until an off-resonance count rate of at least 106 per channel was reached. 96 

The spectrometers were calibrated by collecting the RT spectrum of a reference metallic-iron 97 

foil or a standard α-Fe2O3 powder, depending on the applied velocity range. Isomer shifts 98 

quoted hereafter are referenced with respect to α-Fe at 295 K.  99 

 100 

SPECTRA ANALYSES AND RESULTS 101 

A typical Mössbauer spectrum of the eosphorite sample is reproduced in Figure 2 102 

(RT). It has been fitted with a Lorentzian-shaped quadrupole doublet (solid line in Fig. 2), 103 

yielding the isomer shift δFe and quadrupole splitting ΔEQ values that are characteristic of 104 
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Fe2+, i.e., 1.24 mm/s and 1.73 mm/s at 295 K, respectively. The relatively narrow line width, 105 

i.e. Γ = 0.33 mm/s at RT, suggests that the Fe2+ cations are indeed substituting for Mn2+ at the 106 

Mn octahedra only. The MS for all applied temperatures down to 40 K are similar. Adjusted 107 

values of δFe and ΔEQ for selected temperatures are listed in Table 1. Consistently, no 108 

indication of the presence of any Fe3+ was noticed. At the lower applied temperatures, a 109 

slightly lower goodness-of-fit was reached using a model-independent distribution of 110 

quadrupole splittings for the fittings (Vandenberghe et al. 1994), instead of using a single 111 

quadrupole doublet.  However, the values calculated for the maximum-probability quadrupole 112 

splittings of the respective distributions were found to coincide, within experimental error 113 

limits, with those of the quadrupole splittings adjusted by the single-doublet model.  114 

It is well known that the quadrupole splitting ΔEQ as observed in a doublet spectrum is 115 

given by the relation (Ingalls 1964): 116 

 2
,

11
3

Δ = Δ + ηQ Q zzE E , (1) 117 

in which  118 

ொ,௭௭ܧ∆  ൌ ଵଶ ݁ܳ| ௭ܸ௭| (2) 119 

 120 

In Equation 2, e represents the proton charge, Q is the nuclear quadrupole moment and Vzz 121 

(often denoted as eq) is the principal component of the electric field gradient (EFG) tensor, 122 

being positive or negative depending on the local symmetry experienced by the probe 57Fe 123 

nuclei. /η = −xx yy zzV V V
 
is the asymmetry parameter, being zero for axial symmetry. The 124 

quantities Vii are the diagonal elements of the EFG tensor organized so that Vzz>Vxx≥Vyy. In 125 

general, information about η and the sign of Vzz can be obtained from MS recorded for the 126 

sample being subjected to a strong external magnetic field Hext at a temperature in the 127 

paramagnetic regime. Such measurement was performed for the eosphorite powder at 250 K 128 
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in an applied longitudinal field of 60 kOe. That spectrum is reproduced in Figure 3, in which 129 

the solid line is the numerically adjusted line shape.  130 

The analysis of the external-field spectrum was based on the diagonalization of the 131 

full nuclear interaction Hamiltonian taking into account the variable spatial direction of the 132 

external magnetic field as expressed by the azimuthal and zenithal angles ϕ and θ with respect 133 

to the local EFG-axes system (Van Alboom et al. 2011). A total of 72 equally-spaced values 134 

for ϕ in the range 0° to 355° were considered, while for each ϕ value the quantity cosθ was 135 

forced to vary between 1 and -1 in steps of 0.1. Further, it was taken into account that in a 136 

paramagnetic powder the external magnetic field induces an internal magnetic field as a 137 

consequence of magnetization effects arising from a partial or full orientation of the magnetic 138 

moments along the direction of the external magnetic field. This effect is experienced as a 139 

strong reduction of the external field. For a paramagnetic cation such as Fe2+, this reduction is 140 

moreover usually anisotropic in the sense that the effective field experienced by the probe Fe 141 

nuclei depends on the orientation of the external magnetic field with respect to the EFG-axes. 142 

This anisotropic effect is modeled by introducing three reduction parameters Hxx, Hyy and Hzz, 143 

respectively. Depending on the electronic structure of Fe2+, i.e. on the 5D level scheme in the 144 

local crystal field, the magnitude of one or more of these Hii reductions may be high, even 145 

exceeding the magnitude of the applied field itself (Varret 1976).   146 

Numerous trial fits were attempted. Consistently, a negative sign for Vzz  was obtained 147 

as was a high magnitude for the field-reduction parameter Hzz. Moreover, the spectrum was 148 

most adequately reproduced by additionally introducing in the model a distribution of values 149 

for Hzz. For the calculated line shape shown in Figure 3, the adjusted values for δFe and ΔEQ 150 

were 1.25 ± 0.02mm/s and 1.88 ± 0.03mm/s (Vzz < 0), respectively. They are not highly 151 

accurate (see Table 1), but in reasonable agreement with the values expected from the results 152 

derived from the zero-field quadrupole doublets in the vicinity of 250 K. The value of 0.45 ± 153 
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0.05 for the asymmetry parameter implies that the symmetry of the Mn octahedron is non-154 

axial, which is conceivable considering the known variations in O-O interatomic distances for 155 

that octahedron (Hoyos et al. 1993, Gatta et al. 2013). Calculated values of the field reduction 156 

parameters are Hxx = -5 ± 1 kOe, Hyy = -9 ± 2 kOe and Hzz = -90 ± 5kOe.  157 

At 4.2 K, the mineral eosphorite exhibits magnetic ordering (Fig. 4). The spectrum 158 

was analyzed by an iteration procedure that is similar to the one applied to fit the earlier 159 

external-field spectrum (Fig. 3) and that makes use of the diagonalization of the full 160 

hyperfine-interaction Hamiltonian to calculate the relevant energy levels and the transition 161 

probabilities between these levels for a random powder absorber (Hoy and Chandra 1967; 162 

Kündig 1967). The hyperfine parameters that have to be adjusted in this procedure are (i) the 163 

isomer shift δFe, (ii) the principal component Vzz of the EFG, (iii) the asymmetry parameter η 164 

of the EFG, (iv) the strength Hhf of the magnetic hyperfine field, and (v) the zenithal and 165 

azimuthal angles of the hyperfine field in the EFG (x,y,z)-axes frame, Ω and Ψ, respectively. 166 

However, this fitting approach produced an adjusted line shape that was clearly showing 167 

slight but significant misfits. These misfits were likely the result of the constraint imposed on 168 

the fit by considering one single component with constant line width for all eight transitions 169 

and/or from the feature that one or more hyperfine parameters to some extent exhibit a 170 

distribution. In general, Fe2+ hyperfine parameters, in particular the hyperfine field, are indeed 171 

very sensitive to such features as structural imperfections, locally varying bonding properties 172 

and nearest-neighbor cation configurations or slight deviations from ideal stoichiometry. 173 

Therefore, in a next stage of the numerical interpretation of the spectral data, a model-174 

independent distribution of the hyperfine field Hhf was programmed (Vandenberghe et al. 175 

1994), allowing this field to take on 40 successive values in a step of 5 kOe. It was further 176 

imposed that all 40 elemental components possess equal values for the other hyperfine 177 

parameters, viz., δFe, Vzz, and η, and for the angles Ω and Ψ. 178 
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The as-such adjusted Mössbauer spectrum is plotted as a solid line in Figure 4. It is 179 

obvious that the agreement with the observed spectrum is satisfactory. The obtained values 180 

for δFe and ΔEQ (see Table 1) are in line with those observed for the paramagnetic MS and the 181 

derived sign of Vzz is in agreement with that concluded from the external-field spectrum at 182 

250 K, i.e., negative. Also the values of the asymmetry parameter η found at 4.2 K and at 250 183 

K are consistent. Further, the maximum-probability hyperfine field was calculated to be 146 ± 184 

5 kOe and the angles Ω and Ψ were iterated to be 80 ± 2° and 260 ± 50°, respectively. 185 

In the intermediate temperature range between ~10 K and ~35 K, the shape of the 186 

spectra indicate the occurrence of electronic relaxation. Two example spectra are reproduced 187 

in Figure 5. At first, the relaxation effect is reflected in the appearance of an asymmetric 188 

doublet (see Fig. 5a). The asymmetry becomes more enhanced as the temperature is further 189 

lowered.  At 10 K, the presence of a second spectral component showing magnetic hyperfine 190 

structure is evident (see Fig. 5b). The relaxation spectra of this eosphorite sample are 191 

remarkably very similar to the spectra observed earlier for a natural ankerite species with 192 

composition (Ca1.1Mg0.5Fe0.3Mn0.1)(CO3)2 (De Grave 1986). As for this carbonate, the present 193 

relaxation spectra are only adequately described by a superposition of a fast- and a slow-194 

relaxation component in terms of the relaxation model described by Blume and Tjon (1968). 195 

In the iteration procedure, the hyperfine field was fixed at the value calculated for the 196 

spectrum at 4.2 K, i.e. 146 kOe.  The other hyperfine parameters δ, ΔEQ and η were allowed 197 

to vary and also the relaxation times τs and τf; the relative spectral areas Ss and Sf of the slow- 198 

and fast-relaxing component, respectively, were adjustable parameters. The calculated overall 199 

line shapes and the respective sub-components are plotted as solid lines in Figure 5. The 200 

agreement with the experimental line shapes is quite reasonable. The adjusted values for δ, 201 

ΔEQ and η are included in Table 1 and are in line with the results derived from the pure 202 

paramagnetic spectra. The relaxation times were calculated as τs = 1.0×10-8 s and τf = 1.6×10-203 
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10 s at 10 K, and τs = 6.7×10-9 s and τf = 2.0×10-10 s at 19 K. The Sf/Ss area ratios were found 204 

to be 50:50 and 70:30 at 10 K and 19 K, respectively. Being beyond the scope of this 205 

spectroscopic mineralogical characterization of eosphorite, no further attention was paid to 206 

the physical nature and the origin of these relaxation phenomena. 207 

 208 

 209 

DISCUSSION 210 

 211 

The temperature dependence of the isomer shift δ (the subscript Fe is from here on 212 

omitted for the sake of clarity) is plotted in Figure 6. The data are interpreted on the basis of 213 

the expression: δ(T) = δI + δSOD. The intrinsic isomer shift δI is determined by the s-electron 214 

density at the nucleus and in a first approximation exhibits a linear temperature variation: 215 

δI(T) = δI(0) + α.10-5T. This weak variation is a result of the thermal expansion of the t2g and 216 

eg wave functions of the iron probes (Perkins and Hazony 1972). In contrast, the second-order 217 

Doppler shift, δSOD, is strongly dependent on temperature, being related to the vibrational 218 

properties of the probe nuclei in the crystal structure.  The Debye approximation for the lattice 219 

vibrational spectrum provides an adequate model for calculating δSOD. It contains one 220 

parameter, the so-called characteristic Mössbauer temperature, ΘM, that is obtained by 221 

adjusting the theoretical expression for δ(T) to the experimental values. Details concerning the 222 

calculation of the δ(T) curve in terms of the Debye model, are given in De Grave and Van 223 

Alboom (1991) and Eeckhout and De Grave (2003a). The solid curve in Figure 6 represents 224 

the calculated temperature variation with ΘM = 360 ± 20 K.  This result is in line with a 225 

general tendency that Fe2+ Mössbauer temperatures are close to 400 K, while Fe3+ species 226 

commonly exhibit values close to or exceeding 500 K. The thermal coefficient α was adjusted 227 
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to a value of –6.5 mm/(sK), which is significantly higher than is found for triphylite, i.e., -1.1 228 

mm/(sK) (Van Alboom et al. 2011), but comparable with the result obtained for hedenbergite, 229 

i.e., -4.5 mm/(sK) (Eeckhout and De Grave 2003b). However, it must be stressed that in 230 

general the parameter α is ill defined because of the extremely small misfit effects it corrects 231 

for and because of the strong interference with the parameter ΘM in determining the 232 

goodness-of-fit of the calculated δ(T) curve. This is especially true when the temperature 233 

range of the experimental data does not extend to very high values.  234 

The temperature variation of the quadrupole splitting ΔEQ is depicted in Figure 7. In 235 

general, each Vii (i = x, y, or z) in Equations 1 and 2 is composed of a valence term and a 236 

lattice term, i.e.:  237 

 (1 ) (1 γ ), ,= − + − ∞V R V Vii ii val ii latt , (3) 238 

R and γ∞  being the Sternheimer shielding and anti-shielding factors, respectively 239 

(Sternheimer 1972). The valence term (indicated by subscript val) reflects the contribution of 240 

the non-spherical charge distribution of the 3d-"valence" electrons of the Fe2+ ion, while the 241 

lattice term (indicated by subscript latt) originates from the charge distribution of the 242 

neighboring ions in the crystalline lattice.  243 

The valence contributions are determined by the Boltzmann occupation of the 5D 244 

energy levels of the Fe2+ probe ion (see hereafter), which largely explains the temperature 245 

dependence of the quadrupole splitting. The 5D orbital energy level scheme itself is 246 

determined by the effect of the crystal field caused by the surrounding ions of the Fe2+ probe 247 

in the high spin state. The primary effect of the crystal field is to lift the five-fold spatial 248 

degeneracy of the 5D state. In the case of a cubic field, the five orbital levels are split in a 249 

higher orbital doublet (Eg) and a lower orbital triplet (T2g). A trigonal compression of the 250 

crystallographic site, for example, further splits the lower triplet in a lower singlet and a 251 

higher doublet. An additional distortion of lower than trigonal symmetry of the Fe2+ 252 
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crystallographic site further lifts the orbital degeneracy of the 5D orbital energy level scheme 253 

fully, giving rise to five separate orbital levels. For completeness, it should be mentioned that 254 

spin-orbit interaction lifts the five-fold spin degeneracy of each of these five orbital levels. 255 

However, this effect can be neglected in a first approximation. 256 

The 5D level scheme is obtained by diagonalization the crystal field Hamiltonian Hcf, 257 

which is expressed in the equivalent operator notation (Hutchings 1964) as: 258 

 
( ) ( ) ( ) ( )

2,4 0 ( ) 2,4 0 ( )

ˆ ˆĤ  = θ O O
= = = =

< > =∑ ∑∑ ∑ ∑∑
n n

n t t t t
cf n nm nm nm nm

n m t n m t
r A B

 (4)  259 

From this equation, the position of the 5D energy levels and the corresponding wave functions 260 

are calculated. The operator ( )Ô t
nm  is the Stevens’ equivalent representation of the related 261 

tesseral harmonic. The factor θn is required for the proper transformation to that 262 

representation. The summation over t reflects the summation over equivalent operators 263 

related to the relevant sine and cosine tesseral harmonics. ( )t
nmA  and ( )t

nmB  are coefficients 264 

depending on the charges and the relative coordinates of the ligands with respect to the Fe2+ 265 

probe in its coordination. The quantities 2r< >  and 4r< >  appearing in Equation 4 are the 266 

expectation values of r2 and r4, related to the radial part of the 5D wave functions. To calculate 267 

the matrix elements of the crystal field Hamiltonian, the ligands were assumed to be point 268 

charges with relative positions based on the point symmetry of the Fe2+ site in eosphorite 269 

using the crystallographic data of Gatta et al. (2013). Hence, the above summarized approach 270 

as used in this work to interpret the observed temperature variation of ΔEQ, essentially 271 

concerns a point-charge calculation of the 5D level scheme.  272 

In the case Fe2+, the valence contribution to Vij is restricted to the contribution of only 273 

one of the six valence electrons and is thus given by:  274 

 
2

, 5

3 i j ij
ij val

x x r
V e

r

δ−
= −  (5) 275 
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Because the position of that one valence electron is not known, the expectation value (276 

,
ˆ<Vij val p> ) of the Stevens’ equivalent operator representation ,V̂ij val  for each 5D level is 277 

calculated from the expression: 278 

 
( )3

,
2 3 ˆˆ ˆ ˆ ˆ ˆV L L + L L ( 1)δ
21 2ij val i j j i ije r L L− ⎛ ⎞= < > − +⎜ ⎟

⎝ ⎠ , (6) 
279 

L̂i  and δ̂ ij  being the equivalent operator expressions for the i-axis (i = x, y, z) component of 280 

the orbital moment (L) and the Kronecker delta, respectively. The quantity 3r−< >  is the 281 

expectation value related to the radial part of the 5D wave functions. In this context, it should 282 

be noted that in the principal EFG-axes system, the relevant parameters can be expressed 283 

directly in Stevens’ equivalent operators:  284 

 
( )3 2 3

, 20
2 2ˆ ˆˆ ˆV 3L ( 1)δ O
21 21zz val z zze r L L e r− −= < > − + = < >

 (7a)
 285 

 
( )3 2 2 3

, , 22
2 2 ˆˆ ˆ ˆ ˆV V 3L 3L O
21 7

c
xx val yy val x ye r e r− −− = < > − = < >

 (7b) 
286 

The superscript c in Equation 7b refers to the related cosine tesseral harmonic. The valence 287 

contribution to an EFG matrix component Vij,val at a given temperature T is subsequently 288 

obtained from the Boltzmann average of the expectation values for the operator expressions 289 

over the various 5D orbital energy levels:  290 

 

, B

,
B

V̂ exp( )

exp( )

ij val p p
p

ij val
p

p

E k T

V
E k T

< > −

=
−

∑

∑
 (8)

 291 

in which Ep and kB are the energy of the pth (p = 1, 2, ... 5) level and the Boltzmann constant, 292 

respectively. 293 

In Fe2+ minerals (Fe2+ in the high spin state), the energy splitting between the higher 294 

Eg levels and the lower T2g levels is usually so large that the valence contribution of these Eg 295 

levels to the quadrupole splitting at laboratory temperatures can be neglected (Ingalls 1964). 296 
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Therefore the valence contributions to the quadrupole splitting are in practice almost fully 297 

determined by the Boltzmann occupation of the lower three orbital T2g levels. 298 

Finally, the lattice contribution to Vij was calculated by a lattice summation over all 299 

ions in the lattice, which are considered as point charges: 300 

 
2

, 5

3 pi pj p ij
ij latt p

p p

x x r
V eZ

r
δ−

=∑  (9) 301 

For the calculation of this lattice term, the center of the axes frame is chosen at the Mössbauer 302 

nucleus. The quantity eZp in Equation 9 is the charge of the pth ion, which is located at a 303 

distance rp of the Mössbauer probe and xpi  (i = 1,2,3) stands for the respective coordinates of 304 

the pth ion with respect to the Mössbauer probe.  305 

In working out Equation 9 for the calculation of the lattice contribution, a coefficient 306 

Clat appears in the mathematical expression, i.e., 307 

 21
lat 2 (1 γ )∞= −C e Q . (10) 308 

Using γ∞ = -10.97 (Sternheimer 1972, Lauer et al. 1979), its value is calculated to be latC  = 309 

0.0027 nm3 mm/s.  In the initial fitting attempts Clat was constraint to that value.   310 

Further, because of the lack of data, e.g., from optical spectroscopy, concerning the 311 

positions of the upper Eg-levels in eosphorite, in the approach by the present authors the 312 

expectation value 4r< >  appearing in Eqation 4 was constrained to its theoretical value of 313 

14.0 a.u. (Zhao and Du 1983). Note that 1 a.u. referring to a length dimension equals 5.29×10-314 

11m. 315 

By fitting the as-developed theoretical model to the experimental ΔEQ(T) curve for the 316 

present eosphorite sample, two parameters were adjusted, i.e., the expectation value 2r< >  317 

and a coefficient 0EΔ . This latter coefficient is a proportionality factor that is commonly used 318 

in EFG calculations and that arises from the practice of expressing the valence contributions 319 
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to the EFG-components in units 34
7

e r−< > . In that respect, 0EΔ can be considered as the 320 

free-ion zero-Kelvin axial valence term and is given by:  321 

 2 3
0

2 (1 )
7

E e Q R r−Δ = − < > . (11)  322 

Values for the various constants appearing in Equation 11 have previously been calculated 323 

from theoretical models and can be found in literature: Q = 0.15 barn (Lauer et al. 1979), 324 

3r−< >  = 4.93 a.u. (Freeman and Watson 1963), R = 0.12 (Sternheimer 1972, Lauer et al. 325 

1979). With these theoretical values, 0EΔ = 3.76 mm/s is calculated for the free-ion value. In 326 

real cases, however, 0EΔ can be (strongly) reduced from this value due to covalence  effects. 327 

Hence, 0EΔ was considered as a parameter to be adjusted to the experimental ΔEQ(T) curve. 328 

The values of 2r< >  and 0EΔ for the eosphorite sample were thus calculated to be 329 

0.21 ± 0.02 a.u. and 1.48 ± 0.05 mm/s, respectively, giving the positions of the lower orbital 330 

levels relative to the ground state, Δ1 and Δ2, respectively (Table 2). The dotted line in Figure 331 

7 represents the corresponding theoretical ΔEQ(T) curve. The asymmetry parameter η was 332 

calculated to be 0.49 ± 0.05 at 4.2 K and 0.58 ± 0.05 at 250 K. These values are in reasonable 333 

agreement with the η values derived from the magnetic spectra and from the external-field 334 

spectrum obtained at 250 K (Table 1.) However, the sign of Vzz turned out to be positive, 335 

which is obviously in contrast with the negative sign found experimentally. Moreover, as 336 

Figure 7 shows, there are significant misfits between the theoretical ΔEQ(T) curve and the 337 

observed values. 338 

Searching for a possible reason for the disagreement between experimental and 339 

calculated results concerning the sign of Vzz, the influence of the OH- and the H2O groups 340 

located at the O4-ligand positions in the local Fe2+-coordination of eosphorite was 341 
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investigated. It was determined that the charge distribution at these O4-positions drastically 342 

affects the asymmetry parameter η and the sign of Vzz.  343 

Bearing in mind that the EFG characteristics sensitively reflect the local coordination 344 

of the Fe2+ site and that the refinement of the structural data as reported by Gatta et al. (2013) 345 

concerned an eosphorite specimen with only a minor Fe2+ substitution at the Mn2+ sites, it is 346 

suggested that the positions of the centers of charge of the Fe2+ coordination ligands for the 347 

present eosphorite species most likely differ from those refined for the Mn-rich eosphorite. In 348 

the latter case, the results of the structure-refinement calculations are indeed predominantly 349 

determined by the Mn2+ coordination ligands, the presence of a small fraction of Fe2+ 350 

coordination ligands being of minor importance. It is thought that such a difference for Fe2+ 351 

with respect to Mn2+ can be taken into account in the crystal field calculation by introducing 352 

an effective charge at the positions indicated by the structural data for Mn-rich eosphorite,  353 

where the value is different from the expected ones on the basis of the chemical formula. 354 

Assuming that the effective charges at the two O4 corners of the Mn octahedra are different, 355 

i.e., -1.0×e for O in H2O (ZO4 = -1.0) and -1.5×e for O in OH- (ZO4 = -1.5), results in a 356 

negative sign for the calculated Vzz, in agreement with the experimental findings. The 357 

parameters ΔE0 and <r²> were adjusted to be 2.05 ± 0.05 mm/s and 0.09 ± 0.02 a.u., 358 

respectively. The as-such calculated values for the asymmetry parameter η and for the various 359 

energy splittings Δi of the 5D level scheme are indicated in Table 2. The corresponding 360 

theoretical ΔEQ(T) curve is plotted in Figure 7 as the dashed line, and it is obvious that, as 361 

compared to the results obtained using charges of -2×e (ZO4 = -2.0) for both O4 ligands, better 362 

agreement between calculated and experimental ΔEQ(T) values is established.  363 

Finally, an even more adequate description of the observed ΔEQ(T) curve was obtained 364 

by additionally considering the quantity Clat as an adjustable parameter in the iteration. As 365 

such, its value was found to be 3.1 ± 0.2 ×10-3 nm3mm/s, which is reasonably close to the 366 
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theoretical value of 2.7×10-3 nm3mm/s as obtained from Equation 10. The values for the other 367 

relevant quantities occurring in the model are included in Table 2. The solid line in Figure 7 368 

represents the calculated ΔEQ(T) variation, showing excellent agreement with the 369 

experimental results.     370 

The strong reduction of the values for ΔE0 and <r²> in comparison with the free ion 371 

values indicate a strong covalence of the Fe-O bonds, a phenomenon that inherently cannot be 372 

accurately taken into account by a point-charge calculation. The misfits of the calculated 373 

ΔEQ(T) curve that exist at low temperatures may be due to neglecting the spin-orbit 374 

interaction that lifts the five-fold spin degeneracy of the orbital singlet states in the applied 375 

crystal field model. Depending on the strength of this interaction with respect to the level 376 

splittings (Δ1 and Δ2), it may cause ΔEQ(T) to reach a shallow maximum at a certain low 377 

temperature, followed by a slight decrease on lowering the temperature, and subsequently by 378 

a slight increase on further lowering the temperature. This effect is clearly demonstrated by 379 

the simulations reported by Ingalls (1964) for a rhombic distortion. The relatively large 380 

energy difference (Δ2 - Δ1) between the lower 5D orbital levels is consistent with the fact that 381 

the Fe octahedron in the eosphorite structure exhibits a strong distortion from axial symmetry. 382 

The present model calculations have shown that the asymmetry of the local EFG is strongly 383 

affected by the presence of an OH- group and a H2O molecule at the O4 corners of the local 384 

octahedral environment of the Fe2+ cation. 385 

 386 

IMPLICATIONS 387 

 This study illustrates that 57Fe Mössbauer spectroscopy, combined with proper 388 

analyzing procedures and model calculations for interpreting the results, can provide valuable 389 

structural and electronic information about the iron coordination polyhedra in minerals in 390 

general. If in addition the studied species orders magnetically, unique data concerning the 391 
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magnetic structure can be derived from the spectra. These conclusions explain why Fe-392 

bearing minerals, including extraterrestrial ones, have formed, and undoubtedly will continue 393 

to form an important group of materials dealt with in the Mössbauer literature. This is 394 

especially true where it concerns oxides and silicates. For practical reasons, e.g. rareness 395 

and/or difficulties in collecting pure species in sufficient amounts for the experiments, Fe-396 

bearing phosphates have less frequently received attention in mentioned literature. In recent 397 

years, the present research team has reported extensive Mössbauer studies of a number of 398 

different iron phosphates (Van Alboom et al. 2011; De Grave et al. 2013; Van Alboom and 399 

De Grave 2013) and it is the intention of the team to consider in the future several other 400 

phosphate species.   401 

 Eosphorite and childrenite are minerals formed by alteration of  triphylite and 402 

lithiophilite, respectively. In pegmatites containing the latter two minerals, the Fe/Mn ratio is 403 

correlated to magmatic differentiation, in which higher Mn means more differentiation. 404 

Therefore, a thorough spectroscopic characterization of this type of minerals, especially at 405 

low temperatures at which magnetic ordering is established, can give information about the 406 

alteration of triphylite-lithiophilite into eosphorite-childrenite, indicating an 407 

oxidizing (presence of Fe3+) or reducing (Fe2+) environment. The presence of Fe3+ could also 408 

indicate a hydrothermal system with influence of meteoric water, whereas the presence of 409 

Fe2+ only could be related to the volatile products of the pegmatite differentiation. 410 

 In general, phosphate minerals play an important role in industrial activities such as 411 

the production of fertilizers and food processing. In the last decade, the interest of researchers 412 

in specifically Fe-containing phosphates has boomed tremendously as the result of the 413 

potential application of some of these materials to the development of practically useful 414 

rechargeable  Li-ion batteries. Mössbauer spectroscopy for this application is an important 415 

experimental technique, in particular for measuring Fe2+/Fe3+ ratios accurately during the 416 
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charging/discharging process and as such for the determination of the performance of the 417 

involved batteries. 418 

 Also for many mineralogists, phosphate minerals are objects of interest for their broad 419 

array of crystal structures and as indicators of rock paragenesis, particularly in the context of 420 

planetary explorations. Although there are ample indications, for instance gathered by the 421 

various instruments (including a miniature Mössbauer spectrometer called MIMOS) carried 422 

by the Mars Exploration Rovers, so far the presence of phosphate minerals on various 423 

locations on the planet has not yet been proven unambiguously. One reason is that the 424 

Mössbauer parameters of Fe phosphates at ambient temperatures fall within the range of those 425 

of other more abundant iron phases such as silicates and sulfates and can therefore not be 426 

distinguished from these other phases. Eosphorite is a rare mineral on Earth, and probably 427 

also on Mars. Nevertheless, investigations of the properties of this and other phosphate 428 

minerals in general can indirectly help to identify phosphate minerals at the Martian surface. 429 

Knowledge of the various properties these minerals will provide critical information about the 430 

diverse environments in which they are formed and will so contribute to understand the actual 431 

genesis of the Mars surface and the natural history of Mars in general. 432 

 433 
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Figure captions 502 

Figure 1. Polyhedral representation of the orthorhombic structure of eosphorite,  503 

showing the chains of distorted Mn and more regular Al octahedra. All the iron in the 504 

eosphorite structure is localized at the Mn sites, because both ions have nearly the same 505 

dimensions and the same valence state.  Red: O; yellow: H; green tetrahedron: P site; pink 506 

octahedron: Mn site; blue octahedron: Al site. 507 

Figure 2. Experimental and calculated (solid line) Mössbauer spectrum of the 508 

eosphorite sample at 295 K. The size of the symbols (+) roughly corresponds to twice the 509 

standard deviation (2σ) of the experimental counts. 510 

Figure 3. Experimental and calculated (solid line) Mössbauer spectrum of the 511 

eosphorite sample at 250 K in a longitudinal external magnetic field of 60 kOe. The size of 512 

the symbols (+) roughly corresponds to twice the standard deviation (2σ) of the experimental 513 

counts. 514 

Figure 4. Experimental and calculated (solid line) Mössbauer spectrum of the 515 

eosphorite sample at 4.2 K. The size of the symbols (+) roughly corresponds to twice the 516 

standard deviation (2σ) of the experimental counts. 517 

Figure 5. Mössbauer spectra of eosphorite at (a) 19 K and (b) 10 K. The spectra have 518 

been fitted with a superposition of a slow and a fast relaxation component (solid lines). The 519 

size of the symbols (+) roughly corresponds to twice the standard deviation (2σ) of the 520 

experimental counts. 521 

Figure 6. Isomer shift (δ) plotted as a function of temperature. The solid line is the 522 

calculated temperature dependence on the basis of the Debye approximation for the lattice 523 

vibrations. 524 

Figure 7. Temperature dependence of the quadrupole splitting ΔEQ of Fe2+ in 525 

eosphorite. The lines represent the theoretical curves calculated from the crystal field model 526 
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for the real symmetry of the Fe2+ site in eosphorite (Gatta et al. 2013). a (wine dash-dot line): 527 

ZO4 = -2.0, Clat = 2.7×10-3 nm3mm/s (fixed); b (blue dashed line): ZO4 = -1.0 and -1.5, Clat = 528 

2.7×10-3 nm3mm/s (fixed); c (red solid line): ZO4 = -1.0 and -1.5, Clat = 3.1×10-3 nm3mm/s 529 

(adjusted). Corresponding values of calculated relevant quantities are given in Table 2. 530 

 531 

 532 

 533 

 534 

  535 
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Table 1. Adjusted values for the isomer shift δFe, the quadrupole spitting ΔEQ and the 536 

EFG asymmetry parameter η of eosphorite at selected temperatures. Numbers within 537 

parentheses give an indication of the error on the corresponding parameter values.  538 

 539 
T 

(K) 
δFe 

(mm/s) 
ΔEQ 

(mm/s) 
Vzz Η 

4.2 1.37(1) 2.15(2) < 0 0.51(5) 

10 1.38(1) 2.17(2)  0.50(5) 

19 1.38(1) 2.21(2)  0.58(5) 

40 1.380(4) 2.148(5)   

80 1.366(4) 2.149(5)   

140 1.334(4) 2.033(5)   

200 1.298(4) 1.892(5)   

250‡ 1.25(2) 1.88(3) < 0 0.45(5) 

260 1.261(4) 1.789(5)   
‡: MS recorded in an external magnetic field Hext of 60 kOe 540 

 541 
 542 

 543 

544 
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Table 2. Results concerning the quadrupole splitting calculations using the point-charge 545 

model within the crystal field approximation. ZO4 is the “charge number” (times the proton 546 

charge) of the O4-ligands of the Fe2+ coordination in eosphorite (there are two O4 ligands; 547 

following Gatta et al. 2013: the one is H2O and the other is OH-). Δi (i = 1,…,4) is the position 548 

of the ith orbital level in the 5D level scheme of Fe2+relative to the 5D orbital ground level.  For 549 

the other symbols: see text. 550 

 551 

|ZO4| 
(H2O) 

|ZO4| 
(OH-) 

ΔE0 
(mm/s) 

<r2> 
(a.u.) 

Clat*
 

Vzz

 
Δ1

(cm-1) 
Δ2

(cm-1) 
Δ3

(cm-1) 
Δ4 

(cm-1) 
η 

(4.2K) 
η

(250K) 

2.0 2.0 1.48 0.21 2.7 >0 320 570 7130 7320 0.49 0.58 

1.0 1.5 2.05 0.09 2.7 <0 300 1020 6030 6870 0.84 0.54 

1.0  1.5 2.02 0.11 3.1 <0 280 970 6000 6870 0.79 0.46 

* in units 10-3(nm)3mm/s 552 

 553 

 554 
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