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Abstract 10 

The temperature variations of the ferrous Mössbauer parameters for a synthetic 11 

ilmenite (FeTiO3) have been determined and interpreted over a very wide temperature range 12 

(5 K – 900 K). The Debye model of the lattice vibrations was used in interpreting the 13 

temperature dependence of the center shift, yielding a characteristic Mössbauer temperature 14 

of 350 ± 20 K and a zero-Kelvin intrinsic isomer shift of 1.30 ± 0.01 mm/s. The temperature 15 

dependence of the ferrous Mössbauer quadrupole splitting was interpreted using crystal field 16 

theory. A most adequate description of the experimental ∆ܧொሺܶሻ  curve was obtained 17 

assuming an energy shift of at the most ca. 500 ± 50 cm-1 for the highest orbital T2g level 18 

relative to the lowest level within this T2g triplet. The temperature dependence of the 19 

hyperfine field was interpreted within the molecular field theory of magnetism assuming the 20 

magnetic exchange energy being a function of inter-atomic spacing, indicating a first-order 21 

magnetic transition at the magnetic-paramagnetic transition temperature of 59.0 ± 0.5 K.  22 

This detailed presentation of Mössbauer parameters as a function of temperature can 23 

serve as a basis for easily detecting ilmenite ore at for example the lunar surface and for 24 
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monitoring by means of Mössbauer spectroscopy the reduction process of the mined mineral 25 

with the purpose of supplying a future Moon base on site with oxygen and water.    26 

 27 
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INTRODUCTION 30 

Ilmenite (FeTiO3) crystallizes in the trigonal system R3ത , with the Fe2+ site being 31 

trigonally distorted (Barth and Posnjak 1934). The mineral orders antiferromagnetically below 32 

TN ≈ 57 K with spin direction along the c-axis (Grant et al. 1972, Kato et al. 1982). 33 

Mössbauer spectra (MS) for FeTiO3 have been reported earlier by, e.g., Grant et al. 1972, 34 

Syono et al. 1981, Ito et al. 1982, and Nakatshuka et al. 2010.  Considering the axial point 35 

symmetry of the Fe2+ site, Grant et al. (1972) assumed the principal axis z of the electric field 36 

gradient (EFG) to be parallel to c and hence to the direction of the hyperfine field Bhf. Using 37 

the typical Lorentzian- shaped six-line hyperfine pattern to fit their spectrum recorded at 5 K, 38 

the authors found values of 4.3 ± 0.3 T for the strength Bhf of the magnetic hyperfine field and 39 

1.44 ± 0.01 mm/s for the quadrupole splitting constant ½e2qQ, with e the proton charge, eq = 40 

Vzz the principal component of the EFG, and Q the nuclear quadrupole moment.  Syono et al. 41 

(1981) measured the quadrupole splitting ΔEQ for a synthetic FeTiO3 sample at four different 42 

temperatures, i.e., 4.2, ~80, ~200, and 300 K, respectively. They observed a moderate 43 

increase in ΔEQ from ~0.65 mm/s at 300 K to ~1.0 mm/s at ~80 K, with subsequently a 44 

relatively steep increase to 1.44 m/s at 4.2 K.  They attributed the abrupt increase of ΔEQ at 45 

low temperature to the effects of spin-orbit interaction and magnetic exchange interaction 46 

upon the electronic energy levels within the ferrous orbital T2g triplet ground state. Their 47 
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theoretical considerations predicted that the drastic increase of the quadrupole splitting 48 

presumably takes place on lowering the temperature below about 25 K. Syono et al. (1981) 49 

further found for the hyperfine field Bhf at 4.2 K the value of 5.6 T. In a Mössbauer and 50 

neutron diffraction study of the Co1-xFexO3 system, Ito et al. (1982) found for sample x = 1.0 51 

at 4.2 K values of 4.5 ± 0.2 T for Bhf and 1.42 mm/s for ½e2qQ. They reported η = 0 for the 52 

asymmetry parameter of the EFG tensor and Ω = 0 for the azimuthal angle of the direction of 53 

the hyperfine field with respect to the EFG’s principal axis z. More recently, Nakatsuka et al. 54 

(2010) presented MS for a synthetic FeTiO3 powder at temperatures between room 55 

temperature (RT) and 30 K. The paramagnetic spectra clearly show the presence of ~9% Fe3+ 56 

cations which the authors attributed to the occurrence of inter-valence charge transfer between 57 

Fe and Ti cations. The Fe2+ ΔEQ was found to be 0.64 mm/s at RT and 1.41 ± 0.08 mm/s at 30 58 

K. The hyperfine field Bhf as deduced from diagonalization of the hyperfine-interaction 59 

Hamiltonian was calculated to be 4.6 ± 0.2 T. 60 

Detailed and accurate experimental determinations of the ferrous hyperfine parameters 61 

of FeTiO3 over a wide temperature range have so far not been reported. In this study, 62 

Mössbauer spectra for synthetic ilmenite, recorded at temperatures in the range from 5 K to 63 

900 K, are presented and the temperature dependences of the various hyperfine parameters are 64 

reported. In the case of trigonal symmetry, as for FeTiO3, the temperature variation of the 65 

ferrous quadrupole splitting is primarily determined by the Boltzmann population of the lower 66 

T2g levels of the ferrous 5D spectroscopic term and therefore can provide information 67 

concerning the positions and splittings of these levels. From various viewpoints within the 68 

crystal field formalism, it is attempted to extract such information about the ferrous 5D T2g 69 

levels from the presently reported experimental results for the involved ilmenite species. The 70 

temperature dependence of the hyperfine field is interpreted based on the modified molecular 71 

field model developed by Bean and Rodbell (1962), which takes into account the effects of 72 
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magnetistriction on the magnetic exchange interactions. This model may gives indications 73 

concerning the ordering of the magnetic moments.  74 

 75 
EXPERIMENTAL 76 

The sample material was obtained by intimately mixing Fe2O3 and TiO2 powders in 77 

stoichiometric proportions. The mixture of the oxides was sintered a first time for 4 hours at 78 

900 °C in air, and a second time again for four hours at 1000 °C and also in air. After each 79 

firing the obtained product was ball-milled for several hours with the aim of optimizing 80 

homogeneity. The final mixture was pressed into a tablet under ca. 2 MPa, which was sintered 81 

for 24 hours at 1200 °C in air. Subsequently, while temperature maintained at 1200 °C, a 82 

reducing gas mixture consisting of 8 % H2 and 92 % N2 was blown through the furnace tube 83 

during 48 hours. Powder X-ray diffraction showed that the finally obtained product was 84 

single-phase FeTiO3. 85 

Mössbauer spectra (MS) were collected in transmission geometry with the absorber 86 

plane perpendicular to the γ-ray beam.  “Large-area” 57Co(Rh) sources with active diameter of 87 

5 mm and initial activity of ~75 mCi (2.78 GBq), provided by Gamma-Lab Development S.L. 88 

©, were used. All center shift values quoted hereafter, however, are relative to α-Fe at room 89 

temperature (RT). Two different time-mode spectrometers, for low and high temperatures, 90 

respectively, each composed of Wissel GmbH© drive, detection and data-acquisition (CMCA-91 

550) modules, were used. They operated under a triangular reference signal and were 92 

experienced to exhibit excellent linearity. The absorber thickness was approximately 10 mg 93 

Fe per cm² and counts were accumulated in 1024 channels. Asymmetry in the line intensities 94 

of the doublet spectra in the paramagnetic region was not observed, indicating that texture 95 

effects were not occurring. For all spectra the velocity (v) increment per channel, as 96 

determined from room-temperature spectra of a standard Fe foil at RT, was within the range 97 
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0.0165 ± 0.0005 mm/s. Final off-resonance counts were usually ~106 per channel. The 98 

temperature of the absorber was varied within the range 5 K – 300 K using the CF506 99 

continuous flow cryostat with ITC4 temperature controller from Oxford Instruments© and 100 

using a RICOR© Mössbauer furnace, type MF-2B, for temperatures in the range 300 - 900 K 101 

equipped with in-house made temperature controller based on a chromel-alumel 102 

thermocouple.   103 

RESULTS 104 

Because the Fe2+ occupies only one crystallographic site in the ilmenite structure, it 105 

could be expected that the MS at 5 K would be adequately reproduced by one set of values for 106 

the Mössbauer parameters as assumed by Grant et al. (1972) and by Syono et al. (1981) see 107 

Table 1). However, it was observed for the presently involved FeTiO3 sample that the spectra 108 

recorded at temperatures below the magnetic ordering temperature show a slight but 109 

significant line broadening, presumably attributable to the occurrence of distributions on the 110 

hyperfine parameters in particular as far as the hyperfine field Bhf is concerned. Therefore, 111 

MS acquired at temperatures below the transition point were numerically analyzed by model-112 

independent hyperfine field distributions (Vandenberghe et al. 1994) using in-house 113 

developed software based on the IMSL FORTRAN library optimizer routine ZXSSQ. 114 

Because the involved parameters concern Fe2+ species, each of the composing elemental 115 

subcomponents was calculated by diagonalization of the full nuclear interaction Hamiltonian 116 

(Hoy and Chandra 1967). Possible distributions on the other hyperfine parameters were taken 117 

into account by assuming linear correlations between Bhf on the one hand and the center shift 118 

(δ), the quadrupole splitting (ΔEQ), the zenithal angle (Ω) between the direction of Bhf and the 119 

axis of the principal component (Vzz) of the diagonalized electric field gradient tensor (EFG) 120 

and the asymmetry parameter (η) of the EFG at the other hand, respectively. As also observed 121 
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in earlier studies (Grant et al. 1972, Syono et al. 1981, Ito et al. 1982), the MS were only very 122 

weakly dependent on the azimuthal angle (Ψ) of the direction of Bhf with respect to the EFG 123 

axis system, and therefore in the final calculation of the MS, this angle was fixed to zero. A 124 

selection of the results (with highest probability in the respective distributions) of the 125 

parameters yielding the best agreement between calculated and experimental spectra (see 126 

Figure 1) are given in Table 1 (T = 5 K). A full list of these results is available as 127 

supplementary material. 128 

The paramagnetic MS of the present ilmenite sample were found to be somewhat 129 

broadened, however only to an extent that can reasonably be expected for a synthetic 130 

polycrystalline oxide powder. Nevertheless, for the sake of consistency and for practical 131 

reasons, the authors preferred to numerically analyze these spectra by model-independent 132 

quadrupole splitting distributions. A possible distribution of the center shift was taken into 133 

account by imposing a linear correlation of δ with ΔEQ. The adjusted parameter values (with 134 

highest probability in the corresponding distribution profiles) at some selected temperatures 135 

are indicated in Table 1 and for a complete list of the results at all temperatures applied in this 136 

study the reader is referred to the supplementary material.  Examples of experimental and 137 

calculated spectra are reproduced in Figure 2. It is to be noted at this stage that no indication 138 

whatsoever for the presence of any significant fraction of Fe3+ in the structure can be noticed.  139 

For verification, direct information about the asymmetry parameter η was also derived  140 

by analyzing a MS that was acquired at 80 K in an external magnetic field of 6 T with  141 

orientation parallel to the incident γ-rays. Satisfying agreement between the calculated and 142 

experimental spectra (see Figure 3) was obtained for the Mössbauer parameter values as 143 

reported in Table 1, with η = 0.20 ± 0.05 and the positive sign of Vzz , thus being consistent 144 

with the results from the low-temperature magnetic MS. The anisotropic field-reduction 145 

quantities, occurring in the theoretical treatment of the effect of an external field acting at the 146 
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Mössbauer nuclei (Varret 1976), were calculated as HIZ =  −1.4 T, HIY = −3.7 T, and HIX = 147 

−2.0 T (errors:  ~0.3 T).  148 

Considering the complexity of the reported Mössbauer spectra, the adjusted parameter 149 

values of the ilmenite species determined in this study are generally closely in line with those 150 

reported earlier (Grant et al. 1972, Syono et al. 1981, Ito et al. 1982, Nakatshuka et al. 2010).  151 

DISCUSSION 152 

Analysis of the temperature dependence of the center shift.  153 

The temperature variation of the center shift δ is plotted in Figure 4. Generally the quantity δ 154 

consists of two contributions (De Grave and Van Alboom, 1991; Eeckhout and De Grave, 155 

2003a). The first one is the intrinsic isomer shift (δI), which is determined by the s-electron 156 

density at the probe iron nuclei. In a first approximation, δI exhibits a slight temperature 157 

variation: δI(T) = δI(0) + α.10-5T  as a result of the thermal expansion of the T2g and Eg wave 158 

functions of the iron probes (Perkins and Hazony 1972). The second contribution to the center 159 

shift is the second-order Doppler shift (δSOD), which arises from the non-zero squared velocity 160 

of the emitting and absorbing 57Fe nuclei. Its value is strongly dependent on temperature as 161 

being related to the vibrational properties of the probe ions in the crystal structure. Within the 162 

Debye approximation for the lattice vibrational spectrum, δSOD can be calculated in terms of 163 

the so-called characteristic Mössbauer temperature, ΘM, yielding the expression (Pound and 164 

Rebka 1960): 165 
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∫ .  (1) 166 

where kB and M are the Boltzmann constant and the mass of the 57Fe nucleus, respectively. 167 

ΘM is related to the well-known Debye temperature of the lattice. The values of δI(0), α and 168 
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ΘM can be obtained by adjusting the theoretical expression for δ(T) to the experimental 169 

values, yielding δI(0) = 1.30 ± 0.01 mm/s, α = -1.7 ± 0.1 mm/(sK) and ΘM = 350 ± 20 K 170 

respectively. The solid curve in Figure 4 represents the corresponding calculated temperature 171 

variation. The result for ΘM is well in line with a general trend that Fe2+ Mössbauer 172 

temperatures lie between ca. 300 K and ca. 400 K, while Fe3+ species commonly exhibit 173 

values close to or exceeding 500 K (De Grave and Van Alboom, 1991; Eeckhout and De 174 

Grave 2003a). The value for the thermal coefficient α is close to the value that was found for 175 

triphylite, i.e., -1.1 mm/(sK) (Van Alboom et al. 2011), and in absolute value somewhat lower 176 

than –6.5 mm/(sK) in eosphorite (Van Alboom et al. 2015) and –4.5 mm/(sK) obtained for 177 

hedenbergite (Eeckhout and De Grave 2003b). As has already been remarked in Van Alboom 178 

et al. (2015), generally the parameter α is ill defined because of the extremely small misfit 179 

effects it corrects for (in particular only at relatively high temperatures) and the strong 180 

interference with the parameter ΘM in determining the goodness-of-fit of the calculated δ(T) 181 

curve. From the Mössbauer temperature, information can be extracted about the iron 182 

Mössbauer recoil-free fraction within the Debye model of the lattice vibrations (Dyar et al. 183 

2007, 2008 and 2013).  184 

Interpretations of the temperature dependence of the quadrupole splitting.  185 

In Figure 5, the quadrupole splitting ΔEQ as a function of temperature T is plotted for the 186 

presently studied ilmenite species. In their calculations concerning  ∆ܧொሺܶሻ, Syono et al. 187 

(1981) modeled the temperature dependence using the equivalence principle of T2g- and P-188 

states (Ballhausen 1962). Within this formalism, they found a steep increase of the quadrupole 189 

splitting at decreasing temperature below about 25 K. Contrary to this finding the presently 190 

observed increase of the quadrupole splitting with decreasing T between 120 K and 5 K is not 191 

as abrupt as observed or calculated by those authors below ca. 25 K. Instead, it is noticed that 192 
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ΔEQ increases gradually as temperature lowers from 900 K to ca. 120 K, showing a 193 

subsequent stronger increase in going from ca. 120 K to ca. 25 K and then reaching a 194 

saturation value of  ~1.44 mm/s below ~25 K (see Figure 5).  195 

Generally ΔEQ may be written as: 196 

 ∆EQ ൌ ଵଶ eQ|V|ට1  మଷ    . (2)  197 

where Q is the nuclear quadrupole moment of 57Fe, e the proton charge and  ߟ ൌ ೣ ೣି   the 198 

asymmetry parameter of the diagonalized electric field gradient (EFG) tensor, with diagonal 199 

elements Vxx, Vyy and Vzz ordered as Vzz > Vxx ≥ Vyy. The EFG axes system is commonly 200 

chosen so that 0 ≤ η ≤ 1, thus limiting the contribution of η to the value of ΔEQ to maximum 201 

of ca. 15%. Therefore, ΔEQ is mainly determined by the value of Vzz and much less by η.  The 202 

value of ΔEQ depends on the crystallographic coordination of the Fe2+ ion, which is reflected 203 

in the values of Vzz. and η, both quantities being composed of a valence and a lattice 204 

contribution (Van Alboom et al. 2015). In most cases, the lattice contributions are small 205 

compared to the valence contributions and both have the opposite sign (Ingalls 1964).  206 

The valence contributions to Vzz and η are determined by the Boltzmann occupation of 207 

the 5D orbital levels, the positions of which can be obtained from crystal field theory using 208 

symmetry considerations dictated by the local Fe2+ coordination. Taking the symmetry of the 209 

Fe2+-site into account, therefore the splitting of the T2g levels can be determined from the 210 

temperature variation of ΔEQ (Ingalls 1964).  211 

Within the crystal field model, the 5D level scheme can be obtained by diagonalization 212 

of the crystal field Hamiltonian  H. For trigonal symmetry  H can be expressed in the 213 

equivalent operator notation (Hutchings 1964) as:  214 
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 Hୡ ൌ െ ଶଷ Bସ൫Oସ  20√2 Oସଷ൯  BଶOଶ .  (3) 215 

where the operators  O୬୫ (n = 2 and 4; m = 0 and 3) are the Stevens’ equivalent operators of 216 

the related tesseral harmonics. The B coefficients depend on the charges and the relative 217 

positions of the ligands in the coordination of the Fe2+ probe. Spin-orbit interaction can be 218 

taken into account by adding the term  λLS to the right side of Equation 3, with L and S the 219 

orbital and spin operators respectively and λ the spin-orbit interaction coefficient (Ballhausen 220 

1962). 221 

Due to the trigonal elongation of the Fe2+-site in ilmenite and the high-spin state of the 222 

Fe2+, the lower 5D T2g triplet is split into a lower doublet and a higher singlet (with orbital 223 

splitting Δ1 relative to the doublet ground level), this being confirmed by the observed 224 

positive sign of Vzz (see Table 1). For trigonal symmetry, the EFG asymmetry parameter η 225 

equals zero and in a good approximation, neglecting spin-orbit effects, the valence 226 

contribution (subscript val) to ΔEQ can then be expressed as (Ingalls 1964):  227 

 ∆EQ,୴ୟ୪ሺTሻ ൌ ∆E ൫మಊమషಉమ൯ష౮౦ ሺష ∆భ ౡBTሻమశ౮౦ ሺష ∆భౡBTሻ    , (4) 228 

where kB is the Boltzmann constant, α and β mixing coefficients of the dij wave functions and 229 

ΔE0 the so-called zero-Kelvin axial valence term. In Equation 4, Δ1 is primarily determined by  230 ܤଶ and to much less extent by B4. The value of B4 is directly related to the cubic splitting 231 

10Dq in an octahedral crystal field (10Dq = 120B4). Adjustment of Equation 4 to the 232 

experimental ΔEQ(T) values for T ≥ 80 K yields a reasonable reproduction for temperatures 233 

exceeding ca. 120 K (see the blue dashed curve in Fig. 5). However, the observed relative 234 

sharp increase of the experimental ΔEQ values on further lowering the temperature below 235 

~120 K is by far not predicted by the model. This finding suggests that an additional T 236 
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dependent contribution to ΔEQ appears at low temperatures as the result of the Boltzmann 237 

occupation of intermediately lying T2g energy levels resulting from a further splitting of the 238 

doublet ground level due to spin-orbit interaction. 239 

Adding the spin-orbit term to  Hୡ in Equation 2 and adjusting  Bଶ and the spin-orbit 240 

interaction coefficient λ so that the corresponding 5D level scheme leads to the calculated  241 ∆EQሺTሻ  curve giving the best agreement with the experimental values below 300 K, yields 242 

the green fine curve in Figure 5. By this method, a more adequate accordance between 243 

calculated and experimental  ∆EQሺTሻ values is obtained at low temperatures. However for 244 

higher temperatures the agreement is less satisfying. From these calculations, it is concluded 245 

that the combined effect of the trigonal symmetry of the crystal field and the spin-orbit 246 

interaction alone is not sufficient to interpret the observed  ∆EQሺTሻ dependence fully. Also the 247 

asymmetry of the EFG cannot be understood in this case. The observation that η ≠ 0 implies a 248 

deviation from axial symmetry and consequently to a further lowering of the symmetry of the 249 

Fe2+ coordination, thus splitting the T2g triplet in three distinct orbital levels. For such a case, 250 

within crystal field theory and neglecting spin-orbit coupling, the valence contributions to the 251 

quadrupole splitting can be calculated by (Ingalls 1964):  252 

ொ,௩,௭௭ሺܶሻܧ∆  ൌ  భషభమ౮౦ ሺషܧ∆ ∆భೖಳሻషభమ౮౦ ሺష ∆మೖಳሻభశ౮౦ ሺష ∆భೖಳሻశ౮౦ ሺష ∆మೖಳሻ   and (5) 253 

ொ,௩,ఎሺܶሻܧ∆    ൌ  భమ౮౦ ሺషܧ∆ 3 ∆భೖಳሻషభమ౮౦ ሺష ∆మೖಳሻభశ౮౦ ሺష ∆భೖಳሻశ౮౦ ሺష ∆మೖಳሻ (6) 254 

Taking into account that η ≤ 0.36 experimentally (see Table 1), the valence contribution of η 255 

to ΔEQ is at most only ca. 2.1 %  (neglecting the lattice contribution to η) as can be verified 256 

from Equation 1. As such, the temperature dependence of ΔEQ is mainly determined by the 257 

valence contribution of Vzz. Adjusting the theoretical  ∆EQሺTሻ curve using Equations 2, 5, and 258 
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6 to the experimental data finally provides an adequate agreement between the experimental 259 

and calculated  ∆ܧொሺܶሻ values (see the pink bold curve in Fig. 5) and yields for the T2g-260 

splittings the values of Δ1 = 80 ± 10 cm-1 and Δ2 = 500 ± 50 cm-1 for the two higher orbital 261 

levels relative to the lowest level. The value of ΔE0 was adjusted to be 1.54 ± 0.01 mm/s. 262 

Lattice contributions were adjusted to values less than 0.1 mm/s in absolute value and are 263 

therefore of minor importance. It is noted here that spin-orbit interaction also causes splitting 264 

of the orbital levels in non-degenerate sublevels, however the influence of this splitting is 265 

apparently not noticed in the observed  ∆ܧொሺܶሻ. The calculated values (η < 0.10) of the 266 

asymmetry parameter are small but different from zero. Within the approximations used in 267 

this approach and considering that the contribution of η values smaller than 0.36 to ΔEQ is at 268 

the most ca. 2.1 % (neglecting lattice contributions – see above), one may infer that the 269 

experimental values of η are only qualitatively explained using this model. Although the 270 

asymmetry of the EFG is clear from the Mössbauer analysis, the reason of this asymmetry 271 

could not be detected nor verified by other research techniques e.g. x-ray diffraction. 272 

Within crystal field theory, a more general theoretical treatment of the temperature 273 

dependence of ΔEQ can be performed by a point-charge model as described earlier by Van 274 

Alboom et al. (2015). In making such calculation for the present ilmenite, using the structural 275 

data of ilmenite given by Wechsler and Prewitt (1984) and taking spin-orbit interaction into 276 

account, it was, however, not possible to reproduce the temperature dependence of ΔEQ 277 

satisfactorily with acceptable values of the parameters appearing in the model. On the other 278 

hand, a reasonably precise description of the temperature dependence of ΔEQ was obtained 279 

(closely following the pink curve in Fig. 5) based on an acceptable 5D level scheme, for which 280 

the corresponding values of the model parameters seem to be unreasonable in view of 281 

theoretical values for these parameters as reported in literature (see, e.g., Van Alboom et al. 282 
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2015). A possible reason for these findings can be attributed to the occurrence of covalency 283 

effects, which indeed cannot be adequately described within the crystal field model. Another 284 

reason can be found in vibronic effects as a result of orbit-lattice interactions as suggested to 285 

occur for Fe2+ in other trigonally distorted octahedral sites with a doublet ground state (see 286 

Eeckhout et al. 1999 and references therein).  287 

In summary, crystal field calculations with the inclusion of a spin-orbit interaction 288 

term alone are not able to provide an acceptable interpretation of the observed  ∆ܧொሺܶሻ 289 

dependence over the full temperature range applied in this work. However, the calculations as 290 

presented in this section suggest that the non-degenerate sublevels of the 5D T2g triplet are 291 

most probably spread over an energy band of ca. 500 ± 50 cm-1 relative to the lowest level. 292 

The creation of such a band of energy levels is believed to be due to additional effects such as, 293 

e.g., spin-orbit interaction, covalency effects, vibronic coupling, etc. The Boltzmann 294 

occupation of these various levels may explain, at least qualitatively, the temperature 295 

variation of the observed  ∆EQሺTሻ. It is plausible that, as a consequence of this occupation, 296 

ΔEQ at first increases very gradually as temperature lowers to ca. 120 K, subsequently shows 297 

a stronger increase on further decreasing the temperature, and finally reaches a saturation 298 

value at and below ca. 25 K.  It should be mentioned at this point that the steeper increase 299 

below ~120 K was not observed earlier and hence not predicted at all by, e.g., Grant et al. 300 

(1972) or by Syono et al. (1981).  301 

Analysis of the temperature dependence of the hyperfine field. 302 

FeTiO3 is known as a layer-type antiferromagnet (Kato et al. 1986). Following the 303 

molecular field theory of magnetism and assuming the Mössbauer magnetic hyperfine field to 304 

be proportional to the magnetization, the temperature variation of the hyperfine field, Bhf(T), 305 

in an antiferromagnetic substance is generally reasonably described by a Brillouin curve 306 

(Morrish 1965):  307 
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 ( ) (0) ( )hf hf SB T B B x= ×  (7) 308 

with  Bhf(0) the saturation value of the hyperfine field and BS(x) the Brillouin function for 309 

magnetic spin moment S = 2 for Fe2+. The argument x is given by 310 

 
( )2
(0)

hfN

hf

B TTx
T B

= . (8) 311 

At low temperatures, depending on the material, the magnetic moments of the 312 

magnetic ions show long range ordering, and the hyperfine field then reaches its saturation 313 

value. Due to thermal randomization, the magnetic ordering becomes more and more 314 

disturbed at increasing temperature. The Brillouin curve describes the related decrease of the 315 

hyperfine field at increasing temperature in the case of a rigid lattice for which the magnetic 316 

interaction is assumed to be independent of lattice spacing. At a certain temperature (the so-317 

called Néel temperature TN) the magnetic ordering has totally vanished and the hyperfine field 318 

becomes zero without discontinuity. Such a transformation is known to be of second order. 319 

However, this general molecular field theory has proven to be deficient in describing the 320 

observed temperature variation of the hyperfine field for many Fe2+-bearing substances, 321 

including ilmenite as experienced in the present study.  322 

A refinement of the classical general molecular field theory is provided by the model 323 

of Bean and Rodbell (1962). These authors assume that the magnetic exchange energy is a 324 

function of the inter-atomic spacing. As a consequence, a kind of thermal hysteresis in a 325 

narrow temperature range around the transition temperature is induced: the temperature at 326 

which the field becomes zero in crossing from the antiferromagnetic to the paramagnetic 327 

state, is slightly different from the temperature at which the hyperfine field becomes non-zero 328 

when temperature decreases in going from the paramagnetic to the antiferromagnetic state. 329 

Again assuming proportionality between hyperfine field and sublattice magnetization and S = 330 
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2, application of the Bean-Rodbell model to Fe2+ in ilmenite leads to the following expression 331 

for the argument x of the Brillouin function BS(x) in Equation 8: 332 

 
2

2

( ) ( )13
2

15 (0)(0)
hf hfNBR

hfhf

B T B TTb
x

T BB
η⎡ ⎤

= +⎢ ⎥
⎢ ⎥⎣ ⎦

. (9) 333 

where the quantity ηBR is a measure of the departure from an ideal second-order magnetic 334 

transition. Values for ηBR exceeding 1 indicate first-order transitions. Values below or equal 335 

to 1 indicate second-order transitions. In the case of a rigid lattice, the value for ηBR equals 336 

zero and the variation of Bhf(T) then follows the classical Brillouin curve. This theory of Bean 337 

and Rodbell predicts that, in the case of a first-order transition (ηBR > 1), the hyperfine field 338 

decreases less rapidly with increasing temperature as compared with the comparable rigid 339 

system. Hence, the hyperfine field will be different from zero when the Néel temperature of 340 

the comparable rigid system is reached. When temperature further increases, at a certain 341 

somewhat higher temperature the hyperfine field falls discontinuously to zero. This is 342 

demonstrated by the calculated curve in Figure 6, which adequately describes the observed 343 

variation of the hyperfine field for Fe2+ in the present ilmenite. The value of ηBR was found to 344 

be 1.56 ± 0.05, implying the magnetic transformation to be of first-order. The corresponding 345 

calculated value for TN is 57.1 ± 0.5 K. However, as expected for a first-order transition 346 

following the model of Bean and Rodbell, the hyperfine field falls discontinuously to zero at a 347 

somewhat higher temperature, here 59.0 ± 0.5 K, as can be noticed from Figure 6. In contrary 348 

to Kato et al. (1982), the magnetic transformation of first order in the present ilmenite extends 349 

to the all temperatures T ≤ 59.0 ± 0.5 K. Further research is planned to confirm these results.    350 

  351 
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IMPLICATIONS 352 

FeTiO3 is a common accessory mineral in many terrestrial igneous and metamorphic rocks, 353 

and it also occurs in sedimentary deposits on earth (Bowles 2011). It is the most important 354 

source of titanium and supplies source material to the large TiO2 pigment industry as well as 355 

to the very significant and growing titanium sponge/metal market (Choudhury et al. 2013). 356 

Ilmenite is also important for other industries, for example electronics (Raghavender et al. 357 

2013, Yan et al. 2010), and for medical applications (Balazic et al. 2007). 358 

Ilmenite is also an abundant component of many lunar rocks (Bowles 2011), even to that 359 

extent that it is the subject of research to extract Fe, Ti and O2 from lunar ilmenite on the 360 

Moon itself for use in a Moon base (Schwandt et al. 2012) and to produce H2O for human 361 

habitation by reducing lunar ilmenite (Li et al. 2012). 362 

To make use of the ilmenite source on the Moon, knowledge about locations with a high 363 

ilmenite abundance on the lunar surface is prerequesite. In addition to high-resolution UV-364 

VIS mapping of the lunar surface (Robinson et al. 2007), Mössbauer spectroscopy can play an 365 

important role in establishing ilmenite-rich places (Klingelhöfer 2012), because the mineral 366 

can be easily identified by its characteristic Mössbauer spectrum, which in the paramagnetic 367 

state is only determined by the center shift and the quadrupole splitting of the Fe2+ in its 368 

structure. Following the experiences gained on the martian surface by the Mimos II 369 

spectrometer during the Mars Exploration Rover mission of 2003, Klingelhöfer (2012) 370 

proposes to mount a Mössbauer instrument on a lunar rover, which would allow to search for 371 

ilmenite very effectively. Using Mössbauer spectroscopy in searching for locations of 372 

ilmenite-rich places on the Moon surface, the ferrous center shift and quadrupole splitting 373 

data would be of crucial importance. Also their temperature dependences will be very 374 

important parameters, because it is known that temperatures at the surface of the Moon can 375 
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change drastically, depending on where the sun is shining, ranging from about 100 degrees C 376 

at daytime to −173 degrees C at night.   377 

Mössbauer spectroscopy could also be applied in situ to monitor the degree of reduction of 378 

ilmenite during the oxygen production process (Klingelhöfer 2012). The presented values of 379 

the Mössbauer parameters will be also very helpful in monitoring this process.   380 

In summary, measured values of the center shift and the quadrupole splitting for ilmenite as 381 

presented in this paper therefore can be very conclusive for the identification of Lunar 382 

ilmenite and have previously never been reported over such a wide temperature range nor in 383 

such a large number of different temperatures.  384 
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Figure captions 480 

Figure 1: Experimental (+) and calculated (full line) spectra at selected temperatures below 481 

the magnetic ordering temperature (left) and corresponding Bhf-probability distributions 482 

(right). The size of the symbols (+) roughly corresponds to twice the standard deviation (2σ) 483 

for the observed counts. 484 

Figure 2: Experimental (+) and calculated (full line) spectra at selected temperatures in the 485 

paramagnetic region (left) and corresponding  ΔEQ -probability distributions (right). The size 486 

of the symbols (+) roughly corresponds to twice the standard deviation (2σ) for the observed 487 

counts. 488 

Figure 3: Experimental (+) and calculated (full line) spectra at 80 K in a longitudinal external 489 

magnetic field of 6 T. The size of the symbols (+) roughly corresponds to twice the standard 490 

deviation (2σ) for the observed counts. 491 

Figure 4: Experimental (+) and calculated (full line) center shifts as function of temperature  492 

for the present ilmenite.  493 

Figure 5: Experimental (+) and calculated (full lines) quadrupole splittings as function of 494 

temperature for the present ilmenite. Blue dashed line: calculation in the case of trigonal 495 

symmetry of the Fe2+-site (adjusted for T ≥ 80 K). Green thin line: calculation in the case of 496 

trigonal symmetry of the Fe2+-site and spin-orbit interaction taken into account (adjusted for T 497 

≤  300 K). Pink bold line: calculation in the case of an additional distortion of the Fe2+-site 498 

neglecting spin-orbit interaction (adjusted for the whole T-region).  499 

Figure 6: Experimental (+) and calculated (full line) hyperfine fields as function of 500 

temperature in the present ilmenite, using the model of Bean and Rodbell (1962).  501 

  502 
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Tables 503 

Table 1: Relevant Mössbauer parameters with highest probability in the Bhf- and ΔEQ-504 

distributions at selected temperatures for ilmenite (Γ: full width at half maximum; other 505 

symbols: see text). *: Grant  et al. 1972; : Syono et al. 1981;**: measured in the present 506 

work in a longitudinal external magnetic field of 6 T. Errors for the present measurements: 1 507 

K on T, 0.02 mm/s on δ; 0.02 mm/s on ΔEQ; 0.05 on η;  0.1 T on Bhf; 2° on Ω; 0.01 mm/s on 508 

Γ. 509 

T (K) δ (mm/s) ΔEQ (mm/s) Vzz η Bhf(T) Ω (°) Γ (mm/s) 

4.2   1.44  0.0 5.6 0  

5* 1.22 1.44 >0 0.0 4.3±0.3 0  

5 1.22 1.44 >0 0.29 4.5 13 0.29 

80 1.19 1.00     0.26 

80** 1.22 1.05 >0 0.20   0.31 

295 1.07 0.65     0.26 

900 0.62 0.24     0.26 

 510 
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