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Abstract The relationship between magnetic hysteresis parameters and the degree of oxidation of ultra-
fine magnetite particles is examined by both experimental measurements (distributed particle assemblage
with median grain size of �80 nm and standard deviation 0.43) and micromagnetic simulations (single par-
ticles from 40 nm to 140 nm). Experimental results show that both coercivity (Bc) and the ratio of saturation
remanence to saturation magnetization (Mrs/Ms) increase slowly, as the oxidation parameter z increases
from 0 to �0.9. Thereafter, both parameters decrease sharply as magnetite becomes completely oxidized to
maghemite. Numerical simulations of hysteresis loop and microstructure using a micromagnetic model
with a core-shell geometry (a stoichiometric core surrounded by an oxidized shell) show three categories of
behavior for magnetic grains during oxidation. First, the coercivity of SD particles decreases as oxidation
proceeds, but their remanence magnetization remains in a uniform state. Second, for PSD sized particles
near the critical SD boundary (80 nm to 100 nm), the initial vortex domain structure changes to a SD as oxi-
dation occurs and returns to a vortex state upon complete maghemitization, resulting in an initial rise and
then fall of Bc and Mrs. Finally, larger PSD grains remain a vortex state throughout the maghemitization,
with less variations of Bc and Mrs. The predicted magnetic properties exhibit good agreement with experi-
mental observations and suggest that the domain arrangement is likely to be dominated by a core-shell
structure with strong exchange coupling at their interface. Overall, the partially oxidized magnetite in SD-
PSD range can reliably record palaeomagnetic signals.

1. Introduction

The chemical changes in magnetic iron oxides that occur below their magnetic ordering temperature, have
long been of interest to palaeomagnetic workers [Johnson and Merrill, 1972, 1974; Moskowitz, 1980; €Ozdemir
et al., 1993; €Ozdemir and Dunlop, 2010]. It has been known that low temperature oxidation of magnetite or
titanomagnetite is ubiquitous in nature, which can take place in basalts [Pr�evot et al., 1981; van Velzen and
Dekkers, 1999], loess [Liu et al., 2004, 2007], red sandstones [Liu et al., 2011], and soils [C C Liu et al., 2010; Liu
et al., 2012; Lu et al., 2012]. Low temperature oxidation of titanomagnetite particles in the oceanic crust is
likely to complicate its natural remanent magnetization (NRM), such as in marine magnetic anomalies where
much of the seafloor carries no thermal remanent magnetization (TRM) at all [Marshall and Cox, 1971;
€Ozdemir and Dunlop, 1985; Smith, 1987; Xu et al., 1997; Wang et al., 2006]. Long periods of oxidation after
cooling of rocks may cause large changes in their remanence direction and intensity, and hence signifi-
cantly affect the understanding of Earth geomagnetic field [Watkins, 1967; Gallagher, 1968; Johnson and
Merrill, 1973; Haneda and Morrish, 1977; €Ozdemir and Dunlop, 1985, 2010; Cui et al., 1994].

Low-temperature oxidation of titanomagnetite occurs as a weathering process under natural atmospheric
conditions [€Ozdemir and Dunlop, 1985; van Velzen and Dekkers, 1999; Liu et al., 2010]. The oxidation process
starts at its surface, where Fe21 is oxidized to Fe31. Fe21 is either partially removed from the crystal or it
reacts with oxygen to form a new crystal layer [O’Reilly, 1984]. Further oxidation is a diffusion process driven
by the oxidation gradient where Fe21 diffuses from the interior of the grain to the surface, leaving vacancies
in the interior. Because of the isolation effect of the oxidized layer and the rapid reduction of the solid state
diffusion coefficient at low temperature [Gallagher, 1968; Askill, 1970], a strong oxidation gradient builds up
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close to the grain surface. As a result, an oxidized shell is formed around an unoxidized core (so called the
core-shell structure).

The core-shell structure has been studied since the 1960s [Gallagher, 1968; Banerjee et al., 1981; €Ozdemir
and Dunlop, 1993, 2010; Cui et al., 1994; van Velzen and Dekkers, 1999; Liu et al., 2004], using different meth-
ods (e.g., X-ray diffraction, chemical analysis, M€ossbauer spectroscopy, magnetic measurements). In particu-
lar, Cui et al. [1994] provided three possible explanations for the pseudo-single-domain (PSD) behavior of
the multidomain (MD) grains with an oxidized surface. First, that magnetization is dominated by the PSD-
like core of the grain, which is independent of the shell. Second, the stress due to the mismatches of the
cell dimensions on either side of the phase boundary (not modeled in the present study) will increase the
domain wall energy and make it difficult to add domain walls, thus favoring the nucleation of PSD-like
structures. The third suggestion is that the mixture effect of single-domain (SD) maghemite and the MD
magnetite might yield an overall PSD-like behavior.

Liu et al. [2004] investigated the surface oxidized particles of PSD/MD size obtained from Chinese loess, and
found that the minerals exhibited a well-defined Verwey transition [€Ozdemir et al., 1993; Cui et al., 1994] sug-
gesting that the highly diminished magnetite core still remains stoichiometric even after being heated to
700�C. Such observation indicates that the magnetite core remains fairly stable during varying chemical
and physical conditions. €Ozdemir and Dunlop [2010] suggested a low-temperature method to investigate
the oxidation state of magnetite and considered that a transition zone may exist between the maghemite
shell and the magnetite core, where the lattice parameters gradually change. Regardless of these attempts,
relatively few experimental studies have been conducted on maghemitization, with the notable exception
of €Ozdemir and Dunlop [2010], and details of how the core-shell structure affects the magnetic behavior of
the partially oxidized magnetic particles remain poorly understood.

The micromagnetic modeling is an effective method to examine the processes of magnetization in small
particles [Schabes and Bertram, 1988; Williams and Dunlop, 1989; Fidler and Schrefl, 2000]. In recent years,
numerous micromagnetic studies have been carried out to establish the magnetic properties and domain
states of magnetite nanocrystals focusing on grain morphology [e.g., Williams and Dunlop, 1989; Witt et al.,
2005; Williams et al., 2006, 2010, 2011; Yu and Tauxe, 2008], the effects of interactions between particles
[Muxworthy et al., 2003, 2004; Yu and Tauxe, 2005], and the critical grain sizes for different domain states
[Williams and Dunlop, 1989, 1995; Fabian et al. 1996; Muxworthy et al., 2004]. However, few micromagnetic
studies have attempted to investigate the inner structure of multiphase iron oxides; and although the core-
shell model has already been introduced for MD and large PSD grains [Cui et al., 1994; €Ozdemir and Dunlop,
2010], little is known regarding the magnetization structure or how it couples with the oxidized surface for
the palaeomagnetically important SD and small PSD grain sizes.

This study aims to investigate the effects of oxidation on the magnetic properties of finer grained magnetite
by integrating micromagnetic simulation and experimental results. The significances and caveats of the
micromagnetic modeling results will be further discussed.

2. Samples and Experiments

Experimental samples were obtained from a commercial magnetite powder (number code 4000 manufac-
tured by the Wright company), which contains a relatively narrow range of SD and PSD grain sizes. Trans-
mission electron microscopy (TEM) observations were carried out on a JEM-2100 microscope with an
accelerating voltage of 200 kV. The particles are clumped (Figure 1a) but still can be clearly counted from
the margin of the clusters. The grain size distribution was determined from a total of 1177 particles counted
from more than 20 TEM images. To estimate the particle dimensions, distribution of major axis m, minor
axis n, and natural logarithm of equivalent circular diameter d (where d52ðm � n=pÞ1=2) are shown (Figures
1b–1d). The grain size distribution is heavily biased toward smaller grain sizes, resembling a lognormal
distribution.

In order to reduce any pre-existing surface oxidation and obtain the stoichiometric magnetite crystals, the
initial samples were heated in a mixture of 80% CO2 and 20% CO at 395�C for 74 h [€Ozdemir and Dunlop,
2010]. Samples were then oxidized in air by heating to different temperatures for various periods of time.
Five different temperatures were used (50, 100, 150, 200, and 250�C), and with five different heating periods
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at each temperature (1, 1.5, 2, 2.5, and 3 h) which, together with the initial magnetite, produces a total of 26
different samples. The detailed processing sequence can be referred in Table 1.

The oxidation parameter z was defined from the following formula [Readman and O’Reilly, 1971]

Fe 211ðz=4ÞO 2 ! ð1-zÞFe 211zFe 311ðz=2ÞO 2-

where the oxidation parameter z varies from 0 to 1, representing a transformation from magnetite (z 5 0) to
maghemite (z 5 1).

X-ray diffraction (XRD) is one of the logical methods to estimate the cell edge parameter, which is strongly
dependent upon the oxidation parameter [€Ozdemir et al., 1993; €Ozdemir and Dunlop, 2010]. The superstruc-
ture reflections for maghemite could be easily identified by XRD, but do not exist in magnetite (and
titanomagnetite).

Cell edges for all these powder samples were first measured from XRD analysis on a Philips X’Pert diffrac-
tometer with the Cu-Ka radiation operated at 40 kV and 40 mA. By comparing the standard power diffrac-
tion file (PDF) of magnetite (PDF#19-0629) and maghemite (PDF#39-1346), the cell sizes and errors were
then determined by the ‘‘cell refinement method’’ [Rietveld, 1969] using the jade software version 6.5.
Finally, the oxidation parameters were calculated by least squares fitting with the corrected curves [Read-
man and O’Reilly, 1972] of cell size versus oxidation parameter z.

Figure 1. (a) TEM image of the magnetic powder 4000. (b–d) Distributions of major axes m, minor axes n, and natural logarithm of the
mean grain size d determined from counts in TEM photos for powder 4000. The heavy black line in Figure 1d indicates the median value.
The curve in Figure 1d shows a normal distribution fitting of the histograms. Statistically, the mean value and standard deviation of the
logarithm of mean grain size are 4.37 and 0.43, respectively, representing a middle grain size of 79.1 nm.
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These samples were subsequently dispersed into KBr matrices (mean grain size 10 lm) at about 0.5% by
weight. Hysteresis loops were then measured on MicroMag 3900 Vibrating Sample Magnetometer (VSM;
Princeton Measurements Corp., USA) at room temperature with field ranging from 21.0 to 1.0 Tesla.

3. Micromagnetic Modeling

In this study, we use a core-shell model to investigate the process of low-temperature oxidation. The model
subdivides a grain into a number of discrete subcubes (Figure 2a) with edges along [100] crystallographic
direction. In order to investigate the effects of the separated layers, a shell-only model (Figure 2b) and its
corresponding core-only model were also investigated.

The finite-difference (FD) micromagnetic model is used to calculate stable magnetic structures by a dual
approach [Muxworthy et al., 2004; Muxworthy and Williams, 2006; Williams et al., 2006]. First, the free mag-
netic energy Etotal is minimized. This energy is the sum of the exchange energy Eex, the magnetostatic
energy Ed, the magnetic crystalline anisotropy Eanis [Brown, 1963] and the external field energy Eh as follows

Etotal5Eex1Eanis1Ed1Eh

From the minimum energy solution, the final equilibrium domain state can be obtained by minimizing the
torque that the effective field (Heff) exerts on the magnetization, determined by integrating the Landau-
Lifshitz-Gilbert (LLG) equation

dM
dt

52
c

11a2
M3Heff 1

ac
ð11a2ÞMS

M3ðM3Heff Þ

where M is the unit vector along the magnetization direction, c is the gyromagnetic ratio, and a is a damping
parameter. Heff is the effective field acting on the vector at each node of the finite element mesh defined as

Table 1. Hysteresis Parameters (Bc and Mrs/Ms) for Stoichiometric and Partially Oxidized Magnetite and Maghemitea

Sample Temperature (�C) Time (h) a (Å) Error (Å) zb Bc (mT) Mrs/Ms Ms (A m2/kg)

y0 8.390 0.002 0.00 18.3 0.233 82.4
y501 50 1 8.370 0.002 0.59 17.4 0.225 72.4
y5015 50 1.5 8.379 0.003 0.39 18.0 0.230 74.5
y502 50 2 8.401 0.001 0.00 18.1 0.233 81.0
y5025 50 2.5 8.386 0.003 0.16 16.7 0.222 79.1
y503 50 3 8.389 0.002 0.08 17.6 0.224 80.8
y1001 100 1 8.374 0.003 0.50 18.3 0.234 72.2
y10015 100 1.5 8.382 0.001 0.29 18.5 0.235 75.5
y1002 100 2 8.357 0.004 0.84 18.7 0.240 65.4
y10025 100 2.5 8.386 0.004 0.17 18.9 0.237 78.9
y1003 100 3 8.386 0.002 0.18 18.7 0.237 78.7
y1501 150 1 8.381 0.003 0.31 19.4 0.253 76.0
y15015 150 1.5 8.362 0.004 0.76 19.9 0.249 67.0
y1502 150 2 8.372 0.007 0.56 20.3 0.257 70.9
y15025 150 2.5 8.379 0.001 0.38 19.2 0.253 74.7
y1503 150 3 8.346 0.002 0.95 21.2 0.264 63.1
y2001 200 1 8.350 0.002 0.91 20.1 0.278 63.8
y20015 200 1.5 8.328 0.003 0.99 19.6 0.274 69.0
y2002 200 2 8.342 0.002 0.96 15.9 0.254 62.8
y20025 200 2.5 8.348 0.001 0.93 17.7 0.264 63.5
y2003 200 3 8.333 0.003 0.97 17.3 0.255 66.6
y2501 250 1 8.330 0.003 0.99 14.2 0.227 62.8
y25015 250 1.5 8.342 0.002 0.96 14.4 0.223 62.7
y2502 250 2 8.342 0.003 0.96 14.1 0.227 64.8
y25025 250 2.5 8.341 0.009 0.97 14.1 0.226 62.7
y2503 250 3 8.323 0.003 0.99 14.3 0.230 63.6

aChemical processing environments (temperature and time period), the corresponding spinel cell edge parameters and their satura-
tion magnetization are also listed.

bOxidation parameter z, as defined in the text, was obtained by comparing the measured values of X-ray cell edge a with the calibra-
tion curve Readman and O’Reilly [1972].
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Heff 5
dEtotal

dM

In the core-shell model, the magnetite and maghemite regions were defined by setting the relevant mate-
rial parameters (Table 2) for each element in the geometry (Figure 2c). Both magnetite and maghemite
share the same easy magnetization axis [111]. The strength of the exchange coupling across the phase
boundary between magnetite and maghemite was varied independently.

In this study, we use a very simple micromagnetic model to examine the extent to which the experimental
observations can be explained in terms of magnetostatic and exchange coupling across the boundary in a
core-shell multiphase model. The numerical model neglects dislocations or other defects, and in particular
ignores the effects of stress caused by the crystal cell size mismatch at the phase boundary.

The model also does not include the effects of thermal fluctuations. Therefore, models with a superparamag-
netic (SP) grain size magnetite core in the uncoupled core-shell and core-only models, which occur for large
shell thickness, representing a much higher oxidation state, were not calculated. Although thermal fluctuations
are unlikely to change the available equilibrium magnetization structures, the estimated coercivity will be
reduced by values�10 mT for magnetite [Dunlop and €Ozdemir, 2001]. Magnetostriction was also not consid-
ered since its effects are not significant for magnetite particles smaller than 0.5 lm in size [Fabian et al., 1996].

For the core-shell model, the exchange constant (CE) at the boundary [Johnson and Merrill, 1974] is
unknown, and thus three possibilities are considered (i) a value of 0 J m21 across the boundary which repre-
sents an exchange uncoupled model, (ii) a relatively small value of 5 3 10212 J m21, which represents a
weak interaction due to the potential mismatch across the boundary, and (iii) a sensible average of the two
exchange constants for the different materials, namely 1.17 3 10211 J m21.

Simulations of hysteresis loops were performed by computing the quasi-static domain structures and result-
ing field-aligned magnetization for field values between 180 mT and 280 mT in 5 mT steps. Values for the

coercive force (Bc) and the ratio of saturation rema-
nence to saturation magnetization (Mrs/Ms) are
obtained by averaging the modeling results from
fields aligned along the easy [111], hard [100] and
intermediate [110] directions.

We considered grains of six volumes: 0.64 3 10222,
2.16 3 10222, 5.12 3 10222, 10 3 10222, 17.28 3

10222, and 27.44 3 10222 m3, corresponding to
cubes with edge lengths of 40, 60, 80, 100, 120, and
140 respectively, which cover the range from stable
SD to PSD state for both magnetite and maghemite.

Figure 2. Frame of reference for micromagnetic modeling. (a) Discretization scheme of the particle showing the number of cells along the width n, length l, and thickness m. (b) The
shell-only model with crystallographic axes [001], [010], [100], [111], with radial section to the center. The shell-only model was built using a cubic skin (colored brown above) with hollow
interior, representing a maghemite shell-only structure. (c) The core-shell model with crystallographic axes [001], [010], [100], [111], with radial section to the center. The core-shell model
was built using a cubic skin (brown) and a cubic interior (black), representing the maghemite shell and the magnetite inner core, respectively.

Table 2. Principle Magnetic Constants, Namely Saturation
Magnetization, Ms, Magnetocrystalline Anisotropy, K1, and
Exchange Constant CE for Magnetite and Maghemite used in
the micromagnetic modeling

Mineral Ms (A m21) K1 (J m21) CE (J m21)

Magnetitea 4.8 3 105 21.24 3 104 1.34 3 10211

Maghemiteb 3.8 3 105 24.6 3 103 1 3 10211

aMaterial parameters from Pauthenet and Bochirol [1951]
and Heider and Williams [1988].

bMaterial parameters from Hou et al. [1998] and Dunlop
and €Ozdemir [2001].
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The different degrees of oxidation were modeled by varying the shell thickness, and the oxidation parame-
ter z obtained by a volume fraction of the oxidized shell to total grain volume. In this way, we considered
four different oxidized states, namely z- values of 0.271, 0.488, 0.784, and 0.992. Including the two end
members (100% magnetite and maghemite), a total of 108 different core-shell models were generated. In
addition to the core-shell models, the shell-only and the core-only models were also calculated in this study.
The oxidation parameters of shell-only and core-only models are stated as if the shell or core were part of a
complete core-shell structure. Including the four oxidized states, a total of 24 shell-only and 24 core-only
models were calculated.

4. Results

4.1. Experimental Results
The stoichiometric magnetite samples were shiny black in appearance, the partially oxidized magnetite
powders were black and gray, and the powders that had a high degree of oxidation were brown in color
reflecting the presence of maghemite. The magnetic properties and X-ray cell edge parameters of

Figure 3. XRD spectrum for magnetic extracts of typical oxidized samples, with z equal to 0.16, 0.29, 0.56, 0.91, 0.96, and 0.97, see detailed
information in Table 1. The labels M, MH are for magnetite and maghemite respectively. The dashed lines drawn around 30.10� (hkl, 220),
35.42� (hkl, 311), and 43.05� (hkl, 400) represent the dominant peaks of magnetite. And three characteristic solid lines at 30.24� (hkl, 220),
35.63� (hkl, 311) and 43.28� (hkl, 400) are the peaks of maghemite.
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Figure 4. Representative hysteresis loops of typical oxidized samples demonstrated in Figure 3, namely with z equal to (a) 0.16, (b) 0.29, (c)
0.56, (d) 0.91, (e) 0.96, and (f) 0.97, measured at room temperature with paramagnetic correction. Details of the hysteresis behavior near
the origin (between the two dashed black lines) are shown in the top right of each figure.
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stoichiometric (reduced) and oxidized magnetite are given in Table 1. The oxidation parameter is very sensi-
tive to temperature and heating periods below 200�C. Powder heated with temperature higher than 200�C
will be highly oxidized (z> 0.9). In general, the oxidation parameter increases with temperature, but no sim-
ple relationship for the heating period was observed. However, the statistical variance of the oxidation
parameter z from 0 to 1 can still be obtained under a comprehensively varying chemical environment.

The mineralogical identification of magnetite powders was performed based on the data between 15�

and 65� (2h) in XRD measurements. Six typical XRD experimental spectra are shown (simplified with 2h
from 25� to 45�) in Figure 3, for z 5 0.16, 0.29, 0.56, 0.91, 0.96, and 0.97. A gradual shift of peaks from mag-
netite to maghemite can be distinguished clearly as the oxidation parameter becomes larger. The corre-
sponding hysteresis loops after paramagnetic slope corrections are shown in Figure 4. All the powders
are magnetically saturated before 500 mT (Figure 4), which is close to the expected SD behavior for an
assemblage of magnetic particles [Tauxe et al., 2002; Fukuma and Dunlop, 2006]. The reductions of satura-
tion magnetization (Ms) indicate the gradual changes from magnetite to maghemite during oxidation.
The squareness ratios (Mrs/Ms) of the hysteresis loops become wider when z< 0.91 (Figure 4d), as well as
producing wider hysteresis loops. For z> 0.91, the coercivity and squareness ratio decrease rapidly as
loops become thinner.

Changes in Bc and Mrs/Ms with respect to the oxidation parameter z are illustrated in Figure 5. The devia-
tions of the oxidation states were generated by measurement uncertainties of lattice size in the XRD analy-
sis (Table 1), which were directly related to the oxidation parameter z. Compared to high oxidation states,
the lower oxidization parameters of magnetic powders have greater uncertainties, because z is more sensi-
tive to the variations of cell edge at the beginning of maghemitization [Readman and O’Reilly, 1972]. Overall,
Bc and Mrs/Ms share a similar trend, although Mrs/Ms versus z is more scattered than the coercivity. There is
a steady increase of Bc and Mrs/Ms up to z 5�0.9, ranging from �17 to �21 mT for Bc, and �0.22 to �0.28
for Mrs/Ms, respectively. A sharp decrease in both parameters is observed when z> 0.9.

4.2. Shell-Only and Core-Only Models
For both SD (40 and 60 nm) and PSD (80, 100, 120, and 140 nm) size particles, their hysteresis parameters
versus oxidation parameter of the shell-only model (Figures 6a and 6b) are strikingly different. The coerciv-
ity of both SD and PSD particles decrease gradually with respect to z when z< 0.8, and thereafter the coer-
civity decreases continually for SD grains, but generally increases for the PSD grains. The Mrs/Ms ratio for SD
particles is almost independent of the oxidation degree. However, for PSD grains the ratio decreases with
increasing oxidation when z< 0.8, which is similar to the behavior of Bc.

The hysteresis properties versus oxidation parameters for the core-only model of SD and PSD grains appear
to be more complicated than the shell-only model (Figures 6c and 6d). The core-only models are essentially

Figure 5. Experimental observation of (a) coercive field (Bc) and (b) ratio of saturation remanence to saturation magnetization (Mrs/Ms), versus oxi-
dation parameter z for dispersed powders. The error bars of the data show the errors of oxidation parameter generated by XRD measurements.
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just different size cubic magnetites, the hysteresis parameters of which are functions of grain size, as illustra-
tively shown in Figures 6e and 6f [Williams et al., 2006]. As the oxidation degree increases, the grain size of
the core decreases to small SD size or nearly SP size for SD grains (40 nm and 60 nm), and to stable SD size
for PSD grains. A reduction in the coercivity of the core for SD grain is observed because of the decrease of
magnetic energy. The decrease in coercivity with reduced grain size from SD particles (< 70 nm), due to a

Figure 6. Micromagnetic predictions for Bc and Mrs/Ms versus oxidation parameter z (represent) for the (a and b) shell-only models and
(c and d) core-only models. (e and f) Bc and Mrs/Ms of cubic magnetite as functions of grain size. The oxidation parameters were calculated
as if the shell and core were part of a complete core-shell structure. Hysteresis parameters versus z for each grain size were colored accord-
ing to the color bar in Figure 6a.
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decrease in the amount of ‘‘flowering’’ of magnetization near the surfaces, can be seen in Figure 6e. The var-
iation of coercivity versus oxidation parameter of the core in PSD size grains exhibits typical characteristic of
magnetite ranging from small PSD to stable SD cubic grain. The squareness ratios of core-only models
remain constant for SD grains and increases steadily in PSD grains (Figures 6d–6f).

4.3. Core-Shell Model
The hysteresis results for the core-shell model with different exchange values are shown in Figure 7. Mag-
netic properties of the exchange uncoupled model show dramatic changes as the oxidation parameter
increases, and is quite distinct from the trend observed for the shell-only and core-only models (Figures
7a and 7b). The negative hysteresis parameters obtained at z 5�0.5 (where we have near equal strength
magnetization in the core and shell) for grains around the SD/PSD size (60, 80, and 100) are due to the
magnetostatic interactions between the core and shell. This produces a back-field that promotes asyn-
chronous switching of the uncoupled parts, (i.e., the magnetic core switches first followed by the shell)
and it can result in the switching of the overall remanence of the particle before the external field has
switched. This did not happen for smaller SD (40 nm) and larger PSD particles (120 and 140 nm) because
either the back-field here was not large enough or the core was relatively stable, resulting in positive hys-
teresis parameters at z 5�0.5. By using the model parameters (i.e., hysteresis parameters for modeled
particles with grain sizes of 40, 60, 80, 100, 120, and 140 nm) to represent the median average values with
a bin of 20 nm based on the distribution shown in Figure 1, hysteresis properties of a distributed model
with grain sizes ranging from 30 nm to 150 nm could be simulated to a first-order approximation. Again,
the case with z> 0.8 was not modeled because the uncoupled core is less than the superparamagnetic
grain size.

The hysteresis properties of coupled model versus oxidation parameter with exchange values of 5 3 10212

and 1.17 3 10211 J m21 at the interface are shown in Figures 7c–7f. Compared with the uncoupled model,
the coupled models display similar results and yield smoothly varying hysteresis properties. The predicted
magnetic properties, i.e., the weighted parameters of the coupled models based on the distribution of
experiment measurements (Figure 1), in particular the squareness ratios trend, agrees well with the experi-
mental observations. It indicates that the exchange coupling between the core and the shell plays a domi-
nant role in controlling the magnetic properties of the oxidized particles. The core-shell structure generally
displays a gradual reduction of coercivity through the whole process of oxidation for SD particles (Figures
7c and 7e), while the corresponding Mrs/Ms values are unchanged (Figures 7d–7f).

For the PSD grains, the overall trend is for both Bc and Mrs/Ms to increase as a function of oxidation up to
z 5�0.9 at which point a dramatic decrease in both hysteresis parameters is observed (Figures 7c and 7e).
Within this overall trend, the small PSD grains near the PSD/SD grain size boundary (80 and 100 nm) show a
greater variability than do the larger PSD (120 and 140 nm) grains.

4.4. Micromagnetic Structures
The stable Mrs/Ms throughout the wide range of z values for the core-shell models of SD grains (Figures 7d–
7f) indicates that the micromagnetic structures remain uniform during the whole oxidation process. How-
ever, magnetic behaviors for remanence structures of shell-only models (Figure 8) are more complicated.
The magnetization structure aligns parallel to the plane of the skin and is uniform for small grains or low
values of oxidation. As the oxidation parameter increases, a vortex structure is nucleated within the oxidized
skin (Figures 8c and 8d).

Micromagnetic structures of core-shell model, which considered the average exchange value at the inter-
face (i.e., 1.17 3 10211 J m21), are displayed in Figures 9 and 10. Figure 9 shows typical zero-field micromag-
netic core-shell structures for 60 and 100 nm grains at z 5 0 and at z 5 0.488, respectively. Compared with
the stoichiometric magnetite, the remanence state of the surface oxidized grain is more uniform (Figures 9a
and 9b). For 100 nm size grain (Figures 9c and 9d), the only stable remanence state nucleated is that of a
vortex. However, the magnetization is more symmetrical, with a more uniform outer shell compared to the
model for the stoichiometric magnetite.

The zero-field magnetic structures (remanence state) as a function of oxidation parameter for the 80 nm
grain are shown in Figure 10. The stoichiometric magnetite shows a vortex structure. As the oxidation
parameter increases, the vortex structure becomes more uniform and the volume of the core also increases.
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However, the magnetic structure becomes approximately uniform when z 5�0.8, and becomes increas-
ingly uniform as the oxidation parameter grows. Finally, the magnetic structure returns to a vortex state
when the particle is totally oxidized to maghemite.

Figure 7. Micromagnetic results of coercive field (Bc) and ratio of saturation remanence to saturation magnetization (Mrs/Ms) versus oxida-
tion parameter z for models with different exchange values at the core-shell boundary. Hysteresis parameters versus z for each grain size
were colored according to the color bar in Figure 7a. The black dashed lines with gray crosses show weighted values of model curves
based on the distribution shown in Figure 1. The hysteresis parameters of (a and b) exchange uncoupled and (c–f) exchange coupled mod-
els were modeled by the core-shell model with exchange values of 0, 5 3 10212 and 1.17310211 at the boundary, respectively. Note that
cases for exchange uncoupled models with high oxidation parameter (z> 0.8) were not calculated as the corresponding inner core would
be within the superparamagnetic grain size range.
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5. Discussion

5.1. Low-Temperature Oxidation and the Core-Shell Model
Effects of the low-temperature oxidation on fine-grained magnetite particles are related to multiple factors
including particle size, distribution, morphology, and the oxidation mode [Bleil and Petersen, 1983; Worm
and Banerjee, 1984; Zhou et al., 2001; Gee and Kent, 2007]. Therefore, the oxidation state obtained by XRD
measurements represents an average for the assembly as a whole, and may explain why no simple relation-
ships of oxidation parameter with respect to heating period could be found in the oxidation process (Table
1). In this study, various degrees of oxidation for magnetic powders were obtained by comprehensively
varying the heating temperature and durations with controlled gas mixture, and were also verified by the
gradual shift of the diffraction peaks from magnetite to maghemite (Figure 3).

Our experimental results demonstrate that the hysteresis parameters Bc and Mrs/Ms, versus oxidation
parameter z exhibit similar trends (Figures 4 and 5). Similar behavior is also reported in a study by €Ozdemir
and O’Reilly [1982] for oxidation of titanomagnetites. In that study, they found that the stability of rema-
nence is initially increased by maghemitization (up to z 5�0.4), and thereafter falls rapidly. They also dis-
missed a possible explanation of oxidation causing grain division into less stable superparamagnetic sized
particles as implausible, because this would result in a decrease in the ratio of Mrs/Ms which was not
observed. Instead, they suggested that the change in magnetic properties was due to both chemical com-
position and mineral microstructure.

Figure 8. Zero-field micromagnetic domain structures for shell-only model with grain size of 80 nm for different oxidation parameter, z,
equal to (a) 0.271, (b) 0.488, (c) 0.784, and (d) 0.992, with initial saturated field along the [111] direction. All structures share the same color
coding, with magnetization of elements aligned parallel with the net remanence being red and perpendicular being blue. Translucent iso-
surfaces (in yellow) have been drawn in Figures 8c and 8d for illustrative purposes. They are surfaces containing all moments lying within
20� of the [111] direction.
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In this study, the magnetic domain structure of the multiphase material was simulated using a simple core-
shell micromagnetic model. Even though this model neglects effects of stress that will inevitably be present
at the core-shell interface due to the mismatch of the crystal unit cell for the different phases, and also
assumes a sharp phase boundary with a material average exchange coupling, the predictions of the model
provide a good fit to the experimentally observed trends in the hysteresis properties during
maghemitization.

It is clearly shown that reducing the exchange coupling to zero at the phase interface, so that the core and
shell only coupled through magnetostatic interactions (Figures 7a and 7b), produces negative coercivities
and hysteresis behavior that is not observed experimentally, and thus as expected, some degree of
exchange coupling between the core and shell must exist. The micromagnetic model also suggests that the
sharp decrease of the hysteresis parameters just before oxidizing to maghemite is most likely due to the
change in domain structure in PSD grains as the magnetite inner core is eliminated (Figures 5 and 10), and
this is discussed further in the next section.

5.2. The Core-shell Coupling as a Function of Grain Size
It can be seen from Table 2 that magnetocrystalline anisotropy for magnetite is almost three times stronger
than its value in maghemite, and so we expect maghemite to be magnetically softer and likely to form less
uniform magnetic structures. The hysteresis properties exhibited by the micromagnetic models and

Figure 9. Zero-field micromagnetic domain structures for core-shell model with grain size of (a and b) 60 nm and (c and d) 100 nm for
reduced magnetite and surface oxidized magnetite at z 5 0.49 with initial field along the [111] direction. All structures share the same
color coding as Figure 8. Translucent isosurfaces have been drawn for illustrative purposes, colored red (Figures 9a and 9b) and green (Fig-
ures 9c and 9d). They are surfaces containing all moments lying within 5� of the [111] direction (Figures 9a and 9b) and 40� of the [100]
direction (Figures 9c and 9d), respectively.
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observed in the experimental observations can be explained in terms of a magnetically softer (lower coer-
civity) outer shell exchange coupled to a magnetically harder (higher coercivity) inner core.

1. For SD particles (< 70 nm), we observed a high remanence value, but a steady decrease in coercivity as
maghemitization increases. The interpretation in this case is straightforward. The domain structures of

Figure 10. Zero-field micromagnetic domain structures for grain size of 80 nm with oxidation parameter, z, equal to (a) 0, (b) 0.271, (c) 0.488,
(d) 0.784, (e) 0.992, and (f) 1. For each model, the sample’s magnetizations was saturated along the [111] direction. All structures share the
same color coding of magnetization as Figure 8. Translucent isosurfaces have been drawn for illustrative purposes. They are surfaces contain-
ing all moments lying within 20� of the [111] direction in Figures 10a–10c, and 10f and 10� in Figures 10d and 10e, respectively.
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both the core and skin implicated in Figure 6 remain in a largely uniform domain state for all values of z.
The harder magnetite core undoubtedly imparts a greater coercivity to the whole grain since the switch-
ing of the maghemite skin is largely controlled through exchange coupling to the magnetite core. As oxi-
dation proceeds, the softer maghemite gradually dominates producing a lower overall coercivity for the
particle.

2. For PSD grains near the critical SD grain size boundary (80 to 100 nm), a more complex hysteresis behav-
ior is observed. The reasons for this can be seen from examining the domain states shown in Figure 10. For
example, a 80 nm cubic grain of magnetite will have a vortex minimum energy domain state. However, as
oxidation proceeds, the magnetite core shrinks, and the overall magnetic strength of the grain is reduced
due to the lower Ms of the maghemite skin. At the same time, a high magnetocrystalline anisotropy remains
due to the exchange coupling of the magnetite core to the maghemite skin. Under these conditions of high
anisotropy and lower magnetization strength, the minimum energy domain structure is now SD. As oxida-
tion proceeds further, at some point close to complete maghemitization, the small magnetite core shrinks
sufficiently so that it is unable to provide a significant influence of the gains’ coercivity, and a dramatic col-
lapse in both Hc and Mrs is observed as the grain reverts to a vortex domains structure (Figures 7 and 10).
Although the overall trend is somewhat obscured by domain state transitions as a function of oxidation, the
general picture remains of a gradual magnetic hardening due to a reduction of magnetization as the
maghemite skin grows. This trend continues until the core disappears upon complete maghematization.

3. Finally, for larger PSD grains, well away from the critical SD grain size boundary (> 110 nm) the grains will
remain in a vortex state throughout the oxidation process. Nevertheless, the physical mechanism of mag-
netic hardening with oxidation still prevails. The effect in this case, however, is to simply reduce the vorticity
of the magnetic domain state as the maghemite skin grows (Figures 9c and 9d). The magnetically harder
and slightly more uniform domain structures result in a trend of increasing Mrs and Bc until the magnetite
core almost disappears when both parameters decrease significantly.

5.3. Implications for Palaeomagnetic Studies
In palaeomagnetism and environmental magnetism, magnetite grains in the transitional range between SD
and small PSD particles are of paramount importance, because of their high remanence intensity and stabil-
ity, and their ability to reliably record the geomagnetic field. Our experiments indicate that both Bc and Mrs/
Ms increase significantly as the surface oxidation grows to �0.9, which means these partially oxidized par-
ticles are also capable of holding a stable remanence [Williams et al., 2011]. As anticipated, the domain
structures derived from the micromagnetic models show that the remanence and its net direction for the
oxidized particles in the SD and PSD grain size range will have little modification with oxidation except for a
narrow range of particles sizes near the critic SD grain size boundary (Figures 7–9). In other words, most par-
ticles can still hold a stable paleodirection and paleointensity despite having suffered from chemical altera-
tion. Although the magnetization direction of most SD and PSD grains will not change, the remanence may
enhance slightly with mineral transformation. Nevertheless, our study suggests that surface oxidized mag-
netite in SD-PSD range can reliably record a palaeomagnetic signal.

The low-temperature oxidation of magnetite to maghemite and the corresponding oxidation of titanomag-
netite to titanomaghemite are ubiquitous in surface-weathered continental rocks and altered seafloor
basalts. In this two-phase transformation process, there is no doubt that the new secondary mineral will be
influenced by the primary phase, making a simple block theory of chemical remanence magnetization
(CRM) no longer hold [Moskowitz, 1980]. However, although the long-time oxidation of magnetic minerals
that occur during periods of geomagnetic reversals or transitions should also be investigated carefully, low-
temperature oxidation of magnetite or titanomagnetite that are exposed in a stable magnetic field, e.g.,
Cretaceous normal superchron (CNS), should record reliable magnetic signals. For example, Bleil and
Petersen [1983] reported a steady increase of remanence of ocean floor basalts from the age of 20 Ma up to
�120 Ma, corresponding to increasing degrees of oxidation. These basalts could be explained well by the
slight increase of hysteresis parameters with the increase of oxidation parameter (Figures 5 and 10), and
should still be good geomagnetic recorders. This study also indicates that the paleointensity can be
recorded reasonably well by using magnetofossils in sediment, which may consist of concentrated SD mag-
netic grains. It is clear that CRM acquired during low-temperature oxidation is likely to be a reliable source
of magnetic recorders.
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5.4. Further Studies
The predicted results are in good agreement with the experimental observations (Figure 7). However, some
differences are also observed. For example, the experimental results (Figure 5) for reduced powders have
higher coercive values (�18 mT) and lower values of Mrs/Ms (�0.22) compared to the predictions of numeri-
cal models (�10 mT and �0.27, respectively, for weighted values of models with exchange value of 1.17 3

10211 J m21 at the interface).

Although our model accounts for average idealized mineral compositions produced during surface or sea-
floor weathering, the changes in microstucture (e.g., due to grain cracking or heterogeneities) which may
occur in nature are not reproduced. Some differences may be attributed to averaging of PSD and SD charac-
teristics and some variation in oxidation levels with the grain-size distribution of the experimental sample
(Figures 5a, 7c, and 7e). A simple weighted average of all modeling results based on the distribution of
experiment samples may not be sufficient because of the existence of interactions and neglect of random
crystalline anisotropy. There may be an underestimation of the oxidation parameter determined by XRD
method in the earlier oxidation, because of the shallow shell and our assumption of a sharp rather than con-
tinuous transition zone (D. J. Dunlop, personal communication, 2012). It is also possible that the existence
of superparamagnetic and large PSD grains in the experimental samples might contribute to a decrease in
the observed values of Mrs/Ms [Tauxe et al., 2002]. In addition, impurities and uncertainties of interparticle
magnetostatic interactions (despite our best efforts of particle dispersion), which may exist in both synthetic
and natural samples, might also influence the consistency between the experiments and the simulation.

More significantly, we may expect difference in absolute values of hysteresis parameters due to the simple
nature of the micromagnetic model. The model considers only grains of symmetrical cubic geometry and
that have a uniformly oxidized skin (Figure 2). It neglects the effects of stress and thermal fluctuations and
assumes a sharp boundary between the core and oxidized skin. Nevertheless, the model is sufficient to
demonstrate the mechanism of magnetic hardening in PSD grains caused by the high magnetocrystalline
anisotropy magnetite core exchange coupled to the softer maghemite skin.

Further studies should be conducted on natural samples and may bridge this gap as well as exploring the
effects of shape anisotropy [Tauxe et al., 2002; Yu and Tauxe, 2008], and that of a transition zone at the oxi-
dation interface [€Ozdemir and Dunlop, 2010].

6. Conclusions

Surface oxidized magnetite powders of different states were systematically produced by heating at different
temperatures and for various durations. The experimental properties were subsequently obtained through
careful bulk magnetic measurements. Micromagnetic simulations were performed to investigate the hyster-
esis parameters versus the oxidation state using a simple exchange coupled core-shell model. These results
show a range of different magnetic behaviors for partially oxidized grains and for various grain sizes, which
are in good agreement with the observation on our experimental sample containing SD and PSD grains. We
conclude that the magnetic properties of surface oxidized magnetite are likely to be dominated by an
exchange coupled core-shell structure and that low-temperature oxidized magnetite in SD-PSD range can
reliably record palaeomagnetic signals.
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