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Two separate models, each using two sextets, have been used in the literature 
to fit the Mössbauer spectra of maghemite.  It is shown that for maghemite 
with ordered vacancies, a correct fit should consist of the sum of nine sextets 
for the different crystallographic sites occupied by the iron ions. 

 
1. Introduction 
 The spinel-structured maghemite, γ-Fe2O3, is a very important technological magnetic 
material as it forms the basis for much of the magnetic recording industry.  There are many 
ways of preparing maghemite, most starting from the orthorhombic goethite, α-FeOOH, 
conversion to spinel-structured magnetite, Fe3O4, followed by subsequent oxidation, or 
produced from the cubic lepidocrocite, γ-FeOOH or directly from magnetite.  The oxidation 
of magnetite necessitates the incorporation of iron vacancies in order to maintain charge 
neutrality. 
 The structure of maghemite has been determined by neutron diffraction [1] and this 
showed that the vacancies were ordered, resulting in a tetragonal unit cell with c = 3a, where 
a is the magnetite lattice parameter.  The vacancies were wholly on the octahedral sites as 
previously deduced from Mössbauer spectra, but beyond this observation, little use has been 
made of Mössbauer spectroscopy to characterize the crystallography of maghemite.  
Mössbauer spectra of maghemite are usually fitted with two sextets, one sextet for each of the 
tetrahedral and octahedral iron atoms.  However, there has been disagreement as to whether 
these should be grouped as a left-hand/right-hand pair of sextets [2,3] or an inner/outer pair 
[4,5]. 
 It would therefore seem likely that the situation is more complicated than has been 
allowed for in the previous fitting models and in this paper we consider how many different 
sub-spectra should be needed to properly describe iron in maghemite samples with ordered 
vacancies. 
 
2. Structure of Maghemite and its Effect on the Mössbauer Spectrum 
 The magnetite structure has the cubic Fd3m space group with atom positions as given 
in Table 1.  If the oxygen parameter, u, is equal to 3/8 then the oxygen ions form a perfect fcc 
lattice.  However, for magnetite, u = 0.387 and this distortion results in the octahedral sites 
having trigonal symmetry, while the tetrahedral ones remain cubic.  A layer diagram of the 
structure is shown in Fig. 1.  On oxidation to maghemite, one-sixth of the octahedral iron ions 
are replaced by vacancies.  If the vacancies are ordered, then an asymmetrical spectrum is 
obtained as seen in Fig. 2 [5] while in other cases a symmetrical spectrum may be obtained as 
for our samples (Fig. 3).  Da Costa et al. [5] obtained statistically indistinguishable fits using 
the two different models and also found that they could not fit their room temperature spectra 
with parameters which were consistent with the low temperature spectra.  Vacancy ordering 
takes place for the 4a(4) sites [1] along a 4-fold screw axis parallel to the tetragonal c-axis, 
(space group P43212) with two-thirds of the iron atoms being replaced by vacancies, giving a 
sequence - (Fe - ∼ - ∼ -) Fe -, where ∼ represents a vacancy.  Since the tetrahedral iron ions 
have twelve octahedral iron atoms as nearest-neighbour cations and the octahedral iron ions 
have six octahedral and six tetrahedral iron ions as nearest-neighbour cations, these vacancies 
will affect the local coordination, and hence the Mössbauer spectra of both sites. 



Table 1.  Atomic positions in the spinel structure, space group Fd3m. 
 

Atom Position Sym. Positions 
Fe (tetr.) 8a 3m4  0,0,0;  ¼,¼,¼;  + FC 
Fe (oct.) 16c m3  

5/8,5/8,5/8;  5/8,7/8,7/8;  7/8,5/8,7/8;  7/8,7/8,5/8;  + FC 
O 32e 3m u;,u,u;uu,,u;u,uu,u;u,u,  

u;-u,¼u,¼-¼u;-u,¼-u,¼-¼ +  
u;u,¼u,¼¼u;u,¼-u,¼¼ −++++   + FC 

 

Octahedral sites

0 1/8 1/4 3/8

1/2 5/8 3/4 7/8

Tetrahedral sites Oxygen

Figure 1. Allowable
locations of ions in the
tetrahedral and octahedral
sites in the spinel unit cell
and the approximate
locations of the oxygen
ions

 
 
 Noting that the tetrahedral iron ions are on the n/4 layers and the octahedral iron atoms 
are on the n/8 layers (Fig. 1), analysis of the structure to determine the quadrupole splitting 
component shows that the original two sites break up as follows. 
Tetrahedral sites:  Four possibilities.  Each of the tetrahedral layers are either between two 
octahedral layers which contain vacancies (probability 1/3) or between one vacancy layer and 
one complete layer (probability 2/3).  In addition, the two atoms on each spinel tetrahedral 
layer see a different arrangement of vacancies.  The total different occupancies are 4/3 for 
each of two of the atoms and 8/3 for each of the other two atoms within the original magnetite 
cell. 
Octahedral sites:  Five possibilities.  For the 4a(4) sites in space group P43212, there must be 
an iron atom on the layer considered otherwise it cannot produce a spectrum.  The relative 
occupancy of this site is 1/3, to give 4 atoms/unit cell.  For the 4a(2) and 8b(3) sites there are 
the two possibilities of whether they are in a vacancy layer or a complete layer, with relative 
probabilities 2/3 and 1/3, times 4 or 8 atoms per unit cell, respectively. 
 Thus the Mössbauer spectrum of maghemite with ordered vacancies should contain 
contributions from sites with nine different quadrupole interactions and having relative 
probabilities varying from 6.25% to 25%.  Thus, it is not surprising that the published spectra 
contain variations.  Furthermore, we have not yet considered the random case, which will 
have an effect of unknown size, since even ordered samples are unlikely to be perfect. 
 There is clearly insufficient resolution to fit nine sextets to the observed spectra so the 
next stage in understanding the spectra is to model the small changes in the isomer shift, 
quadrupole splitting and magnetic hyperfine field which will be caused by these different 
atomic arrangements.  The quadrupole splitting is being calculated explicitly, for each 
possible arrangement above, on a point charge model, using a crystal structure containing 



3x3x3 spinel unit cells, with the appropriate iron ion at its centre.  The quadrupole splittings 
in magnetite are very small, but it is expected that those in maghemite will be larger.  The 
isomer shift of tetrahedral iron is usually slightly less than that for octahedral iron, with Da 
Costa et al. [5] taking a difference of 0.12 mm/s as being one criterion for a physically 
realistic fit.  The magnetic hyperfine field at octahedral and tetrahedral sites are usually very 
similar, but in an insulating compound the magnitude will be affected by the number and 
proximity of nearby vacancies.  From the crystallographic analysis, it is expected that the nine 
subspectra should have several slightly different magnetic hyperfine fields, with differing 
angles between the EFG principal axes and the magnetic hyperfine field. 

 
Figure 2.  Asymmetrical Mössbauer spectra of
maghemite  showing fitting using (a) a LH/RH
pair and (b) an inner/outer pair of sextets [5]

Figure 3.  Symmetrical Mössbauer spectrum
of maghemite  fitted with a LH/RH pair of
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3. Conclusion 
 Previous fitting of the Mössbauer spectra of maghemite in the literature has been 
based on an inadequate model of the expected contributions and this is, at least partly, 
responsible for the conflicting fitting models and hyperfine parameters which have been 
published.  We have shown that the spectrum of maghemite with ordered vacancies should 
contain nine different values of the quadrupole interaction.  Further work will model the 
subspectra from these and determine to what extent they can reproduce the variations in 
published spectra. 
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