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TABLE 1.  Summary of selected studies of synthetic stoichiometric magnetite, nonstoichiometric magnetite, end-member spinel ferrites, and 
mixed-cation spinel ferrites reported in the literature

Spinel ferrites studied Techniques used Comments Author and Year
Fe3O4 XMCD Probably, the ! rst reported Fe L2,3 XMCD of Fe3O4. (Sette et al. 1990)

Fe3O4 X-ray linear and circular magnetic dichroism Linear dichroism in Fe3O4 larger but more di"  cult  (Kuiper et al. 1997)
  to measure than circular dichroism. Best ! t for 
  absorption multiplets of Fe d5and Fe d6 ions in 
  A and B sites for all polarization directions calculated. 
  The spectra of Fe3O4 could be used as a ! ngerprint for 
  these oxides. 

Fe3O4 XMCD XMCD spectra obtained for a range of intermediated (Pellegrin et al. 1999)
Fe3-δO4  phases from magnetite (Fe3O4, δ = 0) to maghemite
γ-Fe2O3  (γ-Fe2O3, δ = 1/3). Nanocrystalline Fe2O3 anlyzed 
  using XMCD. 

NiFe2O4 XMCD Application of XMCD to ferromagnetic oxides.  (van der Laan et al. 1999)
  Orbital polarization in NiFe2O4 measured by 
  Ni L2,3 XMCD. 

Fe3O4 XMCD, conversion electron  XMCD and CEMS of ultrathin epitaxial Fe3O4 ! lms  (Schedin et al. 2000)
 Mössbauer spectroscopy (CEMS) on Pt(111). Relative occupancy of tetrahedral and 
  octahedral sites derived from CEMS and XMCD data 
  di# erent due to di# erences in ! lm thickness. 

Fe3O4 XMCD Comparison of XMCD in samples of colloidal  (de Castro et al. 2001)
  Fe3O4 and in Fe3O4 powder. Dichroism spectra of 
  colloidal (particle size = ~1 μm) and bulk Fe3O4 
  qualitatively the same but with a shift in the position 
  of the Fe L3 line in the colloid with regard to the powder. 

(Co,Zn)FeO4  XMCD Cation distribution in mixed cobalt-zinc ferrite (Hochepied et al. 2001)
  nanoparticles evaluated. Preference of Co2+ for Oh 
  sites and Zn2+ for Td sites veri! ed. 

Fe3O4 XMCD XMCD used to study cation site occupancies in a series (Pattrick et al. 2002)
MgFe2O4  of synthetic spinel ferrites and in natural magnetite.
NiFe2O4  XMCD spectra varied signi! cantly with spinel composition.
CoFe2O4  Di# erences quanti! ed by ! tting three components
ZnFe2O4  of calculated spectrum. Calculated ! t of bulk natural
Mixed spinel ferrites  magnetite did not produce 1:1:1 ratio of site occupancy. 

Fe3–δO4  XMCD, CEMS Thin ! lms of Fe3O4 and Fe3-δO4 grown epitaxially on Pt3+  (Morrall et al. 2003)
  were analyzed. Information about orientation of magnetic 
  moments and individual close packed/loose packed octahedral 
  site ratios obtained from CEMS. Concentration of FeTd

3+, FeOh
2+, 

  and FeOh
3+ relative to stoichiometric Fe3O4 obtained from 

  XMCD allowed A:B ratio to be determined and δ to be 
  determined for Fe3–δO4. 

Fe3O4 XMCD XMCD measurements analyzed using calculations based  (Chen et al. 2004)
  on full-multiplet cluster model to extract electronic structure 
  parameters of Fe3O4 containing di# erent spin and oxidation states. 
  Results indicate that Fe3O4 is a system with strong 
  electron-electron interactions. 

Fe3O4 XMCD, superconducting quantum  Single crystals of Fe3O4 measured using XMCD and SQUID (Huang et al. 2004)
 interference device (SQUID) magnetometer to determine spin and orbital magnetic moments. 
  Underlying physics of magnetic moments of Fe3O4 unraveled 
  using cluster-model calculations and band-structure calculations.

Fe3O4 XMCD Information about stoichiometries, δ in Fe3–δO4 and (Schedin et al. 2004)
Fe3–δO4   relative site occupancies of FeTd

3+, FeOh
2+, and FeOh

3+ ions 
  obtained by comparing XMCD data to calculated 
  dichroism spectra. 

Fe3O4 XMCD, magneto-optical Kerr e# ect (MOKE)  Thin ! lms of Fe3O4 on GaAs(100) show uniaxial magnetic (Lu et al. 2004)
 and photoemission anisotropy in thickness range 2–6 nm. 

Fe3O4 XMCD Study of structural and magnetic properties of nano-sized (Brice-Profeta 2004)
γ-Fe2O3  spinel oxide systems: preferential surface spin disorder
ZnFe2O4  of FeOh

3+ ions in δ-Fe2O3; magnetic disorder in ZnFe2O4

Fe2–xTixO4  increases as magnetic dilution with ZnTd
2+ increases; Ti4+ 

  involved in magnetic exchange couplings in Fe2–xTixO4.  
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    
  





           
         

















       

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TABLE 2. Natural magnetite samples examined in detail in this study
Sample locality Sample description Geological context
Dekoa, Bangui,  Euhedral Octahedra in Highly metamorphosed (2.5 Ga) Archeaen Greeenstone Belt. 
Central African Republic meta-basic schist Subsequent retrograde metamorphism.

ZCA Number 4 Mine, Balmat, New York, U.S.A. Euhedral cubic, with matrix of  Associated with low temperature base-metal mineralization 
 anhydrite and calcite. in late-Precambrian marbles – metamorphosed to 
  6.5 kbar/625 °C during Grenvillian (1 Ga) (Steers 2003).

Marmora Iron Mine, Madoc Area Canada Massive/acicular form Massive skarn in Ordovician marbles, overlying Grenvillian. 
 associated with Fe-sul! des 

Erzgebirge, Germany Massive Carbonate-hosted skarn assoc. late Palaeozoic granites. 

Iron Mountain, Utah, U.S.A. (M855) Octahedral euhedral Replacement of Jurassic limestone by % uids assoc. with 
  Miocene quartz-monzonite laccolith (Barker 1995). 

Bushveld SA 620, South Africa Massive granular assoc. Fe-Ti-oxides  Gabbro-hosted Ti-rich magnetite layer in Upper Zone of 
  ca 2.0 Ga Bushveld Intrusion, formed during magma 
  mixing during crystallization (Harney and von Gruenewaldt 1995).

Bushveld SA 637, South Africa Massive granular assoc. Fe-Ti-oxides As above.

Marangudzi T203, Subhedral grains in gabbro Gabbro sheet intruded by ring dykes of quartz syenite and cone 
Zimbabwe  sheets of nepheline syenite (Hossain and Henderson 1977), 
  Nuanetsi Igneous Province, Zimbabwe (Cox et al. 1965).

Långban, Sweden Sub-octahedral and cubiform Late Archaean carbonate-hosted skarn-like Fe+Mn oxide ore 
  bodies of probable exhalative origin and a# ected by extensive 
  high-grade metamorphism and multiphase granite intrusion. 

Franklin, New Jersey, U.S.A. Massive granular  Massive lens of magnetite associated with metal-rich, 
  mid-Proterozoic submarine exhalative % uids, 
  subsequently metamorphosed during late Grenvillian orogeny. 
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
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


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TABLE 3.  Elemental composition of natural ferrite spinels derived using EPMA (wt% de! ciency can be assigned to oxygen), along with cell 
parameters derived using XRD

 wt% 
Sample Co Ni Si Ti Al Mg V Cr Mn Zn Fe Total Cell parameter a (Å), (1σ)
Bangui 0.00 0.01 0.00 0.01 0.02 0.03 0.03 0.00 0.05 0.00 72.51 72.65 8.3923 (12)
ZCA 0.00 0.00 0.05 0.01 0.00 0.01 0.01 0.00 0.01 0.92 71.43 72.44 8.3985 (5)
Marmora 0.00 0.00 0.20 0.00 0.00 0.20 0.00 0.00 0.18 0.01 71.95 72.55 8.3980 (8)
Erzgebirge 0.00 0.01 0.08 0.03 0.47 0.13 0.00 0.00 0.49 0.09 70.89 72.12 8.3927 (10)
Iron Mountain 0.00 0.03 0.00 0.24 0.07 0.48 0.09 0.00 0.08 0.03 70.76 71.79 8.3936 (7)
Bushveld SA 620 0.00 0.01 0.01 9.14 1.55 0.97 0.39 0.07 0.21 0.03 56.65 69.04 8.3659 (5)
Bushveld SA 637 0.00 0.05 0.02 8.34 1.52 0.98 0.93 0.15 0.19 0.04 55.65 67.88 8.3543 (8)
Marangudzi T 203 0.00 0.05 0.01 3.07 1.41 0.16 0.43 0.15 0.22 0.11 65.63 71.23 8.3941 (5)
Långban 0.00 0.00 0.00 0.00 0.32 9.36 0.00 0.00 4.02 0.50 54.93 69.14 8.4673 (13)
Magnesio-ferrite (syn) 0.00 0.01 0.00 0.00 0.00 11.19 0.00 0.00 0.12 0.01 56.34 67.69 8.3887 (4)
Franklin 0.00 0.01 0.00 0.01 0.37 0.24 0.01 0.00 7.48 12.31 51.57 72.00 8.4578 (12)
Zinc ferrite (syn) 0.01 0.02 0.01 0.00 0.00 0.04 0.00 0.00 0.11 17.79 53.85 71.82 8.4242 (6)
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
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TABLE 4.  Spinel compositions, Fe site occupancies, and cation vacancies for spinel ferrites calculated from EPMA data and XMCD di# erence 
spectra

 Sample Spinel cation composition d6Oh d5Td d5Oh Cation total Vacancy
Bangui Fe2.96 0.88 1.00 1.08 2.96 0.04
Marmora Mg0.02Mn0.01Si0.02Fe2.92 0.89 0.96 1.07 2.97 0.03
ZCA Zn0.03Fe2.95 0.93 0.97 1.05 2.98 0.02
Erzgebirge Al0.04 Mg0.01Mn0.02Si0.01Fe2.92 0.98 1.01 0.93 3.00 0.00
Iron Mount. Al0.01Mg0.05Ti0.01Fe2.93 0.96 0.90 1.07 3.00 0.00
Bushveld SA 637 Al0.12Cr0.01Mg0.08Mn0.01Ti0.37V0.04Fe2.10 0.41 0.75 0.94 2.73 0.27
Bushveld SA 620 Al0.12Mg0.08Mn0.01Ti0.39V0.02Fe2.08 0.40 0.73 0.95 2.70 0.30
Marangudzi T203 Al0.12Cr0.01Mg0.02Mn0.01Ti0.14V0.02Fe2.64 1.00 0.87 0.77 2.96 0.04
Långban Al0.03Mg0.80Mn0.15Zn0.02Fe2.05 0.19 0.75 1.11 3.05 –0.05
Magnesio-ferrite (syn) Mg0.95Mn0.01Fe2.09 0.19 0.90 1.00 3.05 –0.05
Franklin Al0.03Mg0.02Mn0.33Zn0.45Fe2.21 0.39 0.62 1.20 3.04 –0.04
Zinc ferrite (syn) Mn0.01Zn0.67Fe2.36 0.45 0.61 1.30 3.04 –0.04
Note: The spectra were ! tted for three main spectral features derived from the Fe L3 peaks only and ratios calculated to the number of Fe atoms per unit spinel 
formula on a 4 O basis.
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TABLE 5. Fe2+/Fe3+ ratios obtained using XMCD site occupancies and EPMA data, in relation to any vacancies present in the structures
Locality of magnetite Fe2+/Fe3+ ratios from EPMA data (Droop 1984) Fe2+/Fe3+ ratios from EPMA + XMCD data Vacancies
Bangui Region, C.A.R. 0.50 0.42 0.04
Marmora, Canada 0.50 0.44 0.03
ZCA mine, U.S.A. 0.49 0.46 0.02
Erzgebirge, Germany 0.50 0.50 0.00
Iron Mountain, U.S.A. 0.49 0.49 0.00
Bushveld SA 637, S.A. 1.30 0.25 0.27
Bushveld SA 620, S.A. 1.37 0.24 0.30
Marangudzi T203, Zimbabwe 0.72 0.61* 0.04
Långban, Sweden 0.02 0.11 –0.05
Magnesio-ferrite (syn) 0.03 0.10 –0.05
Franklin, U.S.A. 0.11 0.21 –0.06
Zinc ferrite (syn) 0.17 0.24 –0.06
* A wet chemical analysis gives an Fe2+/Fe3+ atomic ratio of 0.55±0.03 (Hossain 1970).

TABLE 6.  Typical cation distribution of trace elements in spinel fer-
rites

Cation Tetrahedral (A) Site (%) Octahedral (B) Site (%)
Al3+ 0–10 90–100
Cr3+ 0 100
Mg2+ 10–30 70–90
Mn2+/3+ 85–100 0–15
Si4+ 100 0
Ti4+ 0 100
V3+ 100 0
Zn2+ 25–100 0–75
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
  

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
         
    







δ
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



   

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


        
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