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ABSTRACT 19 

Vonsenite, Fe2+
2Fe3+O2BO3, has been the subject of many studies in the materials-science and 20 

condensed-matter-physics communities due to interest in the electronic and magnetic properties 21 

and ordering behavior of the phase. One such study, undertaken on synthetic material of 22 

endmember composition, reports X-ray diffraction structure refinements that indicate a phase 23 

transition from Pbam to Pbnm at or just below approximately 283 K, determined subsequently to 24 

arise from a Peierls-like instability. To compare the stability of the natural phase with that of 25 

synthetic material, we performed high-precision X-ray crystal structure analyses at 295, 100, and 26 

90 K (R1 = 0.0119, 0.0186, and 0.0183, respectively), Mössbauer spectroscopy at 295, 220, 150, 27 

80, and 4.2 K, and wavelength-dispersive electron microprobe analysis on a vonsenite of near-28 
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endmember composition from Jayville, New York, U.S.A. The Pbnm structure is observed at 29 

100 K and 90 K, suggesting similar phase stability for the natural and synthetic phases. 30 

Comparison of Mössbauer data and X-ray site occupancies between the natural and synthetic 31 

phases suggests a reinterpretation of Mössbauer site assignments. We conclude that the Peierls-32 

like instability underlying the reported transition from Pbam to Pbnm in synthetic material 33 

occurs also in our specimen of natural near-endmember vonsenite at temperatures between 295 34 

K and 100 K. 35 

Keywords: vonsenite, phase transition, low-temperature structure refinements, Peierls-36 

like instability 37 

 38 

INTRODUCTION 39 

Vonsenite, Fe2+
2Fe3+O2BO3, is the heterovalent-iron endmember of the ludwigite group 40 

of high-temperature contact-metamorphic oxyborates. Vonsenite forms a continuous isomorphic 41 

solid-solution series with ludwigite sensu stricto, Mg2Fe3+O2BO3 (Tschermak 1874). The 42 

ludwigite group minerals are common accessories in boron-rich magnesian and calcareous iron 43 

skarns after dolomites (Palache et al. 1951). Vonsenite is much less common than ludwigite. 44 

Takéuchi et al. (1950) first determined the structure of a natural ludwigite, and Takéuchi 45 

(1956) refined the structure of a natural magnesian vonsenite (Fe2+
0.625Mg0.375) using 46 

Weissenberg data. Mokoyeva (1968) refined the structure of two crystals of synthetic ludwigite, 47 

[(Mg1.85Fe2+
0.15)(Fe3+

0.60Al0.40]BO3O2, and was first to report the distribution of Fe2+ and Fe3+ 48 

over the cation sites. Swinnea and Steinfink (1983) refined the structure of a crystal of synthetic 49 

endmember vonsenite, supporting many prior findings and surpassing earlier structure 50 

refinements by an order of magnitude in precision. Structure refinement was attained to R = 51 

0.030, in space group Pbam; the atom nomenclature of those authors is generally respected in 52 
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later investigations, and we continue that practice in this work. Based on Mössbauer spectra, site 53 

distortions, and bond valence sums, the authors report that Fe2+ occupies Fe1 and Fe3. “Direct 54 

exchange” is reported between Fe2 and Fe4 [separated by 2.783 Å at 295 K (Table 3), “direct 55 

exchange” is understood here to mean intervalence charge transfer, after the cited Burns (1981), 56 

though the authors do not express this claim categorically], resulting in an intermediate valence 57 

of Fe2.5+ on both sites. Significantly, Mössbauer spectra are reported to establish the presence of 58 

charge delocalization along [001] as a function of temperature.  59 

The pivotal work of Swinnea and Steinfink (1983) set the stage for many studies of 60 

vonsenite structure, crystal chemistry, and electronic interactions by the materials-science and 61 

condensed-matter-physics communities. These studies were undertaken to explore and 62 

understand the subtle, complex electronic and magnetic characteristics of the phase, its ordering 63 

behavior, and its manifestation of multiferroicity [see van den Brink and Khomskii (2008) for a 64 

technical introduction to multiferroicity; Maignan et al. (2017) assume familiarity with 65 

multiferroicity and discuss it specifically in vonsenite]. All such studies known to the present 66 

authors [cf. the exhaustive review of Sofronova and Nazarenko (2017)] were performed upon 67 

synthetic vonsenite powders and single crystals of ideal endmember composition, prepared by a 68 

variety of synthesis techniques. 69 

Although the atomic arrangement of synthetic vonsenite has been studied extensively, 70 

there is a paucity of structure studies on natural vonsenite, and, to our knowledge, natural 71 

materials have not been studied at lower-than-ambient temperatures. Notably, Bonazzi and 72 

Menchetti (1989) refined the structures of three natural vonsenites in a broader study of 73 

ludwigite crystal chemistry, confirming Pbam isomorphism throughout the solid solution at STP 74 

(IUPAC Standard Temperature and Pressure = 273.15 K, 100 kPa = 1 Bar). 75 
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Subsequent to the initial investigations of the vonsenite atomic arrangement at STP, 76 

Bordet and Suard (2009) performed X-ray structure refinements upon a single crystal of 77 

synthetic endmember vonsenite at temperatures between 320 K and 110 K and reported a 78 

structural transition from Pbam to Pbnm at or just below 283 K. That transition, and the 79 

magnetic properties and magnetic transitions of the Pbnm structural phase at lower temperatures, 80 

have been the subject of numerous studies in the materials-science and condensed-matter-physics 81 

communities. Biryukov et al. (2020) refined the structure of a natural vonsenite at 293 K (R = 82 

0.036) and 400 K, (R = 0.029). The paper examines and compares the variation of oxidation 83 

states and the associated structural changes in a natural near-endmember vonsenite and a 84 

compositionally similar hulsite from the same occurrence, and the solid-state decomposition of 85 

hulsite to warwickite plus hematite. 86 

The atomic arrangement of vonsenite at 295 K is depicted in Figure 1. Fe cations occupy 87 

four octahedra, Fe1–Fe4, which are corner- and edge-shared in (001). The four sites may be 88 

associated in symmetrically nonequivalent pairs: Fe1 with Fe3, and Fe2 with Fe4. Fe1 (2a; site 89 

symmetry 2/m) and Fe3 (4g; site symmetry m) exhibit distinctly longer Fe-O distances in the 90 

equatorial plane, whereas Fe2 (2d; site symmetry 2/m) and especially Fe4 (4h; site symmetry m) 91 

are highly symmetric. Fe1 and Fe3 lie in the z = 0 plane; Fe2 and Fe4 lie at z = 1/2. 92 

 The FeO6-octahedra form zigzag chains on (001). Within each zigzag chain, edge-shared 93 

three-member subsequences (Fe4-Fe1-Fe4) and (Fe3-Fe2-Fe3) recur in the unbounded 94 

continuous sequence (Fe4-Fe1-Fe4-Fe3-Fe2-Fe3)∞. Zigzag chains are linked in (001) by corner-95 

sharing, creating interstices for triangular BO3 groups in which each vertex is an equatorial 96 

oxygen shared by two FeO6-octahedra (Fig. 1). 97 
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FeO6-octahedra also comprise structural elements termed triads (Sofranova and 98 

Nazarenko 2017), which are of two types. Sites Fe2 and Fe4 form edge-shared 4-2-4 triads in 99 

(001), termed triads of the first type (orange octahedra in Fig. 1); sites Fe1 and Fe3 form corner-100 

shared 3-1-3 triads of the second type (yellow octahedra in Fig. 1). Both triad types stack along 101 

[001], sharing edges between adjacent unit cells (c ~ 3.07 Å, i.e., a single octahedron) to form 102 

zigzag walls (Guimarães et al. 1999). Zigzag walls are quasi-two-dimensional structures within 103 

which correlated electronic interactions induce the singular electronic, magnetic, transport, and 104 

ordering behavior observed in studies of synthetic material. 105 

We report high-quality structure refinements from data collected at 295 K, 100 K, and 90 106 

K on a ground, spherical single crystal of a natural vonsenite, (Fe2+
1.90Mg0.08Mn2+

0.02)Σ2.00 107 

(Fe3+
0.98Al0.02)Σ1.00BO5, from Jayville, New York, U.S.A., and provide a concise summary of the 108 

structures. 109 

EXPERIMENTAL 110 

 Chemical Analysis. A 5 mm vonsenite crystal from the current locality was mounted in 111 

epoxy in a 1-inch ring, polished, carbon coated under vacuum and analyzed by wavelength-112 

dispersive X-ray spectrometry using a Cameca SX-100 electron-probe at the Earth and 113 

Environmental Sciences Department, Rensselaer Polytechnic Institute, Troy, NY. Operating 114 

conditions were 15 keV and 20 nA. The standards used were kyanite (Al), hematite (Fe), 115 

tephroite (Mn), rutile (Ti), synthetic V2O5 (V), chromite (Cr). The results of the analyses are 116 

given in Table 11. 117 

 X-ray Diffraction. X-ray diffraction data were collected with a Bruker ApexII CCD 118 

single-crystal diffractometer using graphite-monochromated Mo K radiation; details of crystal 119 

data and data collection are contained in a single CIF (Crystallographic Information File) for the 120 
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three structures; that file has been deposited.1 Temperature was controlled using an Oxford 121 

Cryostream Controller 700 paired with an Oxford Cryostream AD51 Dry Air Unit. The air 122 

stream is controlled using a Cryostream Cooler Nitrogen Gas Pump Unit. Actual temperatures 123 

(K) of data collection were 295.0(1.0) [henceforth 295], 100.5(1.0) [henceforth 100], and 124 

90.5(1.0) [henceforth 90]. 125 

 For each sample, redundant data were collected for a sphere of reciprocal space (average 126 

redundancy ≈ 9.6) and were integrated and corrected for Lorentz and polarization factors and 127 

absorption using the Bruker Apex2 package of programs. For the 295 K structure, the atomic 128 

arrangement was refined in space group Pbam with SHELXL-97 (Sheldrick 2008) using neutral 129 

atom scattering factors and full-matrix least-squares, minimizing the function Σw(Fo
2 - Fc

2)2 with 130 

no restraints. All atoms were refined with anisotropic temperature factors; an extinction 131 

coefficient was also refined. After completion of final refinements, the ferric/ferrous ratios were 132 

determined for each site (Table 2). For the 295 K structure, the small amount of substituent Mg 133 

(0.17apfu) was modeled, but not for the low-temperature structures. Experiments demonstrated 134 

that Fe2 and Fe4 refined within 1.5 esd of 26 electrons when the site occupancies were singly 135 

released in the three structures, whereas Fe1 refined to an average of 25.27 electrons and Fe3 136 

refined to 25.18 electrons. Thus, the substituent Mg was modeled on Fe1 and Fe3. 137 

 The low-temperature superstructure in vonsenite is subtle but identifiable. For the 100 138 

and 90 K structures, a weak superstructure which doubled the c-axis length was found only by 139 

                                                 
1 Deposit item AM-19-xx1 contains Tables 1, 4a, 4b, 5a, 5b, and CIF files for the three structures 
reported herein. Deposit items are available two ways: for paper copies contact the Business 
Office of the Mineralogical Society of America (see inside front cover of recent issue) for price 
information. For an electronic copy visit the MSA web site at http://www.minsocam.org, go to 
the American Mineralogist Contents, find the table of contents for the specific volume/issue 
wanted, and then click on the deposit link there. 
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examining reflections with I/σI < 10. Those structures were successfully refined in space group 140 

Pbnm (non-standard setting of Pnma, chosen for axial comparison with the room-T Pbam 141 

structure), in accord with the space group found in earlier studies using synthetic material. To 142 

confirm that the superstructure is not observed at room temperature we reduced the reflection 143 

threshold to I/σI = 2 for cell determination. The putative room-temperature cell was confirmed. 144 

 In the Pbnm structures observed at 100 K and 90 K, there is evidence for site-splitting of 145 

the Fe2 site; a distinct peak in the difference map, the largest of the observed difference peaks, 146 

was found at ~ 0.27Å from the Fe2 site. This site-splitting is observed in both of the low-T 147 

refinements, and was refined in those structures. This local site splitting is distinct from the 148 

larger splitting of atomic sites due to the symmetry changes that result from the phase change 149 

described below. 150 

 Atomic coordinates and anisotropic displacement parameters for all atoms in vonsenite 151 

are contained in the deposited CIF, as well as selected interatomic distances including Fe-O 152 

distances that are germane to the subsequent discussion. Ferric/ferrous ratios for each of those 153 

sites are reported in Table 2 [determined using program VaList, Wills (2020)]. Table 3 contains 154 

selected Fe-Fe distances. 155 

Mössbauer analysis. Mössbauer measurements were taken at 295, 220, 150, 80, and 4.2 156 

K on a WEB Research (now SEE Co) W100 spectrometer using a ~100-80 mCi 57Co source in 157 

Rh. Low-temperature spectra were obtained using a Janis Research Model 850 4K closed-cycle 158 

helium compression system that allows for temperature control from 300 K to 4.2 K (±1 K). Run 159 

times ranged from 6 to 48 hours. All spectral baselines were corrected for Compton scattering of 160 

the 122 keV gamma rays. Spectra were collected in 1024 channels. Each spectrum was folded, 161 

corrected for nonlinearity, and interpolated to a linear velocity scale using the program WMOSS 162 
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and a room-temperature 28-mm α-Fe foil calibration standard. Table 4a contains Mössbauer 163 

parameters for vonsenite, and Table 4b contains supplementary Mössbauer parameters for the 164 

phase. Table 5(a, b) provides a comparison of site assignments from the literature and this study; 165 

these four tables have been deposited. 166 

Mössbauer spectra were fit using the Mex disdd program (de Grave and van Alboom 167 

1991). Mex disdd solves the full hyperfine interaction Hamiltonian for multiple distributions, and 168 

minimizes the chi-squared deviation between the fitted and experimental spectrum using center 169 

shift (CS), quadrupole shift (QS), full width at half maximum, hyperfine field, distribution area, 170 

and asymmetry and angle parameters (relating to the electric field gradient, EFG) as free 171 

parameters. 172 

RESULTS 173 

The natural vonsenite specimen of the present work exhibited space group Pbam (No. 55) 174 

at 295 K, and space group Pbnm (No. 62) at 100 K and 90 K, consistent with the reported 175 

observations of Bordet and Suard (2009) on synthetic endmember material. The refinements on 176 

the natural material yielded the lowest R values reported to date for the room-T or low-T phases, 177 

either natural or synthetic.  178 

The atomic arrangements of the dimorphs have been described using structures 179 

determined on synthetic material; here we forego a detailed structure description but briefly 180 

summarize the description of the ~283K phase transition provided by Bordet and Suard (2009). 181 

That phase transition, captured in the present work, is a consequence of electronic interactions 182 

discussed in detail below. 183 

As reported by Bordet and Suard (2009), a principal structural consequence of the phase 184 

transition captured in the present work is the splitting of specific atomic positions into two 185 
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positions no longer related by symmetry. Among the Fe atoms, only Fe4 undergoes this splitting, 186 

whereas Fe1-Fe3 remain single sites but double their rank. Figure 2 illustrates the relationship, 187 

discussed in detail below, of the single Pbam Fe4 site to the two non-equivalent sites, Fe4a and 188 

Fe4b, in the Pbnm dimorph. 189 

Additional atoms that undergo site-splitting in the phase transition are B, O1, O3, and O5, 190 

as noted in the CIFs. Although observable, these displacements are subtle; all shifts in atomic 191 

coordinates between split atoms that are symmetry equivalents in Pbam but are not in Pbnm are 192 

in the third decimal place, the largest being 0.007.  193 

Of particular interest in the vonsenite atomic arrangements are the loci of ferrous and 194 

ferric iron atoms in the Pbam and Pbnm phases. From the structure refinements, Fe1 and Fe3 are 195 

occupied primarily by Fe2+ (Table 2), whereas Fe2 and Fe4 are occupied by Fe of intermediate 196 

valence. The largest variation in the low-temperature Pbnm phases is between the two sites that 197 

are split from the room-temperature, Pbam, Fe4 sites, renamed Fe4a and Fe4b sites in the Pbnm 198 

structure (Table 2). 199 

Fe-O bond lengths for the four FeO6-octahedra are contained in the CIFs. Fe-Fe distances 200 

germane to the electronic interactions in the vonsenite structures are contained in Table 3; 201 

observed changes in Fe-Fe distances and site valences arise from the electronic interactions 202 

described below. Note that for the 100K data, the atomic displacement parameters for Fe2 and 203 

Fe2’, constrained to be equivalent, were slightly non-positive definite, and the same atoms 204 

refined with the 90K data were nearly non-positive definite. Such a situation is not uncommon 205 

for two such close split sites, and the anisotropic refinement was retained rather than converting 206 

the two atoms to isotropic refinement. 207 

Mössbauer analysis. The Mössbauer spectra of mixed-valence compounds have been 208 
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studied extensively (Xuemin et al. 1984, Li et al. 1994, Mitov et al. 1999, Cherkezova-Zheleva et 209 

al. 2006). The study most similar to the present work is that of Douvalis et al. (2002), who 210 

characterized the electronic behavior of Fe3BO5 from 4.2 K to 620 K in considerable detail. The 211 

authors reverse the generally accepted definitions, after Swinnea and Steinfink (1983), for the 212 

Fe3 and Fe4 sites. In the subsequent discussion we compare their results with our own, revising 213 

their nomenclature to be consistent with the accepted usage. 214 

Douvalis et al. (2002) report Mössbauer parameters that include averages of Fe2+

 

and 215 

Fe3+

 

contributions for the Fe2 and Fe4 sites, arising from electron delocalization due to the close 216 

proximity of the cations: 2.783 Å at 295 K (Table 3). Fe-Fe distances for other pairings of Fe-217 

sites are ≥ 3.07 Å; without exception, no delocalization is observed. They also report evidence of 218 

complex magnetic transitions between 114 and 40 K, involving some or all Fe atoms, as 219 

suggested by Douvalis et al. (1997) and reported by Guimarães et al. (1999). 220 

The Douvalis et al. (2002) assignments of Mössbauer doublet splittings are generally 221 

inconsistent with the site occupancies we observed, based on Mössbauer spectra taken at 295, 222 

220, 150, 80, and 4.2 K (Figs. 3 and 4; see Appendix 1), and reconciled with our X-ray single-223 

crystal structure refinement (SREF) data. To compare Mössbauer doublet assignments with site 224 

occupancies determined by structure refinement, we recast the data as percentages of total Fe 225 

(these data appear in the rightmost two columns of Table 5b, on deposit). Douvalis et al. (2002) 226 

assign the D1 doublet to Fe1, overfilling the site; we distribute the doublet between Fe1 and Fe3 227 

sites, which are observed to be preferred by divalent cations.  Similarly, the authors assign their 228 

D2 doublet to Fe4. The doublet area is too large to be solely Fe4, and likely is shared by Fe4 and 229 

Fe2. Their D3 doublet, primarily Fe3+, was distributed between Fe2 and Fe3, but SREF finds 230 

Fe3+ in all four sites, suggesting that the authors’ assignment is an oversimplification: there is no 231 
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a priori way to assign a distribution of delocalized charges to a specific site or to an arbitrary 232 

subset of all sites. 233 

Tables 4a and 5 give assignments that reconcile observed Mössbauer spectral features 234 

with SREF results in the present work. Table 5a presents SREF site occupancies recast to doublet 235 

areas for the 90K Fe2+ and Fe3+ features, with the Fe in D4 and D5 split between Fe2+ and Fe3+. 236 

Table 5b shows calculations and resultant values assigning these doublets to specific sites that 237 

agree most closely with SREF results. 238 

 239 

ELECTRONIC INTERACTIONS, CORRELATIONS, AND STRUCTURE 240 

 IN VONSENITE AT 295, 100, AND 90 K 241 

 Electrons in crystalline materials exhibit behaviors ranging from (effectively) localized to 242 

(effectively) delocalized: neither limiting case is observed at nonzero subsolidus temperatures. 243 

For minerals, such temperatures comprise most terrestrial surface and near-surface occurrences 244 

and relevant solid-state experimental protocols. Non-interacting electrons in a periodic lattice 245 

potential are not described by free electron (Fermi gas) theory: they are delocalized on a scale 246 

comparable to the interatomic distance. Several theoretical constructs are useful in understanding 247 

electronic behavior in crystalline systems, beyond the free-electron model: these include Bloch 248 

theory (solutions to the Schrödinger equation in a periodic potential, comprising plane waves 249 

modulated by the periodicity of the potential), Wannier functions (exponentially-localized 250 

orthogonal molecular-orbital wavefunctions for crystalline systems), the tight-binding 251 

approximation (approximate Schrödinger-equation solutions based upon linear combinations of 252 

atomic orbitals at lattice positions), the Fermi liquid description (the theory, due to Landau, that 253 

the ground state of a free-electron gas transforms into the ground state of an interacting system if 254 
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the interactions are ‘switched on adiabatically’, i.e., sufficiently slowly; and the Hubbard model. 255 

An excellent introduction to these and related subjects, and many foundational references, are 256 

given by Ashcroft and Mermin (1976). 257 

 Electronic behavior beyond the Fermi liquid description is said to be strongly correlated. 258 

In strongly correlated systems, electronic interactions are such that qualitatively new phenomena 259 

may emerge [the relevant literature base is monumental; Quintanilla and Hooley (2009) offer a 260 

brief, casual overview]. This is the case, for example, when the phase behavior of the system 261 

includes a metal-insulator transition, as for vonsenite. The Hubbard model is the theoretical 262 

foundation for understanding the behavior of such systems [published work on the Hubbard 263 

model begins with Hubbard (1963), and is very extensive]. The model addresses the ability of 264 

electrons to ‘hop’ between atomic sites arranged in crystalline order; this tendency, a function of 265 

the electronic kinetic energy, is described by the parameter t (the transfer integral, or hopping 266 

integral). Two electrons on the same site incur an interaction energy penalty, U (the Hubbard 267 

energy), due to mutual repulsion (the Coulomb interaction is ignored in the Hubbard model; the 268 

repulsion arises from the Pauli exclusion principle). The relative magnitudes of the energy terms 269 

t and U determine the nature of the correlations between electrons. When U/t ≪ 1, electrons are 270 

almost entirely free to hop, and the material behaves like a metal. When U/t ≫ 1, electrons are 271 

effectively localized at atomic sites, and the material behaves like a magnetic insulator. In 272 

intermediate cases, where U/t is ‘not too large’ in some appropriate sense, superexchange 273 

interactions may be possible, and interesting correlations may be observed. This is the case for 274 

vonsenite at temperatures of interest in the present study.  275 

 Optical opacity and strong pleochroism, observed in vonsenite, are associated with 276 

homonuclear and/or heteronuclear intervalence charge transfer (Amthauer and Rossman 1984; 277 
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Burns 1991) and with charge delocalization in a low-symmetry environment (Larrea et al. 2001a; 278 

Larrea et al. 2001b). These observations suggest at least an intermediate value for U/t. 279 

Triads of the first type (Fe4-Fe2-Fe4) are formed of Fe2+, Fe3+ cations in the high-spin d6 280 

(S = 2), d5 (S = 5/2) electronic configurations, plus one additional ‘itinerant’ electron per triad. 281 

An average valence of Fe2.53+ was determined from structure-refinement data, closely similar to 282 

Fe2.5+ suggested by Swinnea and Steinfink (1983). Triads of the second type (Fe3-Fe1-Fe3) 283 

nominally comprise three Fe2+ cations in the high-spin d6 electronic configurations. We report 284 

minor Fe3+ also to be present in these sites, as noted above, resulting in an average valence of 285 

Fe2.06+ as determined from structure-refinement data. 286 

Each triad may be regarded as a rung in a ladder-like structure along [001]; structures of 287 

this type are termed three-leg spin ladders (3LLs; Mir et al. 2001). Vonsenite includes two 3LLs: 288 

3LL1 (Fe4-Fe2-Fe4; purple in Fig. 1) and 3LL2 (Fe3-Fe1-Fe3; blue in Fig. 1). Electronic 289 

interactions are observed within 3LL1 rungs due to short Fe2-Fe4 distances (2.783 Å at 295 K; 290 

Table 3). Much greater distances between Fe1 and Fe1, Fe2 and Fe2, Fe3 and Fe3, and Fe4 and 291 

Fe4 (all ~ 3.07 Å); Fe1 and Fe3 (~ 3.09 Å), Fe1 and Fe4 (~ 3.10 Å), Fe2 and Fe3 (~ 3.17 Å), Fe3 292 

and Fe4 (~ 3.19 Å), and Fe1 and Fe2 (~3.38 Å) cause interactions between 3LL1 and 3LL2, and 293 

3LL2 intra-rung interactions, to be “very weak” (Bordet and Suard 2009). This conclusion is at 294 

variance with that of Swinnea and Steinfink (1983) (“At room temperature a mechanism of 295 

charge delocalization over the complete structure is also operative”), and the claim of Burns 296 

(1993) in support of “structure-wide intervalence charge transfer" in vonsenite. 297 

Peierls (1930) established that an external sinusoidal potential of wavenumber q opens an 298 

energy gap at k = ± q/2 in the band structure of a one-dimensional free-electron gas. For q = 2kF, 299 

where kF is the Fermi wavenumber (the radius in k-space of the Fermi surface for the one-300 

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America. 
 The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2021-7851.  http://www.minsocam.org/

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



 

14 

dimensional free-electron gas), an energy gap of magnitude 2�, from EF + � to EF - �, where EF 301 

is the Fermi energy, is opened at k = ± kF. Note that Peierls’s assumption of a free-electron gas is 302 

incompatible with the Hubbard model. 303 

Frölich (1954) and Peierls (1955) expanded upon Peierls (1930), establishing that a 304 

periodic chain with one electron per atom (i.e., a half-filled one-dimensional energy band) is 305 

unstable to a periodic lattice distortion (PLD). The Peierls instability induces a structural phase 306 

transition in which every other cation in a one-dimensional chain moves nearer to one neighbor 307 

and further away from the other. This periodic lattice distortion is referred to as dimerization or, 308 

more generally, a charge density wave [see Thorne (1996) for an informal overview of charge 309 

density waves; Di Salvo and Rice (1979) for a presentation at similar level with emphasis on 310 

incommensurate structures in transition-metal compounds; and the formal review of Grüner 311 

(1988)]. The PLD phenomenon was first observed by Comès et al. (1973), in the one-312 

dimensional conductor (i.e., ‘1-D metal’) K2Pt(CN)4Br0.30⋅xH2O. 313 

Dimerization results in the appearance of a band gap in the electronic energy spectrum at 314 

precisely the Fermi momentum, pF = ħkF, the momentum of an electron at the Fermi surface. As 315 

a result, the energies of electronic states at or below (within) the Fermi surface are reduced, and 316 

the energies of electronic states above (outside) the Fermi surface are increased. At sufficiently 317 

low temperatures (including temperatures of interest in the present work), essentially all those 318 

states with lowered energies are occupied and all those with raised energies are unoccupied, with 319 

the result that the total energy of the charge-density-wave state is lower than that of the initial, 320 

undistorted state. So it is that a 1-D metal is inherently unstable to a charge-density wave, the 321 

result known as the Peierls theorem. 322 
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Systems exhibiting the Peierls instability are called Peierls systems; the 3LL1 ladder in 323 

synthetic endmember vonsenite, with a single itinerant electron per triad rung, is proposed by 324 

Bordet and Suard (2009) to be a Peierls system. More precisely, it is a 1-D Peierls-like system 325 

(Latgé and Continentino 2002). 326 

The work of Peierls and Fröhlich was largely ignored or forgotten (Pouget 2016) until the 327 

late 1970s, when PLDs and the metal-insulator phase transition became topics of considerable 328 

research interest, specifically in context of 1-D metals. McConnell (1983) applied the nascent 329 

theory of charge-density waves in insulators to modulated or incommensurate mineral structures, 330 

integrating the Landau theory of continuous phase transitions with k-space symmetry concepts, 331 

group theory, and band theory. Peierls (1955) is cited, but the Peierls theorem is not mentioned, 332 

and no Peierls- or Peierls-like instability is illustrated or discussed. Like Peierls, McConnell 333 

(1983) omits any discussion of electronic interactions. 334 

McConnell (1983) gives a justification for this approach: “The advantage of approaching 335 

the problem of the origin of incommensurate mineral structures from this point of view is that the 336 

general theory can then be tested by direct reference to symmetry and structural data for a 337 

number of mineral systems.” It is perhaps for this reason that, so far as the present authors are 338 

aware, Peierls transitions have not been reported as such in a mineralogical context, despite a 339 

very extensive body of published work on modulated mineral structures. For fuller discussions of 340 

the Peierls instability, Peierls-like instabilities, and charge density waves in relevant context, see, 341 

e.g., Latgé and Continentino (2002) and especially the authoritative review of Pouget (2016) and 342 

references therein. The very recent work of Kartoon et al. (2019) proposes that electronic 343 

interactions and the electronic kinetic energy (not considered by Peierls or Frölich; introduced by 344 

Hubbard, a decade later) are likely to underlie the Peierls instability. 345 
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As temperature is reduced below approximately 283 K, the 3LL1 triad rungs in synthetic 346 

endmember vonsenite exhibit a charge-ordering transition arising from a Peierls-like instability. 347 

Charge ordering (CO), the long-range ordering of transition-metal oxidation states (Attfield 348 

2006), may be observed in phases exhibiting strong electronic correlations. In the simplest 349 

manifestation of charge ordering, above a transition temperature, TCO, a polyvalent cation in an 350 

average (i.e., non-integral) oxidation state occupies a specific crystallographic site, or symmetry-351 

equivalent sites, in a material of a given space-group symmetry; cation valences at these sites 352 

may be estimated by the bond valence sum method. Below TCO, the phase undergoes a 353 

symmetry-breaking transition, a continuous or second-order phase transition to a structural state 354 

of reduced (i.e., broken) symmetry; the space-group symmetry of the broken-symmetry phase 355 

must be a subgroup of the symmetry group of the higher-symmetry phase prior to the phase 356 

transition (see, e.g., Low and Manohar 2002). 357 

 CO may be site-centered, wherein the relevant crystallographic sites after the ordering 358 

transition are inequivalent to those before the transition, as observed in the heterovalent-iron 359 

inverse spinel magnetite, Fe3+[Fe2.5+]2O4 (Verwey 1939; Wright et al. 2001, 2002; Senn et al. 360 

2012) and in perovskite manganites (Mostovoy 2006; Yamada et al. 2014). Quasi-one-361 

dimensional Peierls systems exhibit bond-centered charge ordering, wherein the sites remain 362 

equivalent after the transition but the bonds do not. Efremov et al. (2005) present calculations 363 

supporting the coexistence of site-centered- and bond-centered charge ordering in perovskite 364 

manganites. Charge ordering in vonsenite, a Peierls-like system (Latgé and Continentino 2002), 365 

with stronger intra-dimer bonds alternating with weaker bonds between dimers, and also site-366 

splitting, resulting in symmetrically inequivalent sites in the low-temperature, broken-symmetry, 367 
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post-transition phase, appears to manifest the bond-centered/site-centered duality predicted by 368 

Efremov et al. (2005) for perovskite manganites. 369 

The spin ladder 3LL1 is the locus of the Peierls-like instability that induces the 283 K 370 

phase transition observed in synthetic vonsenites. Below the charge-ordering temperature, TCO ~ 371 

283 K, the single itinerant electron per Fe4-Fe2-Fe4 triad rung of 3LL1 dimerizes the Fe-cation 372 

sites alternately, perpendicular to [001] (whence transverse charge density wave: see Fig. 2), 373 

associating Fe4 with the Fe2 to its right (the dimerized Fe4 is relabelled as Fe4a; the undimerized 374 

Fe4 to the left of Fe2 becomes Fe4b); in the adjacent rung, Fe2 dimerizes with the Fe4 site to its 375 

right, then Fe4 with Fe2, and so on along [001], doubling the c-axis period and creating an n-376 

glide along [010]. Period-doubling creates a band gap in the electronic density of states, at ±kF, 377 

causing a transition from metallic to insulating behavior: a metal-insulator transition. Thus the 378 

283 K Pbam/Pbnm structural transition observed in synthetic endmember vonsenite is at once a 379 

charge ordering transition, a symmetry-breaking transition, and a metal-insulator transition. 380 

The described structural rearrangement reported in synthetic specimens is observed as 381 

well in the present study of a natural vonsenite, on the basis of structure refinements with 382 

significantly improved R-values compared to those reported in previous structure studies. Space 383 

group Pbnm is confirmed at temperatures below 283 K for which structure data were obtained: 384 

100K (R1 = 0.0186), and 90 K (R1 = 0.0183). One crystallographic consequence of the phase 385 

transition is the bifurcation of the Fe4 Pbam site to the non-equivalent Fe4a and Fe4b sites in 386 

Pbnm, illustrated schematically in Figure 2, as reported first by Mir et al. (2001) in a synthetic 387 

vonsenite. The Mir et al. (2001) data at 294 K and 144 K are closely similar to those presented 388 

here at 295 K and 100 K: we report Fe4 – Fe2 = 2.783 Å at 295 K to their 2.786 Å at 294 K; 389 

Fe4a – Fe2 = 2.621 Å at 100 K to their 2.616 Å at 144 K; and Fe4b – Fe2 = 2.931 Å to their 390 
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2.942 Å at those same temperatures. We acknowledge also the observation of Bordet and Suard 391 

(2009) (who collected data at 290 K, 300 K, and 320K, as well as at lower temperatures to 392 

investigate magnetic transitions), who “could detect superstructure spots characteristic of a 393 

doubling of the c axis parameter already on the 290K data”, suggesting that the phase transition, 394 

reported by Mir et al. (2001) as “reversible” and occurring at 283 K, may be of second order, i.e., 395 

continuous, with a nonzero value for the order parameter above the notional critical temperature 396 

Tc ~ 283 K. 397 

Vonsenite exhibits an antiferromagnetic phase transition at 114 K, and a ferromagnetic 398 

phase transition at 70 K (noted above in the discussion of Mössbauer results), which are 399 

interpreted as indicating the presence of two independent magnetic subsystems (Bordet and 400 

Suard 2009) with orthogonal magnetic orderings (Knyazev et al. 2019). The triangular 401 

arrangement of Fe cations between 3LL1 and 3LL2 (Figure 2) suggests that significant 402 

geometrical frustration of superexchange interactions would be observed. The orthogonal 403 

orientations of the magnetic ordering in 3LL1 and 3LL2 effectively decouples these two 404 

subsystems, with the result that the anticipated frustration is almost entirely quenched. (Knyazev 405 

et al. 2019) present a detailed analysis of these interactions. 406 

 407 

IMPLICATIONS 408 

Vonsenite, a relatively poorly known mineral, has been of considerable interest in the 409 

condensed-matter-physics and materials-science communities since the work of Swinnea and 410 

Steinfink (1983). The entirety of that interest has been focused upon synthetic vonsenite of ideal 411 

endmember composition, a phase that exhibits subtle and complex electronic, magnetic and 412 

ordering behavior, multiferroicity, and a Pbam/Pbnm phase transition at or below approximately 413 
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283 K. By contrast, the structure and properties of natural vonsenites – as opposed to their 414 

occurrence and paragenesis – have been accorded essentially no attention by the mineralogical 415 

community.  416 

Peierls- and Peierls-like instabilities or distortions, and the charge-ordering-, symmetry-417 

breaking, and/or metal-insulator transitions arising from such instabilities, are not uncommon in 418 

heterovalent materials under terrestrial conditions in laboratory settings. The mechanism of the 419 

Verwey metal-insulator transition at TVerwey ~122 K in the ferrimagnetic inverse spinel 420 

magnetite, which continues to defy consensus explication despite 80 years of study, is the 421 

perhaps the best-known and most extensively studied mineralogical example. Shchennikov and 422 

Ovsyannikov (2009) present a Peierls model that is consistent with published structural and 423 

spectroscopic data for magnetite, and propose that a Peierls instability may underlie the Verwey 424 

transition, with TPeierls ~ TVerwey. Identification of a Peierls instability in such a familiar mineral 425 

would suggest the possibility that the Peierls instability may underlie structural phase transitions 426 

in other minerals as well, potentially offering deeper insights into phenomena that are understood 427 

incompletely or incorrectly at present. 428 

Bozin et al. (2019) describe a d-orbital-degeneracy-lifted phenomenon revealed by 429 

“difficult to detect but important local structural variations” – possibly analogous to the small 430 

splittings detected for Fe2, B, O1, O3, and O5 in the present work and noted above – as evidence 431 

of a Peierls-instability-related, local, fluctuating, orbital-degeneracy-lifted high-temperature state 432 

“likely to be widespread amongst diverse classes of partially filled nominally degenerate d-433 

electron systems”. We encourage investigators to be open to the possibility of similar phenomena 434 

in mineral phases for which d-electron interactions are relevant.   435 

 436 
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 590 

 591 
 592 

 593 

FIGURE 1. Atomic arrangement of vonsenite at 295° rotated 5 degrees around b from a 594 

(001) projection. Individual FeO6 octahedra are labeled (1 = Fe1, etc.). A single Fe4-Fe2-Fe4 595 

Type 1 triad is shown in purple; a single Fe3-Fe1-Fe3 Type 2 triad is shown in blue. 596 
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 601 

 602 

 603 

 604 

 605 

 606 

 607 

 608 
 609 

 610 

 611 

FIGURE 2. Fe4-Fe2-Fe4 3LL1 three-leg ladder in vonsenite, above (Pbam) and below 612 

(Pbnm) the ~ 283 K structural transition temperature, as reported in synthetic vonsenite and 613 

observed in the natural specimen of the present study. Adapted from Bordet and Suard (2009). 614 
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 623 

  624 
 625 
FIGURE 3. Stacked Mössbauer spectra showing relationships among data acquired at 295, 220,  626 

  150, 80, and 4 K. 627 
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 633 

 634 

 635 

  636 

FIGURE 4. Fits to Mössbauer spectra acquired at 295, 220, 150, and 80 K. 637 
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 652 

 653 

 654 

 655 

 656 

 657 

 658 

      TABLE 2.  Fe2+/Fe3+ site occupancy (%) for Fe sites in vonsenite based on SREF (calculated 659 
using VaList; Wills, 2020). 660 

 661 

                                             295K                100K          90K  662 
           Atom                     Fe2+    Fe3+           Fe2+    Fe3+                  Fe2+    Fe3+  663 

       Fe1                      96         4            95        5               94         6 664 

       Fe2                      64       36            60      40               60       40 665 

         Fe2’                   --        --                49      51               48       52 666 

       Fe3                      93         7             92        8               92         8 667 

       Fe4                      38       62               --       --                --         -- 668 

          Fe4a                                              49       51              49        51 669 

          Fe4b                       26       74       21        79                                     670 

            Cell parameters: 671 
              295: a = 9.4446(6),   b = 12.3019(8),   c = 3.0743(2)  672 
              100: a = 9.4322(14), b = 12.2819(19), c = 6.1486(9)  673 
                90: a = 9.4318(15), b = 12.283(2),     c = 6.1492(10) 674 

675 
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 676 

 677 

TABLE 3. Fe-Fe distances (< 3.1Å) in vonsenite (Å). Distances <3.0Å in bold. 678 

 679 

   295 K     100 K        90 K 

Fe1-Fe1  3.074                         Fe1-Fe1       3.074            3.075 
      -Fe4  3.098                               -Fe4b       3.082                    3.082 
                                            
Fe2-Fe4 2.783                          Fe2-Fe4a       2.621         2.622 
      -Fe2 3.074                                 -Fe4b       2.931         2.930 
                                                 -Fe2       3.083         3.083 
Fe3-Fe3  3.074                                         
                                    Fe2’- Fe4b               2.664        2.658 
Fe4-Fe2 2.783                                 -Fe4a                2.888        2.894 
      -Fe4 3.074                                 -Fe2                       3.075        3.075 
      -Fe1   3.098                                 -Fe2’                     3.090        3.092 
                                                      
                                     Fe3-Fe3                     3.051       3.051 
                                                 -Fe3         3.098       3.099 
    
                                    Fe4a-Fe2        2.621      2.622 
                                            -Fe2’                       2.888      2.894 
                                           -Fe4b                          3.075      3.076 
    
                                    Fe4b-Fe2’                       2.664      2.658 
                                            -Fe2                             2.931      2.930 
                                            -Fe4a                          3.075      3.076 
                                            -Fe1                       3.082      3.082 

 680 
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 691 

 692 

 693 

TABLE 1. Electron microprobe analysis of natural vonsenite. 694 

 695 

  Fe 61.16(70) 

  Al   0.23(2) 

  Mn   0.33(4) 

  V   0.01(3) 

  Ti   0.05(1) 

  Mg   0.74(4) 

  Bcalc*   4.11 

  Ocalc* 30.43 

Total 97.06 

 696 

  *B and O calculated to be stoichiometric. Empirical formula =  697 
  (Fe2+

1.90 Mg0.08Mn2+
0.02)Σ2.00(Fe3+

0.98Al0.02)Σ=1.00BO5;  698 
  formula basis (Fe+Mg+Mn+Al+Ti+V) = 3. 699 
 700 
 701 

 702 

 703 
  704 

  705 

 706 
707 
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 708 
TABLE 4a. Mössbauer parameters for vonsenite. 

Parameter Douvalis et al. 
(2002)  This study Douvalis et al. 

(2002) 

Temperature Assignment 116 80 150 220 295 270 

CS(mm/s) 
D1 

Fe1‡ or 

Fe1/Fe3§ 

1.21 1.23 1.18 1.13 1.11 1.10 

QS(mm/s) 2.22 2.36 2.18 2.13 1.95 2.03 

Width(mm/s) 0.14 0.79 0.33 0.32 0.32 0.16 

Area (%)* 17 39.3 59.5 58.7 59.0 16 

CS(mm/s) 

D2 
Fe4‡ or  

Fe2/Fe4§ 

1.21 1.21    1.10 

QS(mm/s) 2.19 2.11    2.04 

Field(KOe) 0.14 49    0.16 

Omega(degree)  56    33 

Width(mm/s)  0.26†     

Area (%)* 33 15.7     

CS(mm/s) 

D3 
Fe2/Fe3‡ 

or 
Fe2/Fe4§ 

0.51 0.54 0.60 0.55 0.49 0.47 

QS(mm/s) 0.82 0.69 0.77 0.86 0.89 0.77 

Field(KOe) 0.12 313    0.13 

Omega(degree) 17 0.26† 0.33 0.33 0.27 17 

Width(mm/s)  13 11 15 20  

Area (%)  14.6 14.9 20.0 25.6  

CS(mm/s) 

D4 
Fe2/Fe3‡ 

or 
Fe1/Fe3§ 

0.85 0.83 0.79 0.79 0.72 0.77 

QS(mm/s) 1.36 1.42 1.65 1.67 1.60 1.48 

Field(KOe) 0.12 335    0.14 

Omega(degree) 16 10    17 

Width(mm/s)  0.30† 0.26† 0.26† 0.26†  

Area (%)*  15.7 12.2 9.3 9.0  

CS(mm/s) D5 
Fe2/Fe3‡ 

or 
Fe2/Fe4§ 

0.80 0.70 0.70 0.70 0.54 0.69 

QS(mm/s) 1.11 1.21 1.17 1.04 1.14 0.97 

Field(KOe) 0.12 376    0.14 
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Omega(degree) 17 38    17 

Width(mm/s)  0.26† 0.26† 0.26† 0.26†  

Area (%)  14.6 13.5 12.0 6.4  

Chi-squared   5.2 0.9 2.4 0.8  
 709 
*Peak areas are normalized to reflect only the % of iron in the vonsenite. Full fit parameters including 
impurities are given in the supplement.  †Linewidth held constant at this value. ‡Assignment based on 
Douvalis et al. (2002). §Assignment from this paper. 

 710 
 711 
 712 
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TABLE 4b. Supplementary Mössbauer parameters for vonsenite. 714 

 715 

 716 

 4K 4K alt 80K 150K 220K 295K  

 18013101a 18013101d 18013102e 18020101c 18020201 18012905b  

CS(mm/s)    1.21 1.174 1.147  

QS(mm/s)    2.94 2.76 2.626 
Olivine-like but 
could be any 
octahedral ferrous 

Width(mm/s)    0.26* 0.26* 0.26*  

Area (%)    3 3 3  

CS(mm/s) 1.34 1.28 1.23 1.18 1.13 1.11  

QS(mm/s) 1.87 2.03 2.36 2.18 2.13 1.95  

Field(KOe) 213 105     Fe2+ 

Omega(degree) 55 47      

Width(mm/s) 0.30* 0.30* 0.79 0.33 0.32 0.32  

Area (%) 17 18 35 44 44 46  

CS(mm/s) 1.40 1.19 1.21     

QS(mm/s) 2.46 2.23 2.11     
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Field(KOe) 93 192 49    Fe2+ 

Omega(degree) 45 52 56     

Width(mm/s) 0.26* 0.30* 0.26*     

Area (%) 17 16 14     

CS(mm/s) 1.01 1.01      

QS(mm/s) 2.42 2.03      

Field(KOe) 243 426     Fe2+ 

Omega(degree) 60 22      

Width(mm/s) 0.26* 0.30*      

Area (%) 10 13      

CS(mm/s) 1.01 0.91      

QS(mm/s) 2.10 2.42      

Field(KOe) 460 459     Fe2+ or Fe2.5+ 

Omega(degree) 44 39      

Width(mm/s) 0.30* 0.30*      

Area (%) 12 11      

CS(mm/s) 0.92 0.63 0.83 0.79 0.79 0.72  
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QS(mm/s) 1.64 1.77 1.42 1.65 1.67 1.60  

Field(KOe) 433 262 335    Fe2.5+ 

Omega(degree) 13 62 10     

Width(mm/s) 0.30* 0.30* 0.30* 0.26* 0.26* 0.26*  

Area (%) 14 9 14 9 7 7  

CS(mm/s)   0.70 0.70 0.70 0.54  

QS(mm/s)   1.21 1.17 1.04 1.14  

Field(KOe)   376    Fe2.5+ 

Omega(degree)   38     

Width(mm/s)   0.26* 0.26* 0.26* 0.26*  

Area (%)   13 10 9 5  

CS(mm/s)    1.16 1.17 1.21  

QS(mm/s)    0.60 0.66 0.81  

Width(mm/s)    0.26* 0.26* 0.26* Looks like ilmenite 

Area (%)    9 9 7  

CS(mm/s)   0.54 0.60 0.55 0.49  
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QS(mm/s)   0.69 0.77 0.86 0.89  

Field(KOe)   313    Fe3+ 

Width(mm/s)   0.26* 0.33 0.33 0.27  

Area (%)   13 11 15 20  

CS(mm/s) 0.49 0.64      

QS(mm/s) 0.31 -0.37      

Field(KOe) 500 479     oxide? 

Width(mm/s) 0.30* 0.30*      

Area (%) 10 7      

CS(mm/s) 0.45 0.48      

QS(mm/s) 0.17 0.22     oxide? 

Field(KOe) 481 489      

Width(mm/s) 0.30* 0.40*      

Area (%) 12 16      

CS(mm/s)   0.44 0.44    

QS(mm/s)   0.32 0.23    

Field(KOe)   544 543   hematite 
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Width(mm/s)   0.35 0.26*    

Area (%)   5 4    

CS(mm/s) 0.53 0.49 0.47 0.46 0.41 0.37  

QS(mm/s) -0.03 -0.03 -0.08 -0.06 -0.09 -0.21  

Field(KOe) 541 541 532 530 528 518 hematite 

Width(mm/s) 0.30 0.30* 0.30* 0.42 0.40* 0.29  

Area (%) 9 12 6 11 15 13  

chi squared 18.4 19.5 5.2 0.9 2.4 0.8  

 717 

 718 

 719 

 720 

   721 

 722 
 723 
 724 
 725 
 726 
 727 
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 729 

 730 

 731 

 732 

Table 5a. Calculations needed to compare 
SREF and Mössbauer site assignments 

SREF values as written 

  90K Fe2+ 90K Fe3+ 

 Fe1 93 7 

 Fe2 58 42 

 Fe3 90 10 

 Fe4 34 66 

SREF values recast as % of Total Fe 

 Fe1 16 1 

 Fe2 10 7 

 Fe3 15 2 

 Fe4 6 11 

Mössbauer site assignments 

D1 Fe1 and Fe3 39.3 0.0 

D2 Fe2 and Fe4 15.7 0.0 

D3 Fe2 and Fe4 0 14.6 

D4 Fe1 and Fe3 7.9 7.9 

D5 Fe2 and Fe4 7.3 7.3 

 733 

 734 
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 735 

 736 

Table 5b. Comparison of site assignments from literature and this study 

 Douvalis et al. (2002) 

Assignments 

This study 

Revised Assignment 

This study 

Recast as %Fe 
(Table 5) 

 Mössbauer 

116K 

Mössbauer 

116K 

Mössbauer 

80K 

Mössbauer 

80K 

SREF 

90K 

SREF 

90K 

 %Fe2+ %Fe3+ %Fe2+ %Fe3+ %Fe2+ %Fe3+ 

Fe
1 17 0 

½×(39.3+7.9) 

= 23.6 

½×(0+7.9) 

= 3.9 
16 1 

Fe
2 

½×(8+8.5) 

= 8.3 

½×(17+8+8.5) 

= 16.7 

½×(15.7+0+7.3) 

= 11.5 

½×(0+14.6+7.3) 

= 11 
10 7 

Fe
3 

½×(8+8.5) 

= 8.3 

½×(17+8+8.5) 

= 16.7 

½×(39.3+7.9) 

= 23.6 

½×(0+7.9) 

= 3.9 
15 2 

Fe
4 33 0 

½×(15.7+0+7.3) 

= 11.5 

½×(0+14.6+7.3) 

= 11 
6 11 

 737 
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 739 
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(FOR DEPOSIT) 749 
 750 

Appendix 1. Parameters and Results of Mössbauer Study  751 
 752 

Fits to the first four spectra are given in Table 4. The Mössbauer separate was found to 753 

include several impurities; as a result of these impurities, the 4K spectrum was too complex to be 754 

deconvolved into component peaks in the manner used by Douvalis et al. (2002). Fits to low-755 

temperature, magnetically split distributions of Fe2+ require the use of parameters omega and psi, 756 

which indicate the orientation of the EFG with respect to the magnetic field at the nucleus, and 757 

through the parameter eta, which relates to the asymmetry of the EFG. Although the fitting 758 

program used here does have terms that allow for the variation of these parameters, the addition 759 

of spectral contributions from the impurities in this sample made the resultant models extremely 760 

complicated and highly non-unique. Thus fits are only given for the 295, 220, 150, and 80 K 761 

spectra. 762 

The present fitting results are directly comparable to those obtained by Douvalis et al. 763 

(2002), as seen in Table 4a; in particular, values for IS (isomer shift) are strikingly similar. 764 

Values for QS are slightly different, as expected in a naturally-occurring sample with extensive 765 

cation substitution. Moreover, as noted by Douvalis et al. (2002), QS is affected by charge 766 

symmetry, anisotropic covalency, and spin–orbit coupling, all of which may be affected by the 767 

cation substitutions present in the natural sample. 768 

Although the fit parameters obtained on our samples are similar to those of previous 769 

workers, the fact that this study has independent confirmation of Fe site assignments from SREF 770 

requires some corrections to previous workers’ interpretations, which were made without that 771 

benefit. Table 4a also provides site assignments corresponding to the various Mössbauer 772 

features. Douvalis et al. (2002) assigned the designations D1 (for doublet 1) through D5 (doublet 773 
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5) to these features. D1 and D2 are assigned to Fe2+ in the Fe1 and Fe3 sites, respectively, and 774 

D3, D4, and D5 represent combinations of Fe2+ and Fe3+ in the Fe2 and Fe4 sites. Fe3 and Fe4 in 775 

the original Douvalis work have been switched to Fe4 and Fe3, respectively, in Table 4a to 776 

match the standard site notation adopted from Swinnea and Steinfink (1983). The high IS of D3 777 

might suggest that although it is mostly Fe3+, though there is also some Fe2+ character that cannot 778 

be resolved as a separate doublet. Moreover, the features D4 and D5 cannot be assigned to 779 

specific sites because they represent delocalized electrons: thus their areas are average valence 780 

states of Fe in adjacent sites. This sharing of electrons is facilitated by the much smaller distance 781 

between Fe cations in the adjacent Fe2 and Fe4 sites (2.7835 Å at 295 K; Table 7) compared to 782 

the cation-cation distances for all other adjacent Fe-pairs, which range from ~ 3.07 Å to 3.38 Å.  783 

However, the assignments of Douvalis et al. (2002) are inconsistent with our site 784 

occupancies known from SREF.  Tables 5a and 5b use the results from ca. 100 K to reconcile 785 

them with the Fe distributions seen in the Mössbauer results. To make this comparison, the site 786 

occupancies determined by structure refinement (Tables 5a and 5b) are recast as percentages of 787 

total Fe considering site multiplicity, rendering them directly comparable to Mössbauer results 788 

(rightmost two columns of Table 5b). If the assignments by Douvalis et al. (2002) are strictly 789 

applied, the 39% area for D1 overfills the Fe1 site, so this area is distributed between Fe1 and 790 

Fe3, which are symmetrically equivalent and thus likely to be indistinguishable by Mössbauer.  791 

Similarly, Douvalis et al. (2002) assign their D2 to Fe4, but that peak area is too large to be 792 

solely Fe4, and this is likely shared by Fe2 and Fe4, again symmetrically equivalent sites. Their 793 

D3, which is primarily Fe3+, was thought to be distributed between Fe2 and Fe3 sites but SREF 794 

finds Fe3+ in all the sites, so that is likely an oversimplification. Ultimately there is no a priori 795 

way to assign a distribution of delocalized charges to a specific site. 796 
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Tables 5a and 5b give the assignments that best reconcile the Mössbauer features with 797 

SREF for this sample. Table 5a shows how the SREF site occupancies are recast to doublet areas 798 

given for the 90K Fe2+ and Fe3+ features, with the Fe in D4 and D5 split between Fe2+ and Fe3+. 799 

Table 5b shows the calculations and resultant values for assigning these doublets to specific sites 800 

that come closest to agreeing with SREF results. The inability to distinguish between Fe1 and 801 

Fe3 (similarly Fe2 and Fe4) is not surprising as the sites comprising each pair are so similar. 802 

 803 

 804 
 805 

 806 
 807 
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