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Abstract
A *'Fe Méssbauer spectroscopic study of natural eosphorite, (Mn, Fe>")AIPO4(OH),H,0, is
reported. The Mossbauer spectra were collected at temperatures between 295 K and 4.2 K. At
temperatures exceeding 30 K, the Mdssbauer spectra consist of a somewhat broadened
quadrupole doublet with a splitting of 1.73 mm/s at 295 K. From the spectrum recorded at 250
K in an external magnetic field of 60 kOe, it is derived that the sign of the principal
component of the electric field gradient (EFG) is negative and that the EFG’s asymmetry
parameter is large (~0.5). From these findings, it is concluded that the octahedral coordination
of the ferrous cations exhibits in first order a trigonal compression with a further lowering
from axial symmetry due to an additional distortion. The spectrum collected at 4.2 K shows
the existence of magnetic ordering. It was analysed in terms of the full hyperfine interaction
Hamiltonian, yielding a magnetic hyperfine field value of 146 kOe and EFG characteristics
that are fully in line with those obtained from the external-field spectrum. In the temperature
range from 10 to 30 K, the spectra indicate the occurrence of relaxation effects. They could be
satisfactorily described in terms of the Blume-Tjon (BT) model for electronic relaxation,
assuming a superposition of a slow- and a fast-relaxation component. The observed
temperature dependence of the isomer shift is adequately described by the Debye model for
the lattice vibrations. The characteristic Mdssbauer temperature was found as (360 £ 20) K
and the zero-Kelvin intrinsic isomer shift as (1.480 £ 0.005) mm/s. The variation of the
quadrupole splitting with temperature is explained by the thermal population of the Fe*"
electronic states within the T,, orbital triplet, which is split by the trigonal crystal field in a
singlet ground state and an upper doublet state, the latter being further split into two orbital
singlets by an additional distortion. The energies of these latter excited states with respect to
the ground state are calculated to be 280 + 20 cm™ and 970 + 50 cm™, respectively, based on a

point-charge calculation of the °D level scheme. This calculation confirms the sign of the V,,
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component of the electric field gradient being negative as it is determined from the external
magnetic field measurement and from the magnetic spectrum acquired at 4.2 K. Iron
phosphates are widely spread minerals in the Earth’s crust and are expected to occur in soils
and rocks on Mars as well. Mossbauer spectroscopy as complimentary source of information
to the results of other analytical techniques, could therefore be useful to identify and

characterize the environmental Fe-bearing phosphates.

Keywords: eosphorite, Mdssbauer spectroscopy, hyperfine parameters, temperature variation
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INTRODUCTION

Eosphorite, ideally Mn2+A1PO4(OH)2.HzO, has orthorhombic symmetry with space
group Bbam (Hanson 1960, Huminicki and Hawthorne 2002). The structure is depicted in
Figure 1 and consists of alternating chains of Mn octahedra and Al octahedra that run parallel
to the c-axis. The strongly-distorted Mn octahedra share opposite O1-O2 edges, while the
more regular Al octahedra share opposite O3 corners occupied by H,O groups. The two types
of chains are linked to each other by sharing their O4 corners, thus forming parallel sheets
that are held together by P cations in a tetrahedral O4 coordination. Based on single-crystal X-
ray diffraction, Hoyos et al. (1993) concluded that the two aforementioned O4 sites are both
occupied by OH groups. However, a more recent structure refinement using neutron
diffraction data for a single-crystal of eosphorite has revealed that only one of the O4 sites is
occupied by OH, while the other is occupied by H,O (Gatta et al. 2013). Thus, the structure
can be considered as being composed of chains of MnO4(OH,H,0), and
AlO,(OH),(OH,H;0), octahedra. Eosphorite is isomorphous with childrenite,
FeAIPO4(OH),.H,0, and the two mentioned minerals form the end members of a complete
solid-solution series. It is generally accepted in the literature that only Fe®* is present in the
structure of iron-substituted eosphorite, (Mn,Fe)AIPO4(OH),.H,O, and that these Fe*" cations
are found in the Mn octahedra.

Mossbauer spectra (MS) at room temperature (RT) of a number of iron-substituted
eosphorites with different Fe/Mn ratios have been presented by da Costa et al. (2005). These
authors found a relatively narrow ferrous doublet with constant isomer shift dg. of 1.25 mm/s
and quadrupole splittings AEq in the range 1.70 to 1.74 mm/s. More recently, Dyar et al.
(2014) in a compilation of Mossbauer data on a large variety of phosphate minerals reported
for a childrenite-eosphorite solid solution with unspecified Fe/Mn ratio a single quadrupole

doublet with dp. = 1.25 mm/s and AEq = 1.66 mm/s. As far as could be traced by the present
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authors, no further Mossbauer data on childrenite-eosphorite solid solutions are available in
the literature. In the present contribution, MS acquired at many different temperatures in the
range between 4.2 K and 295 K for an eosphorite sample (RO-02, Fe/Mn ratio of 0.60)
studied earlier by da Costa et al. (2005) are presented and the temperature variations of the

isomer shift and the quadrupole interaction are discussed.

EXPERIMENTAL

The specimen of natural eosphorite was characterized by X-ray diffraction and
microprobe analysis. The unit-cell parameters were calculated as a=10.429 A, b=13.474 A
and ¢ = 6.925 A. Chemical analysis revealed the presence of 17.8 wt % MnO and 10.5 wt %
FeO in the sample.
MS were collected at selected temperatures between 4.2 K and 295 K using spectrometers
operating in constant acceleration mode with triangular reference signal. >’Co(Rh) sources
were used. A spectrum was acquired at ~250 K in a longitudinal external magnetic field of 60
kOe to determine the sign of the principal component V,, of the electric field gradient (EFG)
and the EFG’s asymmetry parameter 1. The counts were accumulated in 1024 channels.
Spectra were run until an off-resonance count rate of at least 10° per channel was reached.
The spectrometers were calibrated by collecting the RT spectrum of a reference metallic-iron

foil or a standard a-Fe,O3 powder, depending on the applied velocity range. [somer shifts

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

SPECTRA ANALYSESAND RESULTS
A typical Mossbauer spectrum of the eosphorite sample is reproduced in Figure 2
(RT). It has been fitted with a Lorentzian-shaped quadrupole doublet (solid line in Fig. 2),

yielding the isomer shift dr. and quadrupole splitting AE, values that are characteristic of
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105 Fe2+, i.e, 1.24 mm/s and 1.73 mm/s at 295 K, respectively. The relatively narrow line width,
106 ie.T'=0.33 mm/s at RT, suggests that the Fe*" cations are indeed substituting for Mn®" at the
107  Mn octahedra only. The MS for all applied temperatures down to 40 K are similar. Adjusted
108 values of Op and AEq for selected temperatures are listed in Table 1. Consistently, no
109  indication of the presence of any Fe’" was noticed. At the lower applied temperatures, a
110  slightly lower goodness-of-fit was reached using a model-independent distribution of
111 quadrupole splittings for the fittings (Vandenberghe et al. 1994), instead of using a single
112 quadrupole doublet. However, the values calculated for the maximum-probability quadrupole
113 splittings of the respective distributions were found to coincide, within experimental error
114  limits, with those of the quadrupole splittings adjusted by the single-doublet model.

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

116  given by the relation (Ingalls 1964):

117 AE, :AEQ’ZZ‘/1+%T]2 , (1)

118  in which

1
119 AEQ,ZZ =EeQ|sz| (2)

120

121 In Equation 2, e represents the proton charge, Q is the nuclear quadrupole moment and V,
122 (often denoted as eq) is the principal component of the electric field gradient (EFG) tensor,

123 being positive or negative depending on the local symmetry experienced by the probe *’Fe
124 nuclei. N= ’VXX —Vyy‘/VZZ is the asymmetry parameter, being zero for axial symmetry. The
125  quantities Vj; are the diagonal elements of the EFG tensor organized so that V,,>Vyx=V,y. In
126 general, information about 1 and the sign of V,, can be obtained from MS recorded for the

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

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

130 the solid line is the numerically adjusted line shape.

131 The analysis of the external-field spectrum was based on the diagonalization of the
132 full nuclear interaction Hamiltonian taking into account the variable spatial direction of the
133 external magnetic field as expressed by the azimuthal and zenithal angles ¢ and 6 with respect
134 to the local EFG-axes system (Van Alboom et al. 2011). A total of 72 equally-spaced values
135 for ¢ in the range 0° to 355° were considered, while for each ¢ value the quantity cos was
136 forced to vary between 1 and -1 in steps of 0.1. Further, it was taken into account that in a
137  paramagnetic powder the external magnetic field induces an internal magnetic field as a
138 consequence of magnetization effects arising from a partial or full orientation of the magnetic
139  moments along the direction of the external magnetic field. This effect is experienced as a
140 strong reduction of the external field. For a paramagnetic cation such as Fe*", this reduction is
141 moreover usually anisotropic in the sense that the effective field experienced by the probe Fe
142 nuclei depends on the orientation of the external magnetic field with respect to the EFG-axes.
143 This anisotropic effect is modeled by introducing three reduction parameters Hyx, Hyy and H,,,
144 respectively. Depending on the electronic structure of Fe**, i.e. on the °D level scheme in the
145 local crystal field, the magnitude of one or more of these Hj; reductions may be high, even

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

147 Numerous trial fits were attempted. Consistently, a negative sign for V,, was obtained
148 as was a high magnitude for the field-reduction parameter H,,. Moreover, the spectrum was
149 most adequately reproduced by additionally introducing in the model a distribution of values
150  for H,,. For the calculated line shape shown in Figure 3, the adjusted values for dr. and AEq
151 were 1.25 + 0.02mm/s and 1.88 £ 0.03mm/s (V,, < 0), respectively. They are not highly
152 accurate (see Table 1), but in reasonable agreement with the values expected from the results

153 derived from the zero-field quadrupole doublets in the vicinity of 250 K. The value of 0.45 +
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154 0.05 for the asymmetry parameter implies that the symmetry of the Mn octahedron is non-
155  axial, which is conceivable considering the known variations in O-O interatomic distances for
156  that octahedron (Hoyos et al. 1993, Gatta et al. 2013). Calculated values of the field reduction

157 parameters are Hy = -5 £ 1 kOe, Hyy = -9 + 2 kOe and H,, = -90 + 5kOe.

158 At 4.2 K, the mineral eosphorite exhibits magnetic ordering (Fig. 4). The spectrum
159  was analyzed by an iteration procedure that is similar to the one applied to fit the earlier
160  external-field spectrum (Fig. 3) and that makes use of the diagonalization of the full
161  hyperfine-interaction Hamiltonian to calculate the relevant energy levels and the transition
162  probabilities between these levels for a random powder absorber (Hoy and Chandra 1967;
163 Kiindig 1967). The hyperfine parameters that have to be adjusted in this procedure are (i) the
164  isomer shift ., (ii) the principal component V,, of the EFG, (iii) the asymmetry parameter n
165  of the EFG, (iv) the strength Hyr of the magnetic hyperfine field, and (v) the zenithal and
166  azimuthal angles of the hyperfine field in the EFG (X)y,2)-axes frame, Q and W, respectively.
167  However, this fitting approach produced an adjusted line shape that was clearly showing
168  slight but significant misfits. These misfits were likely the result of the constraint imposed on
169  the fit by considering one single component with constant line width for all eight transitions
170  and/or from the feature that one or more hyperfine parameters to some extent exhibit a
171 distribution. In general, Fe*" hyperfine parameters, in particular the hyperfine field, are indeed
172 very sensitive to such features as structural imperfections, locally varying bonding properties
173 and nearest-neighbor cation configurations or slight deviations from ideal stoichiometry.
174 Therefore, in a next stage of the numerical interpretation of the spectral data, a model-
175  independent distribution of the hyperfine field Hypr was programmed (Vandenberghe et al.
176 1994), allowing this field to take on 40 successive values in a step of 5 kOe. It was further
177  imposed that all 40 elemental components possess equal values for the other hyperfine

178  parameters, ViZ., Ope, V,,, and M, and for the angles Q and V.
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9
179 The as-such adjusted Mossbauer spectrum is plotted as a solid line in Figure 4. It is

180  obvious that the agreement with the observed spectrum is satisfactory. The obtained values
181 for dp. and AEq (see Table 1) are in line with those observed for the paramagnetic MS and the
182 derived sign of V, is in agreement with that concluded from the external-field spectrum at
183 250 K, i.e, negative. Also the values of the asymmetry parameter 1 found at 4.2 K and at 250
184 K are consistent. Further, the maximum-probability hyperfine field was calculated to be 146 +
185 5 kOe and the angles Q2 and ¥ were iterated to be 80 + 2° and 260 + 50°, respectively.

186 In the intermediate temperature range between ~10 K and ~35 K, the shape of the
187  spectra indicate the occurrence of electronic relaxation. Two example spectra are reproduced
188  in Figure 5. At first, the relaxation effect is reflected in the appearance of an asymmetric
189  doublet (see Fig. 5a). The asymmetry becomes more enhanced as the temperature is further
190 lowered. At 10 K, the presence of a second spectral component showing magnetic hyperfine
191  structure is evident (see Fig. 5b). The relaxation spectra of this eosphorite sample are
192 remarkably very similar to the spectra observed earlier for a natural ankerite species with
193 composition (Ca;.1MgpsFeo3Mng1)(CO;s), (De Grave 1986). As for this carbonate, the present
194  relaxation spectra are only adequately described by a superposition of a fast- and a slow-
195  relaxation component in terms of the relaxation model described by Blume and Tjon (1968).
196  In the iteration procedure, the hyperfine field was fixed at the value calculated for the
197 spectrum at 4.2 K, i.e. 146 kOe. The other hyperfine parameters 8, AEg and 1 were allowed
198  to vary and also the relaxation times Ts and T¢; the relative spectral areas S and S of the slow-
199  and fast-relaxing component, respectively, were adjustable parameters. The calculated overall
200  line shapes and the respective sub-components are plotted as solid lines in Figure 5. The
201  agreement with the experimental line shapes is quite reasonable. The adjusted values for 9§,

202 AEq and m are included in Table 1 and are in line with the results derived from the pure

203  paramagnetic spectra. The relaxation times were calculated as T, = 1.0x10™ s and Tp=1.6x10"
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204 '"Ysat 10K, and Ts= 6.7x107 s and Tr=2.0x10"" s at 19 K. The S/S area ratios were found

205 to be 50:50 and 70:30 at 10 K and 19 K, respectively. Being beyond the scope of this
206  spectroscopic mineralogical characterization of eosphorite, no further attention was paid to

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

208

209

210 DiscussioN

211

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

213 omitted for the sake of clarity) is plotted in Figure 6. The data are interpreted on the basis of
214 the expression: &(T) = &1 + dsop. The intrinsic isomer shift J; is determined by the S-electron
215 density at the nucleus and in a first approximation exhibits a linear temperature variation:
216 8(T) = 8;(0) + 0.10”°T. This weak variation is a result of the thermal expansion of the tp, and
217 ey wave functions of the iron probes (Perkins and Hazony 1972). In contrast, the second-order
218 Doppler shift, dsop, is strongly dependent on temperature, being related to the vibrational
219  properties of the probe nuclei in the crystal structure. The Debye approximation for the lattice
220  vibrational spectrum provides an adequate model for calculating dsop. It contains one
221  parameter, the so-called characteristic Mdssbauer temperature, Oy, that is obtained by
222 adjusting the theoretical expression for §(T) to the experimental values. Details concerning the
223 calculation of the 8(T) curve in terms of the Debye model, are given in De Grave and Van
224 Alboom (1991) and Eeckhout and De Grave (2003a). The solid curve in Figure 6 represents
225  the calculated temperature variation with ®y = 360 = 20 K. This result is in line with a
226  general tendency that Fe** Mossbauer temperatures are close to 400 K, while Fe** species

227  commonly exhibit values close to or exceeding 500 K. The thermal coefficient a was adjusted
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228  to a value of —6.5 mm/(sK), which is significantly higher than is found for triphylite, i.e., -1.1
229  mm/(sK) (Van Alboom et al. 2011), but comparable with the result obtained for hedenbergite,
230 i.e, -4.5 mm/(sK) (Eeckhout and De Grave 2003b). However, it must be stressed that in
231  general the parameter o is ill defined because of the extremely small misfit effects it corrects
232 for and because of the strong interference with the parameter ®y in determining the
233 goodness-of-fit of the calculated &(T) curve. This is especially true when the temperature
234 range of the experimental data does not extend to very high values.

235 The temperature variation of the quadrupole splitting AEq is depicted in Figure 7. In
236 general, each V;i (I = X, Y, or ) in Equations 1 and 2 is composed of a valence term and a

237  lattice term, i.e.:

238 Vi =A=RV i o A=Y Vi gt 3)

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

240 (Sternheimer 1972). The valence term (indicated by subscript val) reflects the contribution of
241  the non-spherical charge distribution of the 3d-"valence" electrons of the Fe*" ion, while the
242 lattice term (indicated by subscript latt) originates from the charge distribution of the
243 neighboring ions in the crystalline lattice.

244 The valence contributions are determined by the Boltzmann occupation of the °D
245 energy levels of the Fe’" probe ion (see hereafter), which largely explains the temperature
246  dependence of the quadrupole splitting. The °D orbital energy level scheme itself is
247  determined by the effect of the crystal field caused by the surrounding ions of the Fe*" probe
248 in the high spin state. The primary effect of the crystal field is to lift the five-fold spatial
249 degeneracy of the D state. In the case of a cubic field, the five orbital levels are split in a
250  higher orbital doublet (E,) and a lower orbital triplet (T»,). A trigonal compression of the
251  crystallographic site, for example, further splits the lower triplet in a lower singlet and a

252 higher doublet. An additional distortion of lower than trigonal symmetry of the Fe*'
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crystallographic site further lifts the orbital degeneracy of the °D orbital energy level scheme
fully, giving rise to five separate orbital levels. For completeness, it should be mentioned that
spin-orbit interaction lifts the five-fold spin degeneracy of each of these five orbital levels.
However, this effect can be neglected in a first approximation.

The °D level scheme is obtained by diagonalization the crystal field Hamiltonian H,
which is expressed in the equivalent operator notation (Hutchings 1964) as:

n n 4)
Hy = 2 0,<r"> 3 > A000 = 3 3 > BROW,

n=2,4 m=0 (t) n=2,4 m=0 (t)

From this equation, the position of the °D energy levels and the corresponding wave functions
are calculated. The operator CA)fn)n is the Stevens’ equivalent representation of the related

tesseral harmonic. The factor 6, is required for the proper transformation to that

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

related to the relevant sine and cosine tesseral harmonics. Al and B{) are coefficients

depending on the charges and the relative coordinates of the ligands with respect to the Fe**
probe in its coordination. The quantities <r”> > and <r*> appearing in Equation 4 are the
expectation values of r* and r*, related to the radial part of the °D wave functions. To calculate
the matrix elements of the crystal field Hamiltonian, the ligands were assumed to be point
charges with relative positions based on the point symmetry of the Fe** site in eosphorite
using the crystallographic data of Gatta et al. (2013). Hence, the above summarized approach
as used in this work to interpret the observed temperature variation of AEg, essentially
concerns a point-charge calculation of the °D level scheme.

In the case Fe”", the valence contribution to V;; is restricted to the contribution of only

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

3% X, — 23
Vijva =€ 3 Q)
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276 Because the position of that one valence electron is not known, the expectation value (

A

277 <\A/ij,va| >,) of the Stevens’ equivalent operator representation Vj; 5 for each °D level is

278  calculated from the expression:

279 \A/ij,val :%e< r_3 >(%(f’lﬁj +I:]I:|)_L(L+1)8|Jj ( )
) 6

280 I:i and 8”. being the equivalent operator expressions for the i-axis (i = X, Y, Z) component of

281  the orbital moment (L) and the Kronecker delta, respectively. The quantity <r~ > is the
282 expectation value related to the radial part of the °D wave functions. In this context, it should
283 be noted that in the principal EFG-axes system, the relevant parameters can be expressed

284  directly in Stevens’ equivalent operators:

285 Vva ~Zecr™ >(3I?Z—L(L+1)SZZ)=£e<r‘3 >0y
’ 21 21 (7a)
286 Viwal — Vyya _2ecr >(3I:2X —3I:2y) _Zecr?s 05,
21 7 (7b)

287  The superscript € in Equation 7b refers to the related cosine tesseral harmonic. The valence
288  contribution to an EFG matrix component Vjj,a at a given temperature T is subsequently
289  obtained from the Boltzmann average of the expectation values for the operator expressions

290  over the various D orbital energy levels:
Z< \A/ij,val >p exp(-E p/kBT)

p
D exp(—E , /kgT)
p

291 Vij,va] =

(8)
292 in which E, and kg are the energy of the pth (p=1,2,...5) level and the Boltzmann constant,
293 respectively.

294 In Fe*" minerals (Fe*" in the high spin state), the energy splitting between the higher
295 Eg levels and the lower Ty, levels is usually so large that the valence contribution of these E,

296  levels to the quadrupole splitting at laboratory temperatures can be neglected (Ingalls 1964).
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297  Therefore the valence contributions to the quadrupole splitting are in practice almost fully
298  determined by the Boltzmann occupation of the lower three orbital Ty, levels.
299 Finally, the lattice contribution to Vj; was calculated by a lattice summation over all

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

301 Vi = Yez, eXa 1o )
p rp

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

303 nucleus. The quantity €7, in Equation 9 is the charge of the p™ ion, which is located at a

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

305  the pth ion with respect to the Mdssbauer probe.

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

307  Cju appears in the mathematical expression, i.€.,
308 Cu = 4€QU-7.). (10)

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

lat
310 0.0027 nm’> mm/s. In the initial fitting attempts Cy, was constraint to that value.

311 Further, because of the lack of data, e.g., from optical spectroscopy, concerning the
312 positions of the upper Eg-levels in eosphorite, in the approach by the present authors the
313 expectation value <r*> appearing in Eqation 4 was constrained to its theoretical value of
314  14.0 a.u. (Zhao and Du 1983). Note that 1 a.u. referring to a length dimension equals 5.29x10
315 'm

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

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

318 and a coefficient AE,. This latter coefficient is a proportionality factor that is commonly used

319  in EFG calculations and that arises from the practice of expressing the valence contributions
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. . 4 _ .
to the EFG-components in units 7e<r > . In that respect, AE,can be considered as the

free-ion zero-Kelvin axial valence term and is given by:
2 3
AEO:7e2Q(1—R)<r >, (11)

Values for the various constants appearing in Equation 11 have previously been calculated
from theoretical models and can be found in literature: Q = 0.15 barn (Lauer et al. 1979),
<r?> =493 au. (Freeman and Watson 1963), R = 0.12 (Sternheimer 1972, Lauer et al.
1979). With these theoretical values, AE;= 3.76 mm/s is calculated for the free-ion value. In

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

Hence, AE,was considered as a parameter to be adjusted to the experimental AEq(T) curve.

The values of <r’> and AE,for the eosphorite sample were thus calculated to be

0.21 £ 0.02 a.u. and 1.48 £ 0.05 mm/s, respectively, giving the positions of the lower orbital
levels relative to the ground state, A; and A,, respectively (Table 2). The dotted line in Figure
7 represents the corresponding theoretical AEg(T) curve. The asymmetry parameter 1 was
calculated to be 0.49 + 0.05 at 4.2 K and 0.58 + 0.05 at 250 K. These values are in reasonable
agreement with the n values derived from the magnetic spectra and from the external-field
spectrum obtained at 250 K (Table 1.) However, the sign of V,, turned out to be positive,
which is obviously in contrast with the negative sign found experimentally. Moreover, as
Figure 7 shows, there are significant misfits between the theoretical AEg(T) curve and the
observed values.

Searching for a possible reason for the disagreement between experimental and
calculated results concerning the sign of V,,, the influence of the OH™ and the H,O groups

located at the O4-ligand positions in the local Fe*"-coordination of eosphorite was
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342 investigated. It was determined that the charge distribution at these O4-positions drastically
343 affects the asymmetry parameter 1 and the sign of V,,.

344 Bearing in mind that the EFG characteristics sensitively reflect the local coordination
345 of the Fe*" site and that the refinement of the structural data as reported by Gatta et al. (2013)
346  concerned an eosphorite specimen with only a minor Fe”" substitution at the Mn*" sites, it is
347  suggested that the positions of the centers of charge of the Fe*" coordination ligands for the
348  present eosphorite species most likely differ from those refined for the Mn-rich eosphorite. In
349  the latter case, the results of the structure-refinement calculations are indeed predominantly
350  determined by the Mn”>" coordination ligands, the presence of a small fraction of Fe*"
351  coordination ligands being of minor importance. It is thought that such a difference for Fe**
352 with respect to Mn®" can be taken into account in the crystal field calculation by introducing
353  an effective charge at the positions indicated by the structural data for Mn-rich eosphorite,
354  where the value is different from the expected ones on the basis of the chemical formula.
355  Assuming that the effective charges at the two O4 corners of the Mn octahedra are different,
356 i.e, -1.0xe for O in H,O (Zos = -1.0) and -1.5xe for O in OH (Zo4 = -1.5), results in a
357 negative sign for the calculated V., in agreement with the experimental findings. The
358  parameters AE, and <r*>> were adjusted to be 2.05 + 0.05 mm/s and 0.09 £ 0.02 a.u.,
359  respectively. The as-such calculated values for the asymmetry parameter 1 and for the various
360 energy splittings A; of the °D level scheme are indicated in Table 2. The corresponding
361  theoretical AEg(T) curve is plotted in Figure 7 as the dashed line, and it is obvious that, as
362  compared to the results obtained using charges of -2xe (Zos = -2.0) for both O4 ligands, better
363  agreement between calculated and experimental AEq(T) values is established.

364 Finally, an even more adequate description of the observed AEq(T) curve was obtained
365 by additionally considering the quantity Ci as an adjustable parameter in the iteration. As

366  such, its value was found to be 3.1 £ 0.2 x107* nm*mm/s, which is reasonably close to the
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367  theoretical value of 2.7x10™ nm’mm/s as obtained from Equation 10. The values for the other
368  relevant quantities occurring in the model are included in Table 2. The solid line in Figure 7
369  represents the calculated AEq(T) variation, showing excellent agreement with the
370  experimental results.

371 The strong reduction of the values for AEy and <r>> in comparison with the free ion
372 values indicate a strong covalence of the Fe-O bonds, a phenomenon that inherently cannot be
373 accurately taken into account by a point-charge calculation. The misfits of the calculated
374 AEQ(T) curve that exist at low temperatures may be due to neglecting the spin-orbit
375  interaction that lifts the five-fold spin degeneracy of the orbital singlet states in the applied
376  crystal field model. Depending on the strength of this interaction with respect to the level
377  splittings (A; and A;), it may cause AEq(T) to reach a shallow maximum at a certain low
378  temperature, followed by a slight decrease on lowering the temperature, and subsequently by
379  a slight increase on further lowering the temperature. This effect is clearly demonstrated by
380  the simulations reported by Ingalls (1964) for a rhombic distortion. The relatively large
381  energy difference (A, - A;) between the lower °D orbital levels is consistent with the fact that
382 the Fe octahedron in the eosphorite structure exhibits a strong distortion from axial symmetry.
383  The present model calculations have shown that the asymmetry of the local EFG is strongly
384  affected by the presence of an OH™ group and a H,O molecule at the O4 corners of the local

385  octahedral environment of the Fe*" cation.

386
387 IMPLICATIONS
388 This study illustrates that >’Fe Mossbauer spectroscopy, combined with proper

389  analyzing procedures and model calculations for interpreting the results, can provide valuable
390  structural and electronic information about the iron coordination polyhedra in minerals in

391  general. If in addition the studied species orders magnetically, unique data concerning the
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392 magnetic structure can be derived from the spectra. These conclusions explain why Fe-
393  bearing minerals, including extraterrestrial ones, have formed, and undoubtedly will continue
394  to form an important group of materials dealt with in the Mossbauer literature. This is
395  especially true where it concerns oxides and silicates. For practical reasons, e.g. rareness
396  and/or difficulties in collecting pure species in sufficient amounts for the experiments, Fe-
397  bearing phosphates have less frequently received attention in mentioned literature. In recent
398  years, the present research team has reported extensive Mossbauer studies of a number of
399  different iron phosphates (Van Alboom et al. 2011; De Grave et al. 2013; Van Alboom and
400  De Grave 2013) and it is the intention of the team to consider in the future several other
401  phosphate species.

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

403 lithiophilite, respectively. In pegmatites containing the latter two minerals, the Fe/Mn ratio is
404  correlated to magmatic differentiation, in which higher Mn means more differentiation.

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

406  low temperatures at which magnetic ordering is established, can give information about the
407  alteration of triphylite-lithiophilite into eosphorite-childrenite, indicating an

408  oxidizing (presence of Fe’") or reducing (Fe*") environment. The presence of Fe’* could also
409  indicate a hydrothermal system with influence of meteoric water, whereas the presence of

410 Fe’ only could be related to the volatile products of the pegmatite differentiation.

411 In general, phosphate minerals play an important role in industrial activities such as
412 the production of fertilizers and food processing. In the last decade, the interest of researchers
413 in specifically Fe-containing phosphates has boomed tremendously as the result of the
414  potential application of some of these materials to the development of practically useful
415  rechargeable Li-ion batteries. Mdssbauer spectroscopy for this application is an important

416  experimental technique, in particular for measuring Fe*"/Fe’" ratios accurately during the
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charging/discharging process and as such for the determination of the performance of the
involved batteries.

Also for many mineralogists, phosphate minerals are objects of interest for their broad
array of crystal structures and as indicators of rock paragenesis, particularly in the context of
planetary explorations. Although there are ample indications, for instance gathered by the
various instruments (including a miniature Mdssbauer spectrometer called MIMOS) carried
by the Mars Exploration Rovers, so far the presence of phosphate minerals on various
locations on the planet has not yet been proven unambiguously. One reason is that the
Mossbauer parameters of Fe phosphates at ambient temperatures fall within the range of those
of other more abundant iron phases such as silicates and sulfates and can therefore not be
distinguished from these other phases. Eosphorite is a rare mineral on Earth, and probably
also on Mars. Nevertheless, investigations of the properties of this and other phosphate
minerals in general can indirectly help to identify phosphate minerals at the Martian surface.
Knowledge of the various properties these minerals will provide critical information about the
diverse environments in which they are formed and will so contribute to understand the actual

genesis of the Mars surface and the natural history of Mars in general.
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502 Figure captions
503 Figure 1. Polyhedral representation of the orthorhombic structure of eosphorite,

504  showing the chains of distorted Mn and more regular Al octahedra. All the iron in the
505  eosphorite structure is localized at the Mn sites, because both ions have nearly the same
506  dimensions and the same valence state. Red: O; yellow: H; green tetrahedron: P site; pink
507  octahedron: Mn site; blue octahedron: Al site.

508 Figure 2. Experimental and calculated (solid line) Mossbauer spectrum of the
509  eosphorite sample at 295 K. The size of the symbols (+) roughly corresponds to twice the
510  standard deviation (20) of the experimental counts.

511 Figure 3. Experimental and calculated (solid line) Mossbauer spectrum of the
512 eosphorite sample at 250 K in a longitudinal external magnetic field of 60 kOe. The size of
513  the symbols (+) roughly corresponds to twice the standard deviation (26) of the experimental
514 counts.

515 Figure 4. Experimental and calculated (solid line) Mossbauer spectrum of the
516  eosphorite sample at 4.2 K. The size of the symbols (+) roughly corresponds to twice the
517  standard deviation (26) of the experimental counts.

518 Figure 5. Mossbauer spectra of eosphorite at (a) 19 K and (b) 10 K. The spectra have
519  been fitted with a superposition of a slow and a fast relaxation component (solid lines). The
520  size of the symbols (+) roughly corresponds to twice the standard deviation (26) of the
521  experimental counts.

522 Figure 6. Isomer shift (8) plotted as a function of temperature. The solid line is the
523 calculated temperature dependence on the basis of the Debye approximation for the lattice
524  vibrations.

525 Figure 7. Temperature dependence of the quadrupole splitting AEq; of Fe** in

526  eosphorite. The lines represent the theoretical curves calculated from the crystal field model
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for the real symmetry of the Fe*' site in eosphorite (Gatta et al. 2013). a (wine dash-dot line):
Zos = -2.0, Cizr = 2.7x10” nm’mn/s (fixed); b (blue dashed line): Zos = -1.0 and -1.5, Ciz =
2.7x107 nm’mnv/s (fixed); ¢ (red solid line): Zos = -1.0 and -1.5, Gz = 3.1x10™ nm’mm/s

(adjusted). Corresponding values of calculated relevant quantities are given in Table 2.
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Table 1. Adjusted values for the isomer shift dg., the quadrupole spitting AEq and the
EFG asymmetry parameter 1 of eosphorite at selected temperatures. Numbers within

parentheses give an indication of the error on the corresponding parameter values.
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T OFe AEq Vo, H
(K) (mm/s) (mm/s)
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 Hey, of 60 kOe
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Table 2. Results concerning the quadrupole splitting calculations using the point-charge

model within the crystal field approximation. Zo4 is the “charge number” (times the proton

charge) of the O4-ligands of the Fe*" coordination in eosphorite (there are two O4 ligands;

following Gatta et al. 2013: the one is H,O and the other is OH"). A; (i = 1,...,4) is the position

of the i™ orbital level in the °D level scheme of Fe*‘relative to the °D orbital ground level. For

the other symbols: see text.

| Zoal | Zo4l AE, <r’>
(H,0) (OH) (mm/s) (a.u.)

*
Clat

JA%] A, As iV n n
(em™)  (em®)  (em™)  (em™)  (4.2K)  (250K)

2.0 2.0 1.48 0.21

1.0 1.5 2.05 0.09

1.0 1.5 2.02 0.11

2.7

2.7

3.1

>0

<0

<0

320 570 7130 7320 0.49 0.58

300 1020 6030 6870 0.84 0.54

280 970 6000 6870 0.79 0.46

* in units 10~ (nm)’mm/s
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