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Abstract

Cation ordering in the magnesioferrite-qandilite (MgFe2O4-Mg2TiO4) solid solution has been inves-
tigated using an interatomic potential model combined with Monte Carlo simulations. The dominant 
chemical interaction controlling the thermodynamic mixing behavior of the solid solution is a posi-
tive nearest-neighbor pairwise interaction between tetrahedrally coordinated Fe3+ and octahedrally 
coordinated Ti4+ (J T

Fe
O
Ti). The predicted cation distribution evolves gradually from the Néel-Chevalier 

model to the Akimoto model as a function of increasing J T
Fe

O
Ti, with J T

Fe
O
Ti = 1000 ± 100 K providing an 

adequate description of both the temperature and composition dependence of the cation distribution 
and the presence of a miscibility gap. Although Mg is a good analog of Fe2+ in end-member spinels, 
a comparison of model predictions for MgFe2O4-Mg2TiO4 with observed cation ordering behavior in 
titanomagnetite (Fe3O4-Fe2TiO4) demonstrates that the analog breaks down for Fe3O4-rich composi-
tions, where a value of J T

Fe
O
Ti closer to zero is needed to explain the observed cation distribution. It is 

proposed that screening of Ti4+ by mobile charge carriers on the octahedral sublattice is responsible 
for the dramatic reduction in J T

Fe
O
Ti. If confirmed, this conclusion will have significant implications for 

attempts to create a realistic thermodynamic model of titanomagnetite.
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Introduction

The titanomagnetite solid solution between magnetite (Fe3O4) 
and ulvöspinel (Fe2TiO4) is the dominant carrier of magnetic re-
manence in nature and is of central importance to paleomagnetic, 
rock magnetic, and mineral magnetic studies. Both end-members 
adopt the cubic inverse spinel structure at room temperature, with 
cations occupying two distinct types of crystallographic site (tet-
rahedral and octahedral). The distribution of Fe3+, Fe2+, and Ti4+ 
cations between tetrahedral and octahedral sites has a profound 
impact on the intrinsic magnetic properties of titanomagnetite. 
The presence of tetrahedral Fe2+ is of particular importance, as 
this has been linked to large increases in both magnetocrystal-
line anisotropy and magnetostriction due to a dynamic Jahn-
Teller distortion (Kąkol et al. 1991a, 1991b; Church et al. 2011). 
However, despite numerous studies performed over many years 
with a range of increasingly sophisticated analysis techniques 
(see Pearce et al. 2010 for a review), there is still no consensus 
regarding the temperature and composition dependence of the 
cation distribution in titanomagnetite. For example, two of the 
most recent and detailed studies [Bosi et al. (2009) using X‑ray 
single-crystal diffraction and Pearce et al. 2010 using X‑ray 
magnetic circular dichroism] present results that are at opposite 
extremes of the range of previously reported cation distributions 
and that disagree dramatically in their assessment of when Fe2+ 
first enters the tetrahedral site.

A complicating factor in titanomagnetite is that Fe2+ and Fe3+ 
differ only by a single, highly mobile 3d electron, which not only 
makes distinguishing the two cations an experimental challenge 
but also makes computational studies more difficult due to the 
problem of deciding how the excess electron density associated 
with Fe2+ should be distributed across the available Fe sites. 
Given these complexities, it becomes a worthwhile exercise to 
consider the magnesioferrite-qandilite (MgFe2O4-Mg2TiO4) solid 
solution—a potential analog of titanomagnetite in which the Fe2+ 
cation is entirely replaced by Mg2+. It has long been established 
that Mg2+ is a good analog for Fe2+ in end-member spinels, with 
the substitution of Mg2+ for Fe2+ having little effect on tempera-
ture-dependent cation distributions (Harrison and Putnis 1999a) 
and spinel solid solutions involving exchange of Mg2+ and Fe2+ 
behaving in a manner that is close to ideal (Trestman-Matts et al. 
1984; Nell et al. 1989; Andreozzi and Lucchesi 2002; Palin and 
Harrison 2007a). The MgFe2O4-Mg2TiO4 solid solution offers, 
therefore, the possibility to study cation ordering in a system 
that is closely analogous to titanomagnetite, yet: (1) allows the 
distribution of Mg2+ and Fe3+ cations to be determined reliably 
using X‑ray powder diffraction; (2) permits the high-temperature 
distribution to be quenched without significant cation redistribu-
tion; (3) enables sample synthesis and analysis to be performed 
in air at high temperatures without fear of oxidation; and (4) 
lacks the computational complexities associated with mobile 
electronic charge.

The main focus of this paper is the development of an at-
omistic model of cation ordering in MgFe2O4-Mg2TiO4. The 
computational approach, outlined in the next section, builds on 
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that developed by Palin and Harrison (2007b) and Palin et al. 
(2008) for the end-members MgFe2O4 and Mg2TiO4, combined 
with the extension of the method to binary spinel solid solu-
tions by Palin and Harrison (2007a). Application of the method 
to MgFe2O4-Mg2TiO4 is described and comparisons are made 
between MgFe2O4-Mg2TiO4 and Fe3O4-Fe2TiO4. Possible rea-
sons for the observed differences between the two systems are 
explored. Our conclusions provide new insight into the nature of 
cation ordering in titanomagnetite, and point the way forward for 
future computational studies of this important magnetic mineral.

Development of the atomistic model

Theory
The atomistic model used here is based on the J formalism 

described by Bosenick et al. (2001) and Palin and Harrison 
(2007b). The total energy, E, of a network of interacting cations 
can be expressed as a sum of pairwise cation-cation interaction 
energies. For two species A and B mixing on a network of identi-
cal sites, E = NAAEAA + NBBEBB + NABEAB, where EAA, EBB, and 
EAB are the energies associated with A-A, B-B, and A-B nearest 
neighbor pairs, and NAA, NBB, and NAB are the number of A-A, 
B-B, and A-B pairs in the network. The interdependence of NAA, 
NBB, and NAB allows this expression to be rewritten solely in 
terms of the number of unlike cation pairs in the network, E = 
E0 + NABJ, where E0 is a constant and J = EAB – 1/2(EAA + EBB). 
The sign of J determines the ordering behavior of the A and B 
cations: positive values favor A-A and B-B neighbors, leading 
to chemical clustering; negative values favor A-B neighbors, 
leading to cation ordering. Interaction parameters describing 
the energy of more distant neighbor pairs can be defined in the 
same way and summed to give the total energy of the system. 
In the case of spinel, where cations are distributed across two 
networks of symmetrically distinct sites (i.e., the tetrahedral [T] 
and octahedral [O] sublattices), an additional site preference 
energy (a.k.a. chemical potential, µ) is required to complete the 
total energy. Chemical potential terms can be written E = µNA

T, 
where NA

T is the number of A atoms sitting on the T sublattice. 
The sign of µ dictates the site preference of A: a positive value 
indicates an O site preference, a negative value a T site prefer-
ence. Using static lattice empirical potential calculations, Palin 
and Harrison (2007b) determined µ and J for T-T, O-O, and T-O 
interactions out to fourth nearest neighbors in a range of 2-3 
end-member spinels, including MgFe2O4. Using a combination 
of static lattice empirical potential and ab initio calculations, 
Palin et al. (2008) performed a similar exercise for the 2-4 spinel 
Mg2TiO4. The extension of the J formalism to the binary spinel 
solid solution MgAl2O4-FeAl2O4 is described by Palin and Har-
rison (2007a). Adaptation of this method to MgFe2O4-Mg2TiO4 
is described below.

Magnesioferrite-qandilite (MgFe2O4)1–M(Mg2TiO4)M is a 
binary system consisting of two inverse spinels. The cation 
distribution between T and O sites can be written as

	 T	 O	 Sum
Mg2+	 1 – x – y	 M + x + y	 1 + M
Fe3+	 x	 2 – 2M – x	 2 – 2M 
Ti4+	 y	 M – y	 M
Sum	 1	 2	 3

where x and y are cation distribution parameters and M is the mole 
fraction of Mg2TiO4. As shown by Palin and Harrison (2007a), 
the total energy of such a system can formally be expressed 
as a sum of pairwise cation-cation interaction parameters and 
chemical potentials

  	 (1)

where N T
Mg

T
Fe, etc., is the number of Mg2+-Fe3+ cation pairs of a 

given type and JT
Mg

T
Fe, etc., is the corresponding interaction param-

eter. E0 is a constant that plays no role in determining the cation 
distribution. There is a chemical potential term corresponding to 
each of the independent variables defining the cation distribution 
(x, y, and M). The µM chemical potential produces a linear varia-
tion of total energy with bulk composition of the system, and 
plays no role in determining either the cation distribution or the 
excess thermodynamic mixing properties of the solid solution. 
The choice of variables x and y to describe the cation distribution 
is somewhat arbitrary. However, since Fe3+ and Ti4+ are absent 
from the Mg2TiO4 and MgFe2O4 end-members, respectively, 
this choice allows µx and µy to be equated with the chemical 
potentials already determined for each end-member. Implicit in 
Equation 1 is that interactions are summed over first, second, 
third, and fourth nearest neighbor interactions, as described by 
Palin and Harrison (2007b).

Determination of the solid-solution J parameters
The only energy terms in Equation 1 that are not already 

known from studies of the end-members are the Fe3+-Ti4+ cation-
cation interaction parameters J T

Fe
T
Ti, J O

Fe
O
Ti, and J T

Fe
O
Ti. As with our 

previous work, static lattice energy calculations using empirical 
interatomic potentials are used to estimate values for the un-
known Js. The interatomic potentials have the Buckingham form

 	 (2)

where A, ρ, and C are constants, and the value of A depends on 
the coordination of the atom. Formal charges were used for all 
species, and the potential parameters used were obtained from 
previous work on the end-members MgFe2O4 and Mg2TiO4 
(Palin and Harrison 2007b; Palin et al. 2008). We examined 16 
different compositions across the join, i.e., M = 0, 1/16…1. A 
2 × 2 × 2 supercell of the spinel structure was created and the 
cations were placed randomly on the available T and O sites 
in proportions appropriate to the chosen values of x, y, and M. 
Given that the amount of Ti4+ on tetrahedral sites is observed by 
experiment to be negligible at all compositions and temperatures 
(de Grave et al. 1975), we chose to place Ti4+ cations exclusively 
on the octahedral sublattice (i.e., y = 0). This decision was taken 
to minimize undue bias in the derived interaction parameters by 
ensuring that all of the generated configurations were physically 
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achievable by the real system. A total of 217 configurations were 
created. Each configuration was relaxed with respect to both lat-
tice parameters and atomic positions at constant pressure using 
the program GULP (Gale 1997; Gale and Rohl 2003). The set of 
217 optimized lattice energies were then used to calculate values 
for all J’s and µ’s using the least-squares optimization method of 
Bosenick et al. (2001). Given the lack of tetrahedral Ti4+, J T

Mg
T

Ti, 
and J T

Fe
T
Ti were not included in the optimization procedure. All 

other parameters were allowed to vary.
Results of the J optimization procedure are displayed in 

Figure 1. The JMgTi and JMgFe parameters obtained here display 
the same systematics observed in the end-member studies (Palin 
and Harrison 2007b; Palin et al. 2008). The first nearest neighbor 
interactions are dominant, and all statistically significant interac-
tion parameters are negative, indicating that Mg2+-Ti4+ and Mg2+-
Fe3+ cation pairs are energetically favorable. JMgTi parameters are 
typically larger than the corresponding JMgFe parameters. This 
is due to the larger contrast in cation charge for Mg2+-Ti4+ pairs 
compared to Mg2+-Fe3+ pairs, which leads to a larger electrostatic 
contribution to the interaction energy. The values of JMgTi are 
similar to those obtained by Palin et al. (2008) for end-member 
Mg2TiO4. Value of JMgFe, however, are significantly larger than 
those reported by Palin and Harrison (2007b) for end-member 
MgFe2O4. This is due to the use of a formal charge of –2 for 
O atoms in this study, rather than the value of –1.65 used by 
Palin and Harrison (2007b). In the following, we adopt the 
simplest assumption that JMgTi and JMgFe are independent of bulk 
composition and equal to those derived for the end-members. 
This ensures, at least, that the model reproduces the observed 
end-member behavior.

The optimized results for JFeTi interactions indicate that the 
dominant interaction in the solid solution is the first nearest 
neighbor interaction between Fe3+ cations on tetrahedral sites and 
Ti4+ cations on octahedral sites (referred to from now on as J T

Fe
O
Ti). 

All other JFeTi interactions are within two standard deviations of 
zero. The fitted value of J T

Fe
O
Ti (1828 ± 286 K) is large and positive, 

indicating that Fe3+-Ti4+ TO pairs are energetically unfavourable 
and that the system will attempt to minimize the number of such 
pairs in the solid solution. This result compares favorably with 
the hematite-ilmenite (Fe2O3-FeTiO3) system, where first nearest 
neighbor interactions between Fe3+ and Ti4+ were also found to 
be positive (Harrison et al. 2000; Harrison 2006).

J values extracted using static lattice empirical potential 
calculations provide valuable insight into the sign and relative 
importance of different cation-cation interactions, but often 
produce only approximate agreement with experimental obser-
vations. The prediction that there is only one dominant interac-
tion in the solid solution greatly simplifies attempts to obtain 
a physically realistic model that reproduces the experimental 
data. In “Application to MgFe2O4-Mg2TiO4,” we explore the 
thermodynamic behavior of the system as a function of increas-
ing J T

Fe
O
Ti and compare the predicted results with experimental 

observations to obtain an estimate of the most likely value of 
this parameter in the real system.

Monte Carlo simulations
Monte Carlo (MC) simulations were used to determine the 

equilibrium cation distribution as a function of temperature and 
composition, according to the methods outlined by Harrison 
(2006). A 4 × 4 × 4 supercell of the spinel structure was cre-
ated, containing a total of 1536 cation sites (512 tetrahedral and 
1024 octahedral) with periodic boundary conditions. Individual 
simulations were performed with a fixed bulk composition vary-
ing between 0 ≤ M ≤ 1 in steps of either 0.1 or 0.2. Starting 
configurations were created by distributing Ti4+ randomly over 
the octahedral sublattice and then distributing Mg2+ and Fe3+ 
randomly over the remaining T and O sites. Note that Ti4+ was 
not constrained to sit exclusively on O sites during the subse-
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Figure 1. Cation-cation interaction energies extracted from static lattice energy calculations using the optimization procedure of Bosenick 
et al. (2001). J1, J2, J3, and J4 refer to first, second, third, and fourth nearest neighbor interactions. TT, OO, and TO refer to tetrahedral-tetrahedral, 
octahedral-octahedral, and tetrahedral-octahedral interactions, respectively. TT interactions involving Ti4+ are absent, since Ti4+ was placed on octahedral 
sites only. (Color online.)
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quent simulations. Simulations were performed on cooling from 
1750 to 250 K in steps of 250 K. Each simulation ran for a total 
of 2 × 107 cation swaps (that is, 107 equilibration steps and 107 
production steps).

The J and µ parameters used in the simulations are listed in 
Table 1. JMgTi, JMgFe, µx, and µy were taken directly from the end-
member studies of Palin and Harrison (2007b) and Palin et al. 
(2008) (note, however, the change in sign of µy, since we chose 
here to define the chemical potential energy using the number 
of Ti4+ cations on T rather than O sites). In both end-member 
studies, the parameters were optimized to give a good description 
of the observed ordering behavior. The only additional parameter 
used in this study is the first nearest-neighbor J T

Fe
O
Ti interaction. 

Parameters E0 and µM in Equation 1 have no effect on the cation 
distribution or excess thermodynamic properties and were not 
used in the MC simulations.

Application to MgFe2O4-Mg2TiO4

Cation ordering as a function of temperature, M and JTO
FeTi

Simulations were performed for J T
Fe

O
Ti values ranging from 

0 to 1500 K. In all cases, Ti4+ was found almost exclusively on 
octahedral sites. The maximum amount of Ti4+ on tetrahedral 
sites was y = 0.026 (for T = 1750 K, M = 0.8, and J T

Fe
O
Ti = 0). 

This amount of tetrahedral Ti4+ is consistent with experimental 
observations of Mg2TiO4 at high temperatures (O’Neill et al. 
2003). Given that y ∼ 0, the distribution of all other cations can 
be defined by a single order parameter, x. We have chosen to 
summarize the MC results in Figure 2 by plotting the number 
of tetrahedral Mg2+ cations per formula unit (MgT ∼ 1 – x) as a 
function of M. Simulated results are shown as black solid lines. 
The uppermost curve in each figure shows the highest tempera-
ture simulation (1750 K), the lowermost curve shows the lowest 
temperature simulation (250 K).

To aid the discussion, dashed lines in Figure 2 show four 

reference cation distribution models. Each of the four models 
assumes that Ti4+ occurs exclusively on octahedral sites. The 
“Random” model corresponds to a random distribution of Mg2+ 
and Fe3+ across T and O sites. The “Akimoto” model is analogous 
to that proposed by Akimoto (1954) for titanomagnetite, and 
corresponds to a linear variation in tetrahedral Mg2+ as a func-
tion of M. The “Kąkol” model is analogous to that proposed by 
Kąkol et al. (1991b) for titanomagnetite, whereby no tetrahedral 
Mg2+ appears until M > 0.2. The “Néel-Chevalier” model is 
analogous to that proposed by Néel (1955) and Chevalier et al. 
(1955) for titanomagnetite, whereby no tetrahedral Mg2+ appears 
until M > 0.5.

For 0 ≤ J T
Fe

O
Ti ≤ 250 K, the low-temperature state of the system 

corresponds to the Néel-Chevalier model (Figs. 2a and 2b). No 
Mg2+ enters the tetrahedral sites until M > 0.5, at which point 
all octahedral Fe3+ is used up and there is no choice but to place 
additional Mg2+ on tetrahedral sites. The tetrahedral preference of 
Fe3+ over Mg2+ is a consequence of the negative value of µx (Table 
1), which dictates that total energy is lowered by increasing tet-
rahedral Fe3+ at the expense of tetrahedral Mg2+ (given that Ti4+ 
strongly favors octahedral sites). Increasing temperature leads 
to increasing MgT. For 0 < M ≤ 0.5, the temperature dependence 
of MgT tracks that observed in end-member MgFe2O4 (O’Neill 
et al. 1992; Antao et al. 2005). The temperature dependence of 
MgT diminishes for M > 0.5 and disappears entirely for M > 0.8.

For J T
Fe

O
Ti = 500 K, there is a marked change in the low-

temperature state of the system, with Mg2+ entering tetrahedral 
sites for all M > 0 (Fig. 2c). The system adopts a mixed cation 
distribution that is close to the Néel-Chevalier model for M > 0.8 
but is closer to the Akimoto model for M < 0.2. For 750 ≤ J T

Fe
O
Ti ≤ 

1000 K, the low-temperature state moves closer to the Akimoto 
model, with an approximately linear variation of MgT with M 
(Figs. 2d–2f). For 0 < M < 0.5 the temperature-dependence of 
MgT is bounded by the Random model at high T and the Akimoto 
model at low T. For M > 0.5, MgT remains close to the Akimoto/
Random models and there is little temperature dependence (these 
two models become virtually indistinguishable as M tends to 1). 
For J T

Fe
O
Ti = 1100 K, the cation distribution follows the Random 

model for 0.4 ≤ M ≤ 1 (Fig. 2g). For J T
Fe

O
Ti > 1100 K we begin to 

see MgT values that exceed the Random model, implying that 
Mg2+ now has a tetrahedral preference relative to Fe3+.

Comparison with experimental observations
Experimental measurements of the cation distribution in 

MgFe2O4-Mg2TiO4 have been reported by Tellier (1967) and 
de Grave et al. (1975). The results of de Grave et al. (1975) 
are shown in Figure 3a for two suites of samples: the first was 
quenched from 1373 K in water (upward triangles) and the 
second was cooled slowly from 1373 K at a rate of 1 K per min 
(downward triangles). Also shown in Figure 3a are new results 
from our own experimental work on this system (circles). Details 
of the experimental work will be presented in detail elsewhere. 
Samples were synthesized in air at 1400 °C from mixtures of 
Fe2O3 and TiO2 and then furnace cooled. Cation distributions 
were obtained by Rietveld refinement of X‑ray powder diffrac-
tion patterns, and are in excellent agreement with those of de 
Grave et al. (1975). For 0 ≤ M ≤ 0.5, the observed cation distri-
butions fall in between the Random and Akimoto models, with 

Table 1. 	 Cation-cation interaction parameters and chemical poten-
tials of the atomistic model

	 Energy (K)	 Reference
J1 MgTi TT	 728	 Palin et al. (2008)
J2 MgTi TT	 0	 Palin et al. (2008)
J3 MgTi TT	 0	 Palin et al. (2008)
J4 MgTi TT	 0	 Palin et al. (2008)
J1 MgTi OO	 –3102	 Palin et al. (2008)
J2 MgTi OO	 0	 Palin et al. (2008)
J3 MgTi OO	 –272	 Palin et al. (2008)
J4 MgTi OO	 –116	 Palin et al. (2008)
J1 MgTi TO	 –1706	 Palin et al. (2008)
J2 MgTi TO	 0	 Palin et al. (2008)
J3 MgTi TO	 0	 Palin et al. (2008)
J4 MgTi TO	 0	 Palin et al. (2008)
J1 MgFe TT	 –164	 Palin and Harrison (2007a)
J2 MgFe TT	 –68	 Palin and Harrison (2007a)
J3 MgFe TT	 –45	 Palin and Harrison (2007a)
J4 MgFe TT	 –5	 Palin and Harrison (2007a)
J1 MgFe OO	 –340	 Palin and Harrison (2007a)
J2 MgFe OO	 –51	 Palin and Harrison (2007a)
J3 MgFe OO	 –62	 Palin and Harrison (2007a)
J4 MgFe OO	 –28	 Palin and Harrison (2007a)
J1 MgFe TO	 –313	 Palin and Harrison (2007a)
J2 MgFe TO	 –144	 Palin and Harrison (2007a)
J3 MgFe TO	 –53	 Palin and Harrison (2007a)
J4 MgFe TO	 –19	 Palin and Harrison (2007a)
J1 FeTi TO	 0–1500	 This study
µx	 –950	 Palin and Harrison (2007a)
µy	 –1114	 Palin et al. (2008)
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Figure 2. Summary of MC results obtained for MgFe2O4-Mg2TiO4 with J T
Fe

O
Ti equal to (a) 0 K, (b) 250 K, (c) 500 K, (d) 750 K, (e) 850 K, (f) 

1000 K, (g) 1100 K, (h) 1250 K, and (i) 1500 K. Solid curves show the results of MC simulations performed at temperatures of (from upper to 
lower curves) 1750, 1500, 1250, 1000, 750, 500, and 250 K. Dashed lines show reference cation distribution models (from upper to lower dashed 
curves): Random, Akimoto, Kąkol, and Néel-Chevalier. (Color online.)

the quenched samples falling closer to the Random model and 
slowly cooled samples falling closer to the Akimoto model. For 
M > 0.5 the observed cation distribution follows the Random 
model. Comparing Figure 3a with the results of MC simulations 
(Fig. 2), it appears that the atomistic model with J T

Fe
O
Ti = 1000 ± 

100 K provides an adequate description of both the temperature 
and composition dependence of cation ordering in this system 
(Fig. 2f). This value of J T

Fe
O
Ti is of the same order of magnitude as 

that predicted by the interatomic potential calculations presented 
earlier (J T

Fe
O
Ti = 1828 ± 286 K). 

Perhaps a more rigorous method of presenting the experi-
mental data follows from the thermodynamic model of binary 
spinel solid solutions described by O’Neill and Navrotsky (1984). 
Assuming that Ti4+ sits on O sites exclusively (y = 0), thermody-
namic equilibrium with respect to the amount of Fe3+ on T sites 
(x) can be expressed in the for

 	 (3)

where α and β are coefficients describing the enthalpy variation 
as a function of x (H = αx + βx2). According to Equation 3, a 
plot of –RTln(K) vs. x should yield a straight line with intercept 
α and slope 2β. To plot the data in this form, we require an es-
timate for the temperature at which the cation distribution has 
been equilibrated. For the quenched samples of de Grave et al. 
(1975) and Tellier (1967) we have assumed that the equilibration 
temperature is equal to the quench temperature (1373 K). For 
our own samples and the slowly cooled samples of de Grave et 
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Although there is good agreement with the O’Neill-Navrotsky 
model for 0.7 < x < 1 (which corresponds mainly to the range 
of x values in end-member MgFe2O4), there is dramatic devia-
tion from linear behavior for x < 0.7 (which corresponds mainly 
to the range of x values in the solid solution). Solid curves in 
Figure 4a show the calculated behavior using the atomistic 
model with J T

Fe
O
Ti = 1000 K. The lowermost curve corresponds 

to highest temperature (1750 K) and the uppermost curve to 
the lowest temperature (250 K). Agreement between observed 

Figure 3. (a) Experimentally determined cation distributions in MgFe2O4-Mg2TiO4. Open circles are data from this study. Triangles are quenched 
and slowly cooled samples from de Grave et al. (1975). (b) Experimentally determined cation distributions in Fe3O4-Fe2TiO4. Data are from Bosi 
et al. (2009) (circles), Hamdeh et al. (1999) (squares), Lilova et al. (2012) (upward triangles), and Pearce et al. (2010) (downward triangles). Solid 
lines in a and b show reference cation distribution models (from upper to lower): Random, Akimoto, Néel-Chevalier, and Kąkol. (Color online.)

Figure 4. (a) Cation distributions in MgFe2O4-Mg2TiO4 plotted in the form of Equation 3 (O’Neill and Navrotsky 1984). Data shown from this 
study (open circles), Tellier (1967) (closed squares), and de Grave et al. (1975) (open triangles). Solid curves show the results of MC simulations 
with J T

Fe
O
Ti = 1000 K at temperatures of (from lower to upper curves) 1750, 1500, 1250, 1000, 750, 500, and 250 K. Dashed line shows the prediction 

of the O’Neill and Navrotsky (1984) model using Equation 3 with values of α = 26.6 kJ/mol and β = –21.7 kJ/mol (O’Neill et al. 1992). (b) Direct 
comparison of observed cation distributions in MgFe2O4-Mg2TiO4 with results of MC simulations with J T

Fe
O
Ti = 1000 K at temperatures of (from 

upper to lower curves) 1750, 1500, 1250, 1000, 750, 500, and 250 K.

al. (1975) we use an estimated equilibration temperature of 667 
K, which corresponds to the temperature at which the observed 
cation distribution in end-member MgFe2O4 is equal to the pre-
dicted cation distribution according to the thermodynamic model 
of O’Neill et al. (1992). The resulting plot is shown in Figure 
4a. The dashed line shows the predicted behavior according to 
the O’Neill and Navrotsky (1984) model, with the values of α 
= 26.6 kJ/mol and β = –21.7 kJ/mol obtained by fitting cation 
distribution data for end-member MgFe2O4 (O’Neill et al. 1992). 
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and calculated behavior is much improved with respect to the 
O’Neill-Navrotsky model. In particular, the predicted curvature 
of the –RTln(K) vs. x plot agrees very well with the data of Tellier 
(1967) (solid squares). Agreement appears to be poorest for small 
values of x, corresponding to compositions close to Mg2TiO4. 
However, comparing the observed and calculated distributions 
directly (Fig. 4b), we see that this disagreement is perhaps over 
emphasized by Equation 3.

Enthalpies of mixing and immiscibility in the solid solution
An independent check of the calibration of the atomistic 

model can be performed by comparing the calculated and 
observed enthalpies of mixing (∆Hmix). ∆Hmix was calculated 
by subtracting the MC energy of a mechanical mixture of the 
end-members from the MC energy of the solid solution (Fig. 5). 
At 1750 K (uppermost curve) there is a positive symmetrical 
enthalpy of mixing that can be described by a regular solu-
tion model ∆Hmix = WM(1 – M) with W = 24 kJ/mol. As far as 
we are aware, there are no published reports of ∆Hmix data for 
MgFe2O4-Mg2TiO4. However, in the context of this comparative 
study, it is useful to compare our predicted curves with recent 
calorimetric measurements of the titanomagnetite solid solution 
(Lilova et al. 2012). Drop solution calorimetry data for a suite 
of titanomagnetites synthesized at 1173 K are plotted as closed 
circles in Figure 5. Their data correspond to a regular solution 
model with W = 22.60 ± 8.46 kJ/mol, which is well within the 
range of predicted values for the Mg analog system.

Significant changes in the magnitude, symmetry, and curva-
ture of ∆Hmix occur at lower simulation temperatures. At 1250 
K there is a flattening of the ∆Hmix curve, and below 1000 K the 
∆Hmix curves become linear in the central region. This type of 

behavior is similar to that observed in simulations of hematite-
ilmenite (Harrison et al. 2000) and suggests the presence of a 
miscibility gap in the solid solution below ∼1000 K. Evidence 
for chemical clustering driven by the positive value of J T

Fe
O
Ti can 

be seen in snapshots of the MC similations (Fig. 6). Snaphots 
are shown for M = 0.5 with Mg2+ in red, Fe3+ in green, and Ti4+ 
in blue. At 1750 K there is a random distribution of MgFe2O4 
(red/green) and Mg2TiO4 (red/blue) components throughout the 
simulation cell. At 1000 K and below the distribution becomes 
increasingly clustered into MgFe2O4-rich and Mg2TiO4-rich re-
gions. The presence of a miscibility gap is also consistent with 
the thermodynamic model of Sack and Ghiorso (1991), who pre-
dicted an asymmetric gap below 883 K for MgFe2O4-Mg2TiO4.

Comparison with titanomagnetite

Cation distributions in titanomagnetite
A summary of recent experimental studies of cation ordering 

in titanomagnetite is shown in Figure 3b (Kąkol et al. 1991b; 
Hamdeh et al. 1999; Bosi et al. 2009; Pearce et al. 2010; Lilova 
et al. 2012). Unlike MgFe2O4-Mg2TiO4, there is considerable 
disagreement between different studies. Despite the scatter, 
however, some important trends emerge. For M > 0.5, the average 
trend falls close to the Akimoto/Random models, and there is 
reasonably good correspondence between the MgFe2O4-Mg2TiO4 
and Fe3O4-Fe2TiO4 systems. For 0 ≤ M ≤ 0.5, however, the data 
fall between the Akimoto and Néel-Chevalier models, with an 
average trend corresponding approximately to the Kąkol model. 
The range of scatter is consistent with the in situ measurements 
of Trestman-Matts et al. (1983), who found that the cation 
distribution tends toward the Akimoto model at high T and the 
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Figure 5. Enthalpy of mixing for MgFe2O4-Mg2TiO4 calculated 
from MC simulations with J T

Fe
O
Ti = 1000 K at temperatures of (from 

upper to lower curves) 1750, 1500, 1250, 1000, 750, 500, and 250 K. 
For comparison, data points show the measured enthalpy of mixing for 
Fe3O4-Fe2TiO4 (Lilova et al. 2012).

(a) 1750 K (b) 1000 K

(c) 750 K (d) 250 K

Figure 6. Snapshots of the final configuration of MC simulations 
performed for M = 0.5 and T = (a) 1750 K, (b) 1000 K, (c) 750 K, and 
(d) 250 K. Mg2+ is red, Fe3+ is green, and Ti4+ is blue. View direction is 
[111]. (Color online.)
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Néel-Chevalier model at low T. All of these data deviate mark-
edly from MgFe2O4-Mg2TiO4 in the range 0 ≤ M ≤ 0.5 (Fig. 
3a), representing a fundamental difference in the behavior of 
the two systems.

On the basis of the available data, we suggest that MgFe2O4-
Mg2TiO4 is a good analog of Fe3O4-Fe2TiO4 for M > 0.5. The 
analog breaks down, however, for M ≤ 0.5. The analog between 
Mg and Fe2+ is well established for the end-members, both from 
experimental and modeling perspectives (Harrison and Putnis 
1999a), with virtually identical values for Mg-Fe3+ and Fe2+-Fe3+ 
interaction parameters being determined by Palin and Harrison 
(2007b). Given the evidence for a large J T

Fe
O
Ti interaction in 

MgFe2O4-Mg2TiO4, and the similarity in enthalpies of mixing of 
the two systems (Fig. 5), we might also expect a J T

Fe
O
Ti interaction 

of similar magnitude in Fe3O4-Fe2TiO4. From Figure 2, however, 
it appears that values of J T

Fe
O
Ti < 500 K are needed to reproduce 

cation distributions close to the Kąkol model and even smaller 
values (≤250 K) are needed to reproduce the Néel-Chevalier 
model (as required, for example, by the data of Pearce et al. 
2010). This breakdown points toward some fundamental aspects 
of the physical behavior of titanomagnetite that are not accounted 
for by our atomistic model in its current form. The presence of 
mobile, delocalized charge carriers in Fe3O4-rich titanomagnetite 
is likely to have a significant impact on the both the equilibrium 
and kinetic properties of the solid solution. Magnetic ordering 
may also play an important role at temperatures below 853 K. 
We now attempt to assess which factors, or combination of 
factors, can best account for the observed difference between 
MgFe2O4-Mg2TiO4 and Fe3O4-Fe2TiO4 for M ≤ 0.5.

Coupling between cation ordering and magnetic ordering
Both Fe3O4 and MgFe2O4 adopt ferrimagnetic structures 

below their respective Curie temperatures (Tc). Whereas Tc for 
stoichiometric Fe3O4 is a constant 853 K, Tc for MgFe2O4 can lie 
anywhere in the range 550–700 K, depending on the degree of 
quenched-in cation disorder (O’Neill et al. 1992). Harrison and 
Putnis (1997) argued that cation ordering and magnetic ordering 
in MgFe2O4 are strongly coupled and that the coupling can be 
modeled successfully using a mean-field model. They included 
an energy term in the macroscopic free energy that links the two 
ordering processes: E = λxQm

2 , where Qm is the magnetic order 
parameter and λ is a coupling constant. The sign of the coupling 
constant is such that an increase in the degree of inversion (x) 
causes an increase in the degree of magnetic order (i.e., Tc 
increases with x). Under conditions of global equilibrium with 
respect to x and Qm, the opposite must also be true: i.e., when 
the degree of magnetic order increases on cooling through Tc we 
expect to see an enhanced degree of inversion. For MgFe2O4, 
the kinetics of cation ordering at T = Tc are too slow to allow the 
onset of magnetic ordering to have any influence on the cation 
distribution (Harrison and Putnis 1999b). This is not the case for 
Fe3O4, however, where rapid redistribution of Fe2+ and Fe3+ can 
occur via electron hopping down to room temperature. Recent 
experimental observations of natural Fe3O4-Fe2TiO4 samples 
with 0.2 < M < 0.4 (Bowles and Jackson, personal communica-
tion) provide strong evidence of coupling in the titanomagnetite 
solid solution.

In deriving the atomistic model we have taken no account of 

coupling between cation and magnetic ordering processes below 
Tc. This is justifiable for MgFe2O4-Mg2TiO4, where kinetic limita-
tions prevent global equilibrium with respect to x and Qm from 
being achieved on laboratory timescales. It is possible, however, 
that coupling will lead to enhanced cation order in Fe3O4-Fe2TiO4, 
especially for M < 0.5, where Tc > 600 K and electron hopping is 
fast enough to respond to the magnetic transition. Incorporation 
of magnetic ordering into the atomistic model is an obvious next 
step (Harrison and Becker 2001; Harrison 2006), but is beyond 
the scope of the current study. Harrison and Putnis (1999a) ap-
plied the thermodynamic model of Harrison and Putnis (1997) 
to cation ordering data for Fe3O4 (Wißmann et al. 1998) and 
demonstrated that the mean-field approach correctly predicts 
the experimentally observed enhancement of cation order be-
low Tc, implying that coupling in Fe3O4 is similar in strength to 
MgFe2O4. To demonstrate the magnitude of the effect, we have 
adapted the macroscopic approach of Harrison and Putnis (1997) 
to describe a system that behaves like MgFe2O4 in terms of its 
equilibrium cation ordering behavior, but like Fe3O4 in terms of 
its magnetic ordering and kinetic behavior. The total free energy 
of the system is written

(4)
 

where the first two lines represent the enthalpy and configura-
tional entropy due to cation ordering (O’Neill and Navrotsky 
1983), the third line represents the free energy due to magnetic 
ordering (Harrison and Putnis 1997), and the fourth line is the 
coupling term. Minimizing G with respect to Qm at constant x 
yields

 	 (5)

which represents a second-order magnetic transition with re-
normalized Curie temperature Tc* that varies linearly with x. 
A value of λ = –21 059 J/mol was obtained by fitting Equation 
5 to the Tc-x data of O’Neill et al. (1992). A value of Tc = 445 
K for the unrenormalized Curie temperature ensures that the 
equilibrium magnetic transition occurs at 853 K. Values of α 
= 26.6 kJ/mol and β = –21.7 kJ/mol were taken from O’Neill 
et al. (1992). A value of am = 86.35 J/(mol·K) was calculated 
from the total magnetic entropy change for a Fe3O4-like mate-
rial containing one Fe2+ and two Fe3+ cations [∆S = 1/2 am = 
R(ln 5 + 2 ln 6)]. A value of bm = 80 542.5 J/mol is required by 
the normalization condition (Qm = ±1 at 0 K). The dashed line 
in Figure 7 shows the cation ordering behavior that would be 
observed in the absence of coupling to the magnetic transition. 
The enhancement of cation order due to coupling is shown by 
the thick solid line. The maximum difference between the two 
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fect is completely incapable of accounting for distributions that 
lie close to the Néel-Chevalier model (e.g., Pearce et al. 2010).

Compositional dependence of J T
Fe

O
Ti

By adjusting the value of J T
Fe

O
Ti, the atomistic model is capable 

of reproducing the entire range of proposed cation distribution 
models for titanomagnetite (Fig. 2). Any one particular model can 
be reproduced by relaxing the assumption that J T

Fe
O
Ti is a constant 

for all bulk compositions. To illustrate this concept we have 
determined the value of J T

Fe
O
Ti that is needed at each composition 

to obtain a cation distribution bounded at low T by the Kąkol 
model (Fig. 8a). This procedure yields a linear increase in J T

Fe
O
Ti 

from 250 K at M = 0.2 to 1100 K at M = 0.9 (closed circles in 
inset to Fig. 8a) and produces a good description of much of the 
published data.

Allowing J T
Fe

O
Ti to vary as a function of composition provides 

a powerful means of optimizing the parameters of the atomistic 
model to fit the experimental data. However, this fit is mean-
ingless unless the compositional dependence can be physically 
justified. There are two main contributions to the cation-cation 
interaction parameters: a strain contribution resulting from size 
mismatch between cation pairs and an electrostatic contribution 
resulting from charge mismatch. Strain interactions can never be 
screened, and will always be present in a solid solution where 
cations of different size mix. In systems with large size mismatch 
(e.g., substitutions involving Mg2+ and Ca2+—size mismatch 
∼28%), it is sometimes necessary to include a composition 
dependent, configuration independent volume strain energy 
term when computing J parameters from static lattice energy 
calculations (Vinograd et al. 2004). In our case, however, Fe3+ 
and Ti4+ cations are similar in size (size mismatch ∼7%) but dif-
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Figure 7. Prediction of how the degree of inversion (x = Fe3+ on 
tetrahedral sites) is influenced by the onset of magnetic ordering in an 
inverse spinel with cation ordering behavior that is similar to MgFe2O4 
but with magnetic ordering behavior that is similar to Fe3O4. Thin 
dashed line (left axis) shows cation ordering behavior in the absence 
of coupling. Thick solid curve (left axis) shows the predicted behavior 
with coupling. Thin solid curve (right axis) shows the magnetic order 
parameter (Qm).

Figure 8. (a) Optimization of the atomistic model to reproduce the Kąkol model for Fe3O4-Fe2TiO4 (Kąkol et al. 1991b). Thin solid curves show 
the results of MC simulations with a value of J T

Fe
O
Ti that varies with composition according to the inset (solid circles). Simulations were performed 

for temperatures of (from upper to lower curves) 1750, 1500, 1250, 1000, 750, 500, and 250 K. Data are from Bosi et al. (2009) (circles), Hamdeh 
et al. (1999) (squares), Lilova et al. (2012) (upward triangles), and Pearce et al. (2010) (downward triangles). Thick solid lines show reference 
cation distribution models (from upper to lower): Random, Akimoto, Kąkol, and Néel-Chevalier. Open circles in the inset show values of J T

Fe
O
Ti that 

are needed to fit the data of Pearce et al. (2010). (b) Calculated enthalpy of mixing for Fe3O4-Fe2TiO4 using the cation distribution model from a. 
Data points show the measured enthalpy of mixing for Fe3O4-Fe2TiO4 (Lilova et al. 2012). (Color online.)

curves is ∆x = 0.06. Even if we make the generous assumption 
that magnetic ordering could influence the cation distribution by 
up to ∼ 0.1 cations per formula unit, the effect is still a factor of 
∼2 too small to explain the discrepancy between average cation 
distributions in MgFe2O4-Mg2TiO4 and Fe3O4-Fe2TiO4. The ef-
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fer in charge, and electrostatic interactions are likely to make 
a larger contribution to J T

Fe
O
Ti than strain interactions. This is an 

important statement, since unlike strain interactions, electrostatic 
interactions may potentially be screened by mobile charge carri-
ers. Figure 8a provides evidence that J T

Fe
O
Ti decreases linearly in 

proportion to the Fe3O4 content of the solid solution. We propose 
that the excess positive charge associated with octahedral Ti4+ 
is gradually screened by an increasing concentration of mobile 
charge carriers on the octahedral sublattice, thus reducing the 
electrostatic interaction of octahedral Ti4+ with tetrahedral Fe3+ 
in proportion to the Fe3O4 content of the solid solution. Sujata 
and Mason (1992) suggested a similar mechanism to explain the 
gradual reduction in the activation energy for cation redistribu-
tion in ferrospinels (Fe3O4)z(MeFe2O4)1–z (Me = Co, Mn, Mg, 
Ni) with increasing Fe3O4 content. For example, the activation 
energy for Ni diffusion decreases steadily from 3.55 eV for z = 
0.03 to 2.95 eV for z = 0.14, 2.6 eV for z = 0.33, and 2.08 eV 
for z = 0.63 (Eveno and Paulus 1974). Sujata and Mason (1992) 
argue that when the Fe3O4 content is large enough, small polaron 
hopping between Fe2+ and Fe3+ in ferrospinels can provide local 
electroneutrality for diffusing ionic species and can effectively 
screen these species during migration, thereby lowering the 
activation energy. Spinels that are unable to screen charge in 
this way display much larger activation energies, and in the 
case of MgFe2O4 adopt a very different mechanism of cation 
ordering (i.e., heterogeneous nucleation and growth instead of 
homogeneous local diffusion; Walters and Wirtz 1971; Kimura 
et al. 1977; Harrison and Putnis 1999b).

The proposed screening mechanism appears to be highly 
effective for compositions close to pure Fe3O4, where J T

Fe
O
Ti is 

reduced to ∼0, making the solid solution virtually insensitive to 
dilute concentrations of Ti4+ on the octahedral sublattice. Note 
that screening of Ti4+ is preferred to a charge transfer mechanism, 
given the lack of any spectroscopic evidence for Ti3+ in the solid 
solution (Pearce et al. 2010). The reduced J T

Fe
O
Ti leads to a poorer 

agreement between the calculated and observed enthalpies of 
mixing (Fig. 8b), although the high-T curves are still within error 
of the experimental data and remain consistent with the presence 
of a miscibility gap in this system (Price 1981). The anomalous 
negative enthalpy of mixing for M ∼ 0.2 is likely due to the fact 
that reducing J T

Fe
O
Ti means we no longer account properly for the 

volume strain energy contribution to the total energy. The agree-
ment seen in Figure 5 could be restored, however, by addition 
of a small configuration independent strain energy term of the 
form suggested by Vinograd et al. (2004).

Discussion

Comment on the merits of atomistic vs. macroscopic 
models

One of the most striking results of this study is the dramatic 
difference between atomistic and macroscopic models of cation 
ordering in MgFe2O4-Mg2TiO4 (Fig. 4a). The O’Neill and Nav-
rotsky (1983, 1984) model (from now on referred to as the O-N 
model) provides a near perfect description of cation ordering in 
end-member MgFe2O4 (O’Neill et al. 1992). Palin and Harrison 
(2007a) demonstrated from an atomistic perspective that the 
O-N model correctly captures the thermodynamic consequences 

of cation ordering in end-member spinels (especially for normal 
spinels, where short-range order is limited), thereby explaining 
why it can be applied successfully to such a wide range of systems. 
It is somewhat surprising, therefore, that the O-N model fails to 
account for the rather simple linear relationship between MgT and 
M in the MgFe2O4-Mg2TiO4 solid solution (Fig. 3a). Below we 
consider possible reasons for the difference between the atomistic 
and macroscopic approaches to modeling this system, with impli-
cations for other systems of this type.

In the O-N model of MgFe2O4-Mg2TiO4, cation ordering in 
the solid solution is defined by the two energy parameters α 
and β (Eq. 3). These two parameters are entirely constrained by 
cation ordering behavior in MgFe2O4; no parameters specific to 
the solid solution enter the cation distribution model. The mixing 
properties of the solid solution are defined by a regular solution 
term of the form ∆Hmix = WM(1 – M) that depends only on bulk 
composition. The adjustable parameter W allows the enthalpy of 
mixing and appearance of miscibility gaps to be described, but it 
does not influence the calculated cation distributions in any way. 
The parameterization of the atomistic model is also heavily con-
strained by cation ordering behavior in the end-members. In this 
study we chose to fix JMgFe, JMgTi, µx, and µy at their end-member 
values (a procedure that is equivalent to using end-member values 
of α and β in the O-N model). Inspired by the results of static lat-
tice energy calculations, the mixing properties of the solid solution 
were then defined by J T

Fe
O
Ti. This single adjustable parameter plays 

a similar role to W in the O-N model, in that it directly influences 
the enthalpy of mixing and appearance of miscibility gaps (Fig. 
5). However, unlike W, J T

Fe
O
Ti also influences the cation distribution 

in two distinct ways. First, a positive J T
Fe

O
Ti drives the system to 

avoid Fe3+-Ti4+ T-O pairs. Since Ti4+ is strongly partitioned onto O 
sites, the system can reduce its total energy by replacing Fe3+ on 
T with Mg2+. This substitution will only occur when the resulting 
energy reduction outweighs the increase in chemical potential 
energy (µx). The energy balance tips in favor of increased MgT for 
J T

Fe
O
Ti ≥ 500 K (Fig. 2). Second, a positive J T

Fe
O
Ti drives the system 

to chemically cluster and eventually unmix (Fig. 6). In the limit 
of perfect unmixing into a mechanical mixture of inverse Mg-
Fe2O4 and inverse Mg2TiO4, the amount of Mg2+ on tetrahedral 
sites (averaged over the whole simulation cell) would be MgT = 
M (i.e., the Akimoto model). This may help to explain why the 
system evolves toward the Akimoto model with increasing J T

Fe
O
Ti, 

and suggests that the short-range chemical clustering observed 
in Figure 6 may be a prerequisite to obtaining the correct cation 
distribution. Such short-range effects can only be described using 
the atomistic approach, providing additional motivation for the 
continued development of such models.

Outlook
This comparative study of MgFe2O4-Mg2TiO4 and Fe3O4-

Fe2TiO4 has highlighted several issues that need to be more 
thoroughly investigated before a complete model of the titanomag-
netite system can be finalized. The proposed screening mechanism, 
whereby the electrostatic contribution to certain cation-cation inter-
action energies can be reduced in proportion to the Fe3O4 content of 
the solid solution, needs to be confirmed. A possible methodology 
would be to perform detailed first-principles ab initio calculations, 
where the assumption of discrete Fe2+ and Fe3+ cations with formal 
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charges can be relaxed and the excess electronic charge can be 
allowed to distribute itself more naturally across the available Fe 
sites (Pentcheva and Nabi 2008; Nabi et al. 2010; Skomurski et 
al. 2010). Any new analysis of this type should also investigate 
in more detail the relative importance of electrostatic vs. volume 
strain contributions to the total energy, so that the final model can 
reproduce observed cation distributions and enthalpies of mix-
ing simultaneously (Vinograd et al. 2004). We have shown that 
coupling between magnetic and cation ordering will have a small 
but non-negligible effect on the cation distribution below Tc, and 
therefore including coupling is a necessary next step in improving 
the atomistic model. The temperature- and composition-dependent 
kinetics of Fe2+-Fe3+ redistribution in titanomagnetite are poorly 
constrained. Kinetic effects play a crucial role in understanding 
the impact of coupling to the magnetic transition and also in help-
ing to explain the large variation in observed cation distributions 
between different experimental studies. Kinetic studies of synthetic 
and natural titanomagnetite are, therefore, a crucial area for future 
experimental work.
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