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2.20.1 Introduction 

Magnetic minerals are pervasive in the natural envir

onment, and are present in all types of rocks, 
sediments, and soils. These minerals retain a memory 
of the geomagnetic field that was present during the 
rock's form arion. Paleomagneric recordings have 

been exploired for more than 50 years to map the 
movements of the continental and oceanic plates, and 
have proved to be one of the most powerful tools for 

reconstructing rhe geological history of the Earth and 
other planets (Connerney et at., 1999, 2004; Acuna 
et at., 1999). The variation in intensity of the geomag
netic field, as determined from rocks and 

archeological material, has been used to provide an 
understanding of the behavior of the geodynamo and 
to constrain models of fluid motion in the Earth's 

core (Labrosse and Macouin, 2003; Galler et at., 

2005; Valet et at., 2005). More recently, magnetic 
mineralogy has been used to trace changes in the 

climate, as the magnetic minerals that are present in 
any sample are indicative of the environment in 

which they are formed (Kumar et at., 2005). 
Interpretations of rock magnetic measurements 

are completely reliant on an accurate understanding 

of the physical processes by which a material acquires 
and maintains a faithful record of the geomagnetic 
field . Since the pioneering work of Nee 1 (1948, 1949), 

rock magnerisrs ha ve attempted to de velop a quanti
tative understanding of how assemblages of magnetic 
minerals in single-domain (SO), pseudo-single
domain (PSD), or multidomain (MD) states acquire 
and maintain narural remanent magnerization 

(NRM) (see Dunlop and Ozdemir (1997) for a 
detailed overview). The theories work well in ideal 

cases, rhat is, when magneric grains are homoge
neous, defecr free, and sufficiently well separated 
from each other, the magnetic interactions between 
them can be neglected. They begin to fail, however, 
when the mineral is heterogeneous ar the nanometer 

scale, as is necessarily the case when the magnetic 
grains form part of a nanoscale intergrowth. Recent 
studies ha ve demonsrrared thar nanoscale micro
strucrures are exrremely common in magnetic 

minerals, and that they have a significant impact on 

their macroscopic magneric properties (Harrison and 
Becker, 2001; Harrison et at., 2002; McEnroe et at., 
2001,2002; Robinson et at., 2002, 2004, 2006; Harrison 
et at., 2005; Feinberg et at., 2004, 2005). These micro

structures nor only derermine rhe intensiry and 
stability of macroscopic magnerism recorded in 
rocks - thereby controlling the fidelity of paleomag
netic recordings at the global scale - but are 
exrremely important in an indusrrial context, by 

proving natural analogs of future generarions of 
high-density magnetic recording media (Skumryev 
et at., 2003; Puntes et at., 2004). 

This review describes the current state of the art 
in the field of computational and experimental 
mineral physics, as applied to the study of magnetic 
minerals. Particular emphasis is placed on the rela 

tionship between nanoscale microstrucrure and 
macroscopic magnetic properties. For a comprehen
sive review of the magnetic properties of specific 
rocks and minerals, rhe reader is referred to Hunt 

et at. (1995) and Dunlop and Ozdemir (1997). 
Arguably, the most significant recent advance is the 
application to mineral magnetism of off-axis electron 

holograph y, a transmission electron microscopy 
(TEM) rechnique thar yields a rwo-dimensional vec
tor map of magnetic induction with nanometer 
spatial resolution (Harrison et at., 2002). Electron 

holography is capable of imaging rhe magnerization 
stares of individual magneric particles and rhe mag
netostatic interaction fields between neighboring 
particles: two factors that playa central role in the 

interplay between magnetism and microsrrucrure. 
By combining rhis capabiliry with elecrron tomogra
phy, it is now possible to determine both the 
micromagnetic structures and the three-dimensional 
morphologies of nanoscale magnetic particles 
directl y and quantirati vely as a funcrion of tempera

ture and applied magnetic field. Tn tandem with these 
techniques, adva nces in the application of atomistic 
andmicromagnetic simulations to the study of mag

neric ordering in minerals ha ve opened the way to 
novel interpretations and modeling of nanoscale 
magnetic properties (Robinson et at., 2002). Only 
now are the sizes of systems that are accessible to 

both experimental and compurational srudies 
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converging at the nanometer length scale. This con

vergence provides unique opportunities for tackling 

problems that lie at the frontiers of rock magnetism. 

T his review is organized in order of increasing 

length scale of magnetic inreractions. Section 2.20.2 

deals with magnetism at the aromic length scale. 1r 
conrains a brief description of exchange inreractions 

and magnetic structure in Fe-bearing oxides, and the 

use of aromistic simulations of magnetic ordering ro the 

study magnetism at surfaces and inrerfaces. Section 

2.20.3 deals with magnetism at the nanometer length 

scale. Following a summary of the theory of electron 
holography, recent applications of holography ro the 

study of magnetic minerals are reviewed. Section 2.20.4 

deals with magnetism at the micrometer length scale, 

including advances in micromagnetic simulations that 

allow the magnetic behavior of particles with realistic 
three-dimensional morphologies ro be modeled. In 
Section 2.20.5, we move ro the macroscopic length 

scale, with a description of how new approaches for 

the measuremenr of macroscopic magnetic properties 

(i.e., FORC diagrams) are providing quantitati ve infor
mation about the spectrum of coercivities and 

interaction fields that exist at the microscopic scale. 

2.20.2 Magnetism at the Atomic 
Length Scale 

2.20.2.1 Exchange Interactions and 
Magnetic Structure in Fe-Bearing Oxides 

T he driving force for magnetic ordering in l'e-bear

ing oxides is the superexchange inreraction between 
neighboring transition metal cations via intermediate 

oxygen anions (Goodenough, 1966). The magnitudes 
and signs of superexchange interactions de fin e the 

magnetic ground state and the magnetic ordering 

temperature of the mineral, and playa fillldamenral 

role in determining its macroscopic magnetic proper

ties. The exchange interaction energy for classical 
spins can be expressed as 

F'''''g = - L.7i/Si·Sj 
ii l 

[1] 

where Si and S/a nd are the spins on aroms i and,; and 
.71j is the corresponding exchange inregral. Positive 

values of.7ljlead to parallel (i.e., ferromagnetic) align

ment of spins; negative values lead ro antiparallel (i.e., 

antiferromagnetic) alignment. 

Empirical values of.'hcan be obtained from spin
wave dispersion curves measured using inelastic neu 

tron scattering (Sa muelsen , 1969; Samuelsen and 
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Shirane, 1970; Brockhouse, 1957; Watanabe and 

Brockhouse, 1962; Glasser and Milford, 1963; 

Phillips and Rosenberg, 1966). 

Alternatively, theoretical values can be obtained 

from first-principles calculations (Sandratskii, 1998; 

Matar, 2003). The simplest theoretical approach 
involves calculating the rotal energies of several dif

ferenr collinear arrangements of spins, and then 

determining values of .71j directly from eqn [1] 

(Sandratskii et at., 1996; Rollmann et at., 2004). This 

approach is limited, however, by the small number of 
alternative structures that can be generated for a 

gi ven unit cell. The use of noncollinear magnetic 
structures (Sandratskii, 1998) provides a more gen

eral procedure for calculating exchange inregrals out 

ro arbitrary cation- cation separations (Uhl and 

Siberchicot, 1995). This approach is based on the 
calculation of the rotal energies of spin-spiral config

urations, over a grid of wave vecro rs within the 

Brillouin zone. It is often found that exchange inter

actions that are determined by spin-wave and first

principles methods overestimate magnetic ordering 

temperatures significantly (Sa ndratskii et at., 1996; 

lIhl and Siberchicot, 1995). If necessary, the calcu

lated values of lii can be scaled or refined ro provide 

better agreement with experimenral observations 

(B urton, 1985; Harrison and Becker, 2001; Harrison, 

2006). 

Exchange integrals for hematite (Fe20l), ilmenite 

(FeTi03), and magnetite (Fe30-l) are li sted III 

Table 1 and Figure 1. The crystal structures of 

hematite- ilmenite and magnetite are compared in 

Figure 2. Superexchange interactions are highly sen
sitive ro the relative positions of the two cations and 

the intermediate oxygen anion, varying in magnitude 

approximately as cos2 VJ, where VJ is the cation- oxy

gen- cation bond angle (Coey and Chose, 198 7) . In 

hematite (Figure 2(a)), FeH cations occupy two
thirds ofrhe octahedral interstices within a hexagonal 

close-packed oxygen sublattice, formin g symmetri
cally equivalent A and E layers parallel ro the (00 1) 

basal plane (space group R3c). Each octahedron 

shares a face with an octahedron in the la yer above 
or below, and edges with three octahedral in its own 

layer. Since both face- and edge-sharing octahedral

octahedral lin kages have 1!J rv 90° (Table 1), both 

first- and second-nearest-neighbor interactions are 
weak. T hird- and fourth-nearest-neighbor interac

tions involve corner-sharing octahedra in adjacent 

la yers (1/J rv 120° and 132°, respectively; Table 1). 
These interactions are large and negative, leading 

ro an anti ferromagnetic ground state in which 
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582 Magnetic Properties of Rocks and Minerals 

Table 1 Summary of magnetic exchange intergrals for hematite, ilmenite, and magnetite 

Cation-cation Cation-oxygen-cation 
Nearest distance Interaction Polyhedral bond angle 
neighbor (.6.) type sharing (deg) 

Hematite (spin waves; Samuelsen and Shirane, 1970) 
1 2.9 Interlayer Face 86.5 
2 2.971 Intralayer Edge 93.9 
3 3.36 Interlayer Corner 119.7 
4 3.71 Interlayer Corner 131 .6 
5 3.99 Double None NA 

Ilmenite (spin waves; Ishikawa et al., 1985) 
1 3.03 Intralayer Edge 89.1 
2 4.074 Double None NA 
3 5.088 Intralayer None NA 
4 5.9 Intralayer None NA 

Magnetite (first-principles calculations; Uhl and Siberchiot, 1995) 
1 2.97 
2 3.48 
3 3.635 
4 5.14 
5 5.45 
6 5.45 
7 5 .936 
8 6.63 
9 6.88 

10 6.96 
11 7.852 
12 8.06 
13 8.06 

10 

g o 

~ -10 
CJ) 

Q; 
.~ -20 
<lJ 
CJ) 
c 
~ -30 
() 
>< 
w -40 

-50 

Oct-oct 
Tet-oct 
Tet-tet 
Oct-oct 
Tet-oct 
Tet-oct 
Tet-tet 
Oct-oct 
Tet-oct 
Tet-tet 
Oct-oct 
Tet-oct 
Tet-oct 

Edge 87.8 
Corner 126.8 
None NA 
None NA 
None NA 
None NA 
None NA 
None NA 
None NA 
None NA 
None NA 
None NA 
None NA 

Hematite (Samuelsen and Shirane 1970) 
~ Ilmenite (Ishikawa et al. 1985) 

Magnetite (Uhl and Siberchicot 1995) 

Magnetic interaction 
parameter 
(K) 

12 
3.2 
- 59.4 
-46.4 
- 2 

9.8 
- 8 .9 
0.56 
0.68 

9.6 
- 33.4 
- 2.1 
- 0.17 
0.65 
0.3 
- 0.73 
- 0.48 
0.57 
0.67 
0.13 
- 0.26 
0.2 

_60 L-____ ~~ __ -L ____ ~ ______ L-____ ~ ____ _L ____ ~ 

2 3 4 5 6 7 8 9 

Cation-cation distance (A) 

Figure 1 Magnetic superexchange integrals, Jij (K), as a function of cation-cation distance (A) for hematite (blue), ilmenite 
(black), and magnetite (red). Data for hematite and ilmenite were measured using inelastic neutron scattering (Samuelsen and 
Shirane, 1970; Ishikawa et al., 1985). Data for magnetite were calculated using first-principles methods (Uhl and Siberchicot, 
1995). 
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(a) 

(b) 

B 

A 

B 

Figure 2 Comparison of the local structural topology of (a) hematite/ilmenite and (b) magnetite. In ilmenite, A layers (red) are 
occupied by Fe2+ and B layers (blue) are occupied by Ti4+ (or vice versa) . Hematite has the same structural topology, but all 
layers are occupied by Fe3+ . In magnetite, tetrahedral sites (blue) are occupied by Fe3 + cations and octahedral sites (red) are 
occupied by both Fe2 

I and Fe3 
I cations. 

A-layer spins are antiparallel to B-layer spins. Above 
260 K, spins lie along one of the three < 1 00> crystal 
lographic axes within the basal plane (Besser et aI., 
1967). The anti ferromagnetic sublattices arc canted 

by an angle of ~0.13 ° , leading to a weak parasitic 
moment within the basal plane oriented at 90° to 

< 100> (Dzyaloshinskii , 1958). By considering arbi
trary, noncollinear configurations of the atomic 
magnetic moments, Sandratskii and Kubler (1996) 
used first -principles calculations to demonstrate 
that the canted magnetic structure appears as a direct 
consequence of spin- orbit coupling (Figure 3). 
Below 260 K, the spin alignment switches to lOOI J 

(the Morin transition), and the canting is lost. 
In ilmenite, FeH and Ti++ are ordered onto A and 

B (or B and A) layers, and th e equivalenc y of the 
layers is lost (space group R3). Since one layer is full y 
occupied by Ti++, the strong interlayer interactions 
that were present in hematite arc eliminated. Second
nearest-neighbor interactions extend across the 
intervening Ti++ layers. These weak negative inter
actions result in antiferromagnetic ordering below 

60 K. The spins in one A la yer are then aligned 
anti parallel to those on the adjacent A layers, parallel 

and antiparallcl to [001 J. 
In magnetite (Figure 2(b)), cations occupy tetrahe

dral and octahedral interstices within a cubic closed
packed oxygen sublattice. Octahedra are occupied by 
FeH and FeH cations, whereas tetrahedra arc occupied 

o 

Figure 3 Schematic illustration of the variation in total 
energy of canted antiferromagnetic hematite with the 
canting angle, rjJ , as determined by first-principles 
calculations. Without the inclusion of spin-orbit coupling 
(dashed line) , the energy minimum occurs when the spins 
are exactly antiparallel to each other (rp = 0). With spin-orbit 
coupling included (solid line), the energy minimum occurs 
when the spins are slightly canted with respect to each 
other (rjJ > 0) . Reproduced from Sandratskii LM and Kubler J 
(1996) First-principles LSDF study of weak ferromagnetism 
in Fe203. Europhysics Letters 33: 447-452. 

exclusively by FeH
. Octahedra share edges with adja

cent octahedra and corners with adjacent tetrahedra. 
There are no shared oxygens between adjacent tetra
hedra. The first-nearest-neighbor interaction is weak, 
due to the unfavorable cation- oxygen- cation bond 
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584 Magnetic Properties of Rocks and Minerals 

angle (Table 1). The dominant negative tetrahedral
octahedral interaction leads to a ferrimagnetic strucmre, 
in which spins on the octahedral sites are antiparallel to 
those on the tetrahedral sites. Exchange interactions are 
weak when the two cations are not linked directly by a 
common oxygen, leading to a weak tetrahedral-tetra
hedral interaction and a rapid decrease in interaction 
strength tor cation-cation separations that are greater 
than ~4A. Spins point parallcl to <Ill> above 130K 
and < 100> axes below 130 K. For further details of the 
crystal and magnetic structures of minerals, the reader is 
referred to Banerjee (1991), Dunlop and Ozdemir 
(1997), and Harrison (2000). 

2.20.2.2 Atomistic Simulations of Magnetic 
Ordering 

2.20.2.2.1 Theory 
Magnetic ordering in minerals was first described 
using a mean-field model by Neel (1948). For some 
applications, for example, for estimating Neel tem
peratures from .lip this macroscopic approach remains 
extremely usehJ I (Stephenson, 1972a, 1972b). ~When 

studying materials that are heterogeneous at the nan
ometer scale, however, the mean-field model is 
inappropriate, and the atomistic nature of the mag
netic interactions must be taken into account. 

Atomistic simulations are increasingly used to 
study magnetism at surfaces and interfaces 
(Kodama, 1999; Kodama and Berkowitz, 1999; 
Kachkachi et al., 2000a, 2000b; Dimian and 
Kachkachi, 2002; Kachkachi and Dimian, 2002; 
Garanin and Kachkachi, 2003; Kachkachi and 
Mahboub, 2004; Harrison and Becker, 2001; 
Robinson et aI., 2002; Harrison, 2006; Harrison et al., 

2005). It is currently practical to describe systems 
containing ~10+ magnetic aroms (Koda ma and 
Berkowitz, 1999). For magnetite, this limitation cor
responds to a spherical particle of diameter ,,-,8 nm. If 
surface properties are not of interest, then an effec
tively infinite (bulk) system can be simulated by 
creating a large supercell of the crystal structure 
and applying periodic boundary conditions (Mazo
Zuluaga and Restrepo, 2004; Harrison, 2006). 

The magnetic energy of such a system is a sum of 
exchange, anisotropy, magnerostatic, and dipolc
dipole interaction terms: 

[2] 

where g is the Lande facror, J11l is the Bohr magneron, 
B is an externally applied magnetic field, K is a 
uniaxial anisotropy constant, e is the corresponding 
uniaxial anisotropy axis, and Ed is the demagnetizing 
energy due to dipole- d ipole interactions (Kodama 
and Berkowitz, 1999; Kachkachi et aI., 2000a). Fd can 
be expressed in the torm 

[3] 

where Rii is the vecro r jOllllng aroms 1 and i For 
ellipsoidal particles, eqn [3] simply generates a 
macroscopic shape anisotropy (Kachkachi et aI., 
2000a). The large computational overhead invol ved 
in summing eqn [3] over all pairs of aroms can be 
avoided, therefore, by describing this shape aniso
tropy by a macroscopic approximation of the form 

where Dx, Dy and Do. are demagnetizing facrors and 
111," l11y, and M~ are the components of net magneti
zation along the principal axes of the ellipsoid (S tacy 
and Banerjee, 1974). Kachkachi et al. (2000a) found 
that eqn [4] yielded identical results ro eqn [3] for 
nanoparticles of maghemite (r-Fe20 3). Different 
va lues of K and e can be specified for aroms in the 
core and at the surface of a particle. For a surface 
arom, e is given by the sum of vectors joining the 
arom ro its nearest neighbors, and points approxi
mately perpendicular ro the surface (Kodama and 
Berkowitz, 1999; Garanin and Kachkachi, 2003; 
Kachkachi and Mahboub, 2004). In this way, the 
anisotropy is enhanced when the local symmetry is 
lower than that of the bulk structure. Values for sur
face anisotropy constants, K, of ~ 1-4 kil l cation 
(where kll is the Boltzmann constant) are suggested 
by electron paramagnetic resonance measurements 
of dilute magnetic cations substituted onto low-sym
metry sites in nonmagnetic oxides (Low, 1960). Bulk 
anisotropies are at least two orders of magnitude 
smaller. 

Monte Carlo methods provide an efficient way of 
determinin g the equilibrium spin configuration for a 
given temperature and applied field (Kachkachi 
et aI., 2000a; Mazo-Zuluaga and Restrepo, 2004; 
Harrison, 2006). An atom is chosen at random, and 
its spin direction changed by a random amount. If 
the resulting energy change,~FIll"g, is negative, then 
the change is accepted. If ~EIll"g is positi ve, 
then the change is accepted with a probability of 
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exp(- /::,.Fma g/kBT) . After a sufficient number of 
steps, the system reaches equilibrium. The equili
brium configuration is obtained by averaging over a 

number of steps until the system converges ra the 
desired statistical significance. In many applications 
(e.g., for the simulation of hysteresis loops), it is not 

only the equilibrium configuration that is important, 
but the transitional configurations adopted during 
the approach ra equilibrium. Tn these cases, a 

dynamic solution ra eqn [3] is required. One 
approach is ra use the Landau- Lifshitz- Gilbert 

(LLG) equation ra calculate the trajecrary of each 

spin (B rown, 1963), in the form 

[5] 

where m is the magnetic moment of a given aram, I is 
the gyromagnetic ratio, ,\ is a damping constant, and 
He is the effective magnetic field acting on that aram: 

[6] 

The first term in eqn [5] describes the precession of 
the magnetic moment about the effective field direc
tion. The second term decreases the precession angle 
over time (damping), eventually orienting the mag
netic moment along the effective field direction. 
Although the LLG method has been applied success
fully ra the study of magnetic nanoparticles (Dimian 
and Kachkachi, 2002; Kachkachi and Dimian, 2002; 
Kachkachi and Mahboub, 2004), the method takes 
many iterations ra converge, and can often predict 
unreasonably large coercivities in aramistic simula
tions due ra the large value of the effective exchange 
field relative ra the applied field. Kodama and 
Berkowitz (1999) adapted the two-dimensional con
jugate direction algorithm of Hughes (1983) ra 
provide a more efficient method of energy minimiza 
tion for three-dimensional aramistic simulations 
(achieving convergence in 5-15 iterations). 
Whichever method is used , finite temperatures can 
be modeled by applying random rotations ra the 
spins between energy minimization steps. The mag
nitudes of rotations are adjusted ra give 

/::"F;1l1ag = Nkll T, where N is th e number of spins in 
the particle. Random rotations of the individual 
spins can be combined with random uniform rota 
tions of all of the spins ra model collective modes of 
thermal relaxation, such as superparamagnetism. 

The term 'chemical ordering' is used ra describe 

changes in the distribution of magnetic and nonmag
netic arams in a crystal, which may be brought about 
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by both order-disorder and exsolurion processes. In 
homogeneous systems, the coupling between mag

netic and chemical ordering can be described by 

using established thermodynamic models (Inden, 
1981; Kaufman, 1981; Burton and Davidson, 1988; 

Burton, 1991; Ghiorso, 1997; Harrison and Putnis, 

1997, 1999). In heterogeneous systems, howe ver, the 
presence of internal interfaces and phase boundaries 

necessitates the use of an aramistic approach. The 

chemical energy of a given aramic configuration can 
be written in terms of chemical exchange interaction 

parameters (Bosenick et al., 2001) in the form 

t · t· ~ \ . 7eb,,,, ~chL'1ll = "0 + ~ i ip. r; . p. IJ [7] 
P'1 

I 7chem . I . d . I I . w lere . /I,q IS t le energy assoCIate WIt 1 paclllg a 
pair of unlike cations (labeled p) at a given separation 

(q) within the structure, and ~)'1 is the number of 
times that each type of pair appears in the configura
tion. Eo is constant for a fixed bulk composition, and 

b 1 d I f' 7 , hem b b' d can e neg ecte . Va ues or.' p,q can e 0 tame 
from first -principles or empirical -potential calcula
tions (Becker et at., 2000; Warren et al., 2000a, 2000b; 
Dove, 2001; Bosenick et al., 2001; Vinograd et al., 
2004). Harrison et al. (2000a) used static-lattice calcu
lations ra estimate .7/~~cm for the ilmenite- hematite 
solid solution, These estimates were then refined by 
fitting the model ra cation distribution data obtained 
using neutron diffraction (Harrison et al., 2000b; 
Harrison and Redfern, 2001 ). 

Tn order to simulate coupled magnetic and che
mical ordering, a combination of two different Monte 

Carlo steps must be performed: spin flips and atom 

swaps. In the spin-flip step, the spin of a randomly 

chosen atom is changed by a random amount, and the 

change in magnetic energy, /::"F;m ag, is used to deter
mine whether this change is accepted or rejected. Tn 
the aram-swap step, two atoms are chosen at random 
and their positions are exchanged. Tf either atom 

is magnetic, then the swap will also change the 

configuration of the spins, and the total energy 

change, /::"F; = /::,.F;chem + /::"F;,m,g, is used to determine 
whether the swap is accepted or rejected. Atom swaps 
preserve the net spin of the system, Therefore, after a 

given number of atom swaps, an equal number of spin 

flips are performed in order ra allow the spin config

uration to equilibrate with respect ra the new atomic 
configuration. The alternation of atom swaps and 

spin flips is repeated until the system reaches a state 

of global equilibrium with respect to both chemical 
and magnetic degrees of order. 
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2.20.2.2.2 Application to magnetic 
nanoparticles 
For magnetic nanoparticles with sizes of 1- 10 nm, sur
face atoms (defined as those having fewer nearest 

neighbors than the bulk structure) make up at least 

25% of the total number of atoms. finite-size and sur

face effects give rise to magnetic properties that deviate 

significantly from those of the bulk material (Kodama, 

1999; Kachkachi et at., 2000b). The eftect of surface 

anisotropy and surface roughness on the spin structure 

of 2.5 nm diameter NiFe20+ particles is illustrated in 
Figure 4 (Kodama, 1999; Kodama and Berkowitz, 1999). 

vVhereas smooth nanoparticles may adopt uniform spin 

configurations (Figures 4(a) and 4(b»), rough surfaces 

(characterized by the presence of surface vacancies and 

broken exchange interactions) typically display surface 

spin disorder (Figures 4(c) and 4(d»). A number of 

difterent surface spin configurations can be adopted, 

(a) 

1.0 Calculation Result 
O.B 

0 .6 

0.4 

« 0 .2 

~ 00 
~ -0.2 

depending on the thermal and field history of the par

ticle. Energy barriers between different surface spin 

configurations can be very high, leading to high-field 

irreversibility (Figure 4(c»). Tn Nife20+, for example, 

hysteresis persists in magnetic fields of up to 16 T 

(Kodama etal. 1996), implying effective anisotropy fields 
for surf~lCe spins that are ",400 times larger than the bulk 

magnetocrystalline anisotropy field. The observation of 
shifted hysteresis loops during field cooling (Kodama 

et at., 1997) implies that certain surface configurations 

freeze in preferentially, and that there is strong 

exchange coupling between surface and core spins. 
The effect of varying surface anisotropy and 

exchange coupling on the hysteresis properties of 
SD ferromagnetic particles has been explored by 

Kachkachi and Dimian (2002). Significant deviations 

from the classical Stoner- Wohlfarth (1948) model are 

observed when the surface anisotropy and exchange 

(b) 
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Figure 4 Calculated hysteresis loops and spin configurations of a 2.5 nm diameter spherical particle of NiFe204. 
Simulations were performed using an atomistic model of magnetic ordering (Kodama, 1999; Kodama and Berkowitz, 1999). 
Arrows in (b) and (d) show the spins on individual Fe atoms. Light and dark circles correspond to tetrahedral and octahedral 
sites, respectively. A particle with no broken bonds and low surface roughness has a low coercivity (a) and no surface spin 
disorder (b). A particle with a higher broken-bond density and surface roughness displays high coercivity and high-field 
irreversibility (c), resulting from the presence of significant surface spin disorder (d). Reproduced from Kodama RH (1999) 
Magnetic nanoparticles. Journal of Magnetism and Magnetic Materials 200: 359-372. 

Treatise on Geophysics, vol . 2, pp. 579-630 



Magnetic Properties of Rocks and Minerals 587 

z 

Figure 5 Atomistic simulation of nonuniform magnetic switching in a ferromagnetic nanoparticle with strong surface 
anisotropy. The spherical particle contains 176 surface spins (dark arrows) and 184 core spins (gray arrows). The easy axis for 
core spins is parallel to the z-direction (indicated). The easy axis for surface spins is approximately normal to the particle 
surface. In this example, the core and surface anisotropy constants were chosen to be equal in magnitude and the exchange 
integral between neighboring spins was one-tenth the magnitude of the core/surface anisotropy constant. Each spin 
configuration was obtained at a different value of the applied magnetic field, starting with a saturating field in the negative 
z-direction (a) and ending with a saturating field in the positive z-direction (f). The surface spins are observed to switch 
magnetization direction before the core spins (c). Core spins are observed to switch magnetization direction in a cluster-like 
fashion (d, e). Adapted from Kachkachi H., and Dimian M (2002) Hysteretic properties of a magnetic particle with strong 
surface anisotropy. PhysicalReview B 66: 174419. 

constants arc of similar magnitude (Figure 5). These 

deviations are associated with nonuniform reversal 
mechanisms, which involve the successive switching 

of surface and core spins. 
The magnetic properties of maghemite (r-veZ03) 

nanoparticles have been investigated using both 
Monte Carlo and conjugate direction methods 

(Kachkachi et at., 2000a; Kodama and Berkowitz, 

1999). Mossbauer spectroscopy indicates that surface 
spins in maghemite nanoparticles are highly canted 

(Coey, 1971). T heir magnetic properties arc domi

nated by surface effects, which result in high coercive 
fields, high-fIeld irreversibility, and shifted hysteresis 

loops in field-cooled samples (Kachkachi et at., 2000a; 
Tronc et at., 2000). Particles are nor saturated in fields 

of up to 5.5 T (Figure 6(a)), and an anomalous 
increase in magnetization appears below 70 K 

(Figure 6(b) ), which is more pronounced in smaller 
particles (Figure 6(c)). The simulated contribution 

to the magnetization from core and surface spins is 

illustrated in Figure 7 (Kachkachi et at., 2000a). 
Assuming that exchange interactions between surface 

atoms arc an order of magnitude weaker than inter
actions between bulk atoms, an anomalous increase 
in magnetization observed at low temperatures can 
be attributed (0 the ordering of surface spins. 

2.20.2.2.3 Application to coupled 
magnetic and chemical ordering in solid 
solutions 
The magnetic properties of the ilmenite- hematite 
solid solution are influenced profoundly by nano
scale microstructures resulting from chemical 
ordering. Slowly cooled rocks that contain fInely 
exsolved hematite- ilmenite have strong and extre
mely stable magnetic remanence, which ma y account 
for some of the magnetic anomalies that are present 
in the deep crust and on planetary bodies that no 
longer retain a magnetic field, such as Mars 
(McEnroe et at., 2001, 2002, 2004a, 2004b, 2004c; 
Kasama et at., 2003, 2004). This remanence has been 
attributed to the presence of a stable ferrimagnetic 
substructure, which is associated with the coherent 
interface between nanoscale ilmenite and hematite 
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Figure 6 (a) Magnetization of a diluted assembly of , -Fe20 3 nanoparticies, with a mean diameter of 2.7 nm, as a function of 
magnetic field at different temperatures. (b) Temperature dependence of magnetization at 55 kOe, extracted from (a), showing 
an anomalous increase in magnetization below 70 K. (c) Temperature dependence of magnetization in a field of 55 kOe for three 
samples with different mean diameters (2.7,4.8 , 7.1 nm). The anomalous increase in magnetization at low temperatures is more 
pronounced in the smaller particles, consistent with a surface effect. Reproduced from Kachkachi H, Ezzir A, Nogues M, and 
Tronc E (2000a) Surface effects in nanoparticles: Application to maghemite , -Fe20 3' European Physical Journal B 14: 681-689. 
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Figure 7 (a-c) Temperature dependence of the surface and core magnetization (per site) and (d) mean magnetization , as 
obtained from atomistic Monte Carlo simulations of an ellipsoidal maghemite nanoparticle. The exchange interactions on the 
surface are taken to be 1/ 10 times those in the core, leading to an increase in the surface magnetization contribution at low 
temperatures. Temperature is given in reduced units (Tc = TIT~Dre, where T~Dre is the critical temperature of the core spins) . 
Reproduced from Kachkachi H, Ezzir A, Nogues M, and Tronc E (2000a) Surface effects in nanoparticles: Application to 
maghemite , -Fe20 3' European Physical Journal B 14: 681-689. 
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Figure 8 Examples of nanoscale microstructures in the ilmenite-hematite solid solution . (a) A natural hemo-ilmenite 
containing abundant nanoscale exsolution lamellae of hematite in an ilmenite host (McEnroe et al. , 2002) . Scale bar = 100 nm. 
(b) A synthetic sample of the ilmenite-hematite solid solution (ilm70) containing curved antiphase domains (APDs) and antiphase 
boundaries (APBs), formed after cooling through the R3c to R3 cation ordering phase transition. The APDs are crosscut by two 
titanomagnetite lamellae, the result of annealing the sample under slightly reducing conditions. Scale bar = 100 nm. 

exsolution lamellae (the so-called 'lamellar magnetism 2000 ,------..----,----,,----,----, 

hypothesis'; Harrison and Becker, 200 I; Robinson et at., 1900 

2002, 2004; Harrison, 2006; Figure 8(a)). Rapidl y 1800 

cooled members of the hematite- ilmenite series, on 
the other hand, are well known for their ability to 

acquire self-reversed thermoremanent magnetization 

(i.e., they acquire a remanent magnetization on cooling 

that is anti parallel to the applied field direction). This 
phenomenon is related to the presence of fine-scale 
twin domains that form on cooling through the R3c- R 
3 cation-ordering phase transition (Ishikawa and Syono, 

1963; Nord and Lawson, 1989, 1992; Hoffman, 1992; 
Bina et at., 1999; Prcvot et at., 2001; Lagroix et at., 2005; 
Figure 8(b)). 

Harrison (2 006) llsed Monte Carlo simulations to 

investigate the consequences of coupling between 
magnetic and chemical ordering in the ilmenite

hematite solid solution (Figure 9). Key features of 
the equilibrium phase diagram are reproduced suc

cessfully by the simulations: (1) a paramagnetic (PM) 
to anti ferromagnetic (A r ) transition in the hematite

rich, cation-disordered (R3c) solid solution; (2) a PM 

R3c to PM R3 cation ordering transition in the ilme

nite-rich solid solution; (3) a PM R3c + PM R3 
miscibility gap developing below a tricritical point 

at x=0.5S±0.02, T = 1050 ±25 K; and (4) an AF 
R3c + PM R3 miscibility gap developing below a 
eutectoid point at x= O.IS ± 0.02, T = SOO ± 25 K. 

A snapshot of the simulated cation / spin config
uration obtained at 100 K for a bulk composition 30% 
re20l 70% reTiOl (ilm 70) is shown in Figure 10. 
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Figure 9 Summary of the equilibrium phase relations in the 
ilmenite-hematite solid solution determined by Monte Carlo 
simulation (Harrison, 2006). Dashed and dotted lines show the 
metastable magnetic ordering temperatures for the cation
disordered and cation-ordered solid solution, respectively. 

The supercell contains two nanoscale precipitates of 
AF R3c hematite within a host of PM R3 ilmenite. 

The lower precipitate has a thickn ess of 2 nm ("-' 1.5 
unit cells), corresponding to the lower size limit of 

exsolution lamellae typically observed in natural 
samples (Robinson et at., 2002). T he precipitate 

Treatise on Geophysics, vol. 2, pp . 579-630 



590 Magnetic Properties of Rocks and Minerals 

contains a total of 11 Fe-bearing cation layers: 9 FeH 

layers, which are bounded by mixed FeH -FeH 'con
tact' layers. The natural tendency for hematite 
lamellae to form with an odd number of Fe-bearing 
layers results in the formation of a 'defect' moment 

due to the presence of uncompensated spins 
(Figure lO(c)). Under f~lVorable conditions, this 
'lamellar magnetism' far outweighs the spin-canted 
moment of the hematite phase (Robinson et at., 2004). 
The upper precipitate has a less well-defined shape 
and an atomically rough interface with the ilmenite 
host. It has a thickness of 0.7- l.4 nm (~0.5-1 unit 

cells), which corresponds to the length scale of the 
compositional clustering that is commonly observed 
in natural samples in the vicinity of precipitate-free 
zones (McEnroe et at., 2002). The more irregular 
shape and rough interface of the upper precipitate 

(a) Cati ons (b) Composition (e) Spins (d) Magnetization 

~ 
.. ...... • .... .... i 

I ........ ........ -
II I • ........ ... .. ... II .. ...... ........ 

R3 ... ..... .. ........ ........ ........ .. 
Figure 10 Snapshots of a combined simulation of cation 
and magnetic ordering in the ilmenite-hematite solid 
solution (ilm70) at 100 K (Harrison, 2006). (a) Distribution of 
Fe3+, Fe2 

I , and Ti (red, green, and blue, respectively). 
(b) Local chemical composition (red = hematite, 
brown = ilmenite) calculated by averaging the number of Ti 
cations within the first four coordination shells around each 
site. (c) Magnitude and direction of spin on each site 
(red = negative, blue = positive, symbol size proportional to 
magnitude of spin). (d) Local ferrimagnetic moment 
(blue = positive, red = negative), calculated by averaging 
the spin values within the first four coordination shells 
around each site. The blue regions highlight the 
ferrimagnetism associated with local spin imbalance at the 
interface between ilmenite and hematite precipitates. 

enhances the spin imbalance, yielding a larger net 
magnetization (Figure 10(d)). 

Samples that have cooled rapidly through the 

R3c- R3 transition develop a high degree of short
range cation order, which is characterized by the 
formation of fine-scale twin domains (Harrison and 
Redfern, 2001; Nord and Lawson, 1989, 1992; 
Figure 8(b)). Adjacent domains have an antiphase 
relationship with each other, in terms of the ordering 
of Fe and Ti layers; an Fe-rich layer becomes a Ti
rich layer on crossing the twin wall and vice versa. In 
order to highlight this relationship, twin domains and 
twin walls are often referred to as antiphase domains 
(APOs) and antiphase domain boundaries (APBs), 
respectively. Figure 11 shows the results of Monte 
Carlo simulations of a 48-layer supercell of ilm 70, 
with APBs at its center and upper/ lower boundaries 
(Harrison, 2006). The degree of cation order is 
defined by the order parameter: 

[8] 

where N); and !V:!; are the number ofTiH cations on 
A and B layers, respectively. The cation / spin config
uration after annealing the supercell in the 
simulation at 850 K is shown in Figures 11 (a) 
ll(d). The APOs are cation ordered (~=±1) and 
the APBs are cation disordered (~= 0) 
(Figure II(a)). The APBs are enriched in Fe relative 
to the APOs, although the magnitude of this enrich
ment is enhanced by the immiscibility of ilmenite 
and hematite at this temperature (Figure II(b)) . 
The spin profile at 25 K shows the presence of oppo
sitely magnetized ferrimagnetic domains, a 
consequence of the switch round of Fe-rich and Ti
rich layers at the APB (Figure ll(c)). Experimental 
confirmation of such negative exchange coupling, 
obtained using electron holography, is discussed in 
Section 2.20.3.3.4. The APB shown in Figure 11 (c) is 
characterized by an asymmetric spin profile. Only the 
very center of the APB can be classed as antiferro
magnetic. At 400 K, the majority of the supercell is 
magnetically disordered, whereas the APBs retain a 
narrow region of magnetic order (Figure ll(d)). 

After annealing at 1100 K, the supercell contains a 
well-ordered domain and a smaller, less well-(anti)
ordered domain (Figure ll(e)). This situation is 
reached as the system attempts to remove one APO 
and establish an equilibrium state of homogenous 
long-range order. Fe enrichment now occurs at the 
APBs and across the less well- (anti)ordered domain. 
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The spin profile at 25 K indicates a strong ferrimag

netic moment associated with the ordered domain 

and a weak ferrimagnetic moment with the anti

ordered domain (Figure 11 (g) ). At 375 K, magnetic 

order is lost in the ordered domain, whereas weak 

magnetic order is retained across the anti-ordered 

domain and boundary regions (Figure 11(h)). 

These properties lead to a self-reversal in the net 

magnetization on cooling (Figure 12). Magnetic 

ordering in the f'e-enriched anti-ordered domain 

sets in below 425 K, yielding a weak positive ferri 

magnetic moment. Nlagnetic order spreads to the 

ordered domain on cooling below 350 K. Below 

250 K, the moment of the anti-ordered domain is 

outweighed by the oppositely oriented moment of 

the ordered domain, and the net magnetization 

reverses. In contrast, no net reversal is observed in 

the 850 K simulation, which contains equall y well

ordered and anti-ordered domains, despite the 

enhanced enrichment of Fe at the APB. 

2.20.3 Magnetism at the Nanometer 
Length Scale 

Off-axis electron holography is an advanced TEM 

technique that allows a two-dimensional projection 

of the in-plane component of the magnetic induction 

in a specimen to be mapped with a spatial resolution 

approaching the nanometer scale. The high spatial 

resolution of this technique makes it ideal for the 

study of magnetic particles that are in the SD to 

PSD size range, as well as for magnetic minerals 

that are structurally and / or chemically heteroge

neous. Its ability to provide images of stray 

magnetic fields also makes electron holograph y an 

ideal technique for the study of magnetostatic inter

actions between magnetic nanoparticles. vVe begin by 

reviewing theoretical and practical aspects of elec

tron holography. VI e then describe its recent 

application to several different magnetic minerals. 

2.20.3.1 Theory of Off-Axis Electron 
Holography of Magnetic Materials 

2.20.3.1.1 Amplitude and phase of a TEM 
image 
The formation of a TEM image can be described in 

terms of the electron wave function in the image 

plane of the microscope: 

ij! (r ) = A(r)cxp [icp( r )] [9] 
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where A is amplitude, ¢ is phase shift (with respect to a 

wave that has traveled through vacuum alone), and r is 

a vector in the plane of the sample (Cowley, 1995). As 

an electron passes through the microscope, it experi

ences a phase shift that is associated with both the 

electrostatic potential of the sample (Figure 13(a)) 

and the in-plane components of the magnetic induc

tion (Figure 13(b)). Tn a conventional TEM image, 

only the spatial distribution of the image intensity 

[10] 

is recorded, and all information about the phase shift is 

lost. Electron holography is an interferometric techni

que that allows phase information to be recovered. 

After subtraction of the electrostatic contribution to 

the phase shift (see below), a phase image can be 

converted directly into a quantitative two-dimen

sional map of the in-plane magnetic induction in the 

sample (Tonomura, 1992; Volkl et al, 1998; Dunin

Borkowski et at., 2004; Midgely, 2001). 

The phase shift (measured relative to that of an 

electron that has passed through vacuum alone) is 

given by the expression 

<p(x) = cE ./ Vo(x , z)clz- (~) .// Bdx, z) clx clz [11 ] 

where x is a direction in the plane of the sample, z is 

the incident electron beam direction, Vo is the mean 

inner potential, and B.L is the component of magnetic 

induction perpendicular to both x and z (Reimer, 

1991 ). C1.· is a constant that depends on the accelerat

ing voltage of the TEM, in the form 

[12] 

where A is the electron wavelength, and F, and F,o are 

the kinetic and rest mass energies of the incident 

electrons, respectively. Values of CE for a range of 

accelerating voltages are listed in Table 2. If neither 

Vo nor B.L varies with z inside the specimen, and both 

parameters are zero outside the specimen, eqn I II J 
can be expressed more simply in the form 

<p(x) = C,Vo(x)t(x) - (~) ./ B.L (x) t (x) cl x [13] 

where t is the thickness of the sample. Differentiating 

with respect to x then leads to the expression 

clr,6 (x) . d (e) 
-- = C,. - {VrI(X) t(X)} - -h B.L (x) t(x) 

dx clx 
[14] 
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For constant Vo and t, the first term in eqn [14] 
IS zero, and the gradient of the phase shift IS 
proportional to the desired in-plane component 
of the magnetic induction In the SpeCllTIen 
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(Figure 13(b)). The phase gradient can then be 
written in th e form 
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Figure 12 Temperature dependence of sublattice spins SA and SB (circles) and net spin ISAI-ISBI (squares) for the 
simulations pre-annealed at (a) 850 K and (b) 1100 K. Insets show expanded view of the variation in net spin. A self-reversal of 
the net magnetization occurs in (b) due to the negative exchange coupling between poorly ordered and well ordered APDs 
(see Figures 11(e)-11(h)). 

Unfortunately, in most cases, both /10 and t vary 
across the specimen, and careh.ll separation of the 
magnetic and mean inner potential contributions to 

the measured phase shifi: is required before quantita
ti ve analysis of the magnetic ind uction is possible 
(see Section 2.20.3.1.5). 

2.20.3.1.2 Calculation of the mean 
inner potential 
For a specimen that has a single composition and 
crystallographic orientation, the mean inner poten
tial contribution to the phase shift is proportional to 

the specimen thickness (Figure 13(a)). Direct 

Figure 11 Average values of order parameter, composition , and spin on each of the 48 layers of an 8 x 8 x 8 supercell of 
ilm70, pre-annealed at (a-d) 850 K and (e-h) 1100 K (Harrison , 2006; Harrison et al., 2005). A starting configuration with APBs 
at the bottom and the center of the supercell was chosen in each case. (a) The order parameter profile at 850 K shows two fully 
ordered/antiordered APD (0 = 1 and 0 = - 1, respectively) separated by APBs (0 = 0). (b) The composition profile at 850 K 
shows that unmixing has taken place within the PM R3c + PM R3 miscibility gap, with the PM R3 phase corresponding to the 
APDs and the PM R3c phase corresponding to the APBs. Dashed line indicates the bulk composition, x = 0.7. (c) The spin 
profile at 25 K shows that the APDs are strongly ferrimagnetic . The APD centered on layer 14 has a net negative spin , whereas 
the APD centered on layer 40 has a net positive spin (indicated by the arrows) . (d) The spin profile at 400 K shows that the Fe
rich APBs remain magnetically ordered, whereas the Fe-poor APDs are magnetically disordered. The APBs are associated 
with a small net spin (see Figure 12). (e) The order parameter profile at 1100 K shows a fully ordered APD (0 ~ 1) and a less 
well-(anti)ordered APD (O ·~ - 0.75). (f) The composition profile at 1100 K shows that the well-ordered APD has x> 0.7 , 
whereas the less well-ordered APD has x < 0.7. Evidence for Fe enrichment at the APBs is also seen. (g) The spin profile at 
25 K shows that the well-ordered APD is strongly ferrimagnetic , whereas the ferrimagnetic spin of the less well-ordered APD 
is decreased by the influence of the boundary regions. (h) The spin profile at 375 K shows that the less well-ordered APD and 
boundary regions are magnetically ordered , whereas the well-ordered APD is magnetically disordered. The magnetically 
ordered regions carry a small net spin that is opposite to the net spin of the well-ordered APD (see Figure 12). 
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(a) Coherent electron beam 

O~----~~------------------------~-'·x 

Coherent electron beam 

o~--~--------------------------~----x 

Figure 13 Schematic illustration of the phase shift 
experienced by electrons passing through a specimen in the 
TEM . (a) The mean inner potential contribution to the phase 
shift of electrons passing through a sample of uniform 
structure and chemical composition reflects changes in the 
specimen thickness (first term in eqn [13]). (b) The magnetic 
contribution to the phase shift, given by the second term in 
eqn [13], reflects the in-plane component of the magnetic 
induction, integrated along the electron beam direction. For 
a sample containing two uniformly magnetized domains, 
one magnetized out of the plane of the diagram (crosses) 
and one magnetized into the plane of the diagram (dots) , the 
gradient of the phase shift is constant within the domains 
and changes sign at the domain wall. 

Table 2 Values of the constant CE in eqn [12] as a 
function of TEM accelerating voltage 

Voltage (kV) CE(x 106 radNm) 

100 9.24396 
200 7.2884 
300 6.52616 
400 6.12141 
500 5.87316 
600 5.70724 
700 5.58974 
800 5.50296 
900 5.43679 

1000 5.38502 

measurement of T-() using electron holography is pos
sible if an independent measurement of the specimen 
thickness is available. Such measurements are rare, 
however, and it is often necessary to calculate 
theoretical values of Vo. An estimate for Vo can 
be obtained by assuming that the specimen can 
be described as a collection of neutral free atoms 
(the 'nonbinding' approximation), and by using the 
expressIOn 

[16] 

where !e1(0) is the electron scattering factor at 
zero scattering angle (with dimensions of length), D 
is the unit cell volume, and the sum is performed 
over all atoms in the unit cell (Reimer, 1991). 
Calculated values for /~I (O) ha ve been tabulated by 
Doyle and Turner (1968) and Rez et al. (1994). 
Equation [16] leads to an overestimation of Vo by 
approximately 10% , because the redistribution of 
electrons due (0 bonding (which typically results in 
a contraction of the electron density around each 
atom) is neglected. Calculated upper limits of T-() for 
common magnetic oxide minerals are listed in 
Table 3. 

2.20.3.1.3 Formation of an electron 
hologram 
The microscope setup for electron holography IS 

illustrated schematically in Figure 14. A fIeld -emis

sion gun (FEG ) is used (0 provide a highly coherent 
source of electrons. For studies of magnetic materials, 
a Lorentz lens (a high-strength mini lens located 
below the lower objecti ve pole-piece) allows the 
microscope (0 be operated at high magnification 
with the objective lens switched off and the sample 
in magnetic-field-free conditions. Since a large 

Table 3 Calculated Va values for a range of magnetic 
minerals using eqn [16] and electron scattering factors 
tablulated by Doyle and Turner (1968) 

Mineral Name (formula) 

Hematite (Fe203) 
Ilmenite (FeTi03) 
Magnetite (Fe304) 
UlvQspinel (Fe2 Ti04) 

Maghemite (, -Fe203) 
Pseudobrookite (Fe2 TiOs) 
Pseudobrookite (FeTi20 s) 

VaM 

19.3 
19.9 
19.1 
19.1 
17.8 
17.3 
17.9 
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Figure 14 Schematic illustration of the setup used for 
generating off-axis electron holograms. The sample 
occupies approximately half the field of view. Essential 
components are the field-emission electron gun source, 
which provides coherent illumination, and the positively 
charged electrostatic biprism, which overlap of the sample 
and (vacuum) reference waves. The Lorentz lens allows 
imaging of magnetic materials in close-to-field-free 
conditions. 

amount of off-line image processing must be carried 

out to process holograms and in particular to remove 
the mean inner potential contribution to the phase 

sbift, there are great advantages in recording bolo

grams digitally, using a charge-coupled device 
(CCD) camera. 

ror off-axis electron bolography, the sample is 
typically placed half-way across the field of view, 

so that part of the electron wave passes through 

the sample (the sample wave) and part passes through 
vacuum (the reference wave). A voltage of 

50- 200 V is applied to an electrostatic biprism wire 
(typically a < I )..lIn diameter quartz wire coated 

in Pt or Au) mounted in place of one of the selec
ted area diffraction apertures. This voltage deflects 

the sample and reference waves, causing them 
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to overlap. If the electron source is sufficiently 
coherent, then an interference fringe pattern 
(an electron hologram ) is formed in the overlap 
region. The sample and reference waves can then 
be considered as originating from two virtual 
sources, SI and S2 (Figure 14). The angles of 
the sample and reference waves differ by a small 
amount, which is proportional to the biprism voltage, 
and can be described by the wave vector qc- The 
intensity in the overlap region is then given by the 
expreSSIOn 

Ihol (r) Iv)( r) + exp[2 1Tiq, . rW 
1 + A2 (r ) + 2A(r)cos [21Tiqr ' r + <p(r) ] [17] 

Hence, an electron hologram consists of a sum of the 
intensities of the sample and reference waves, onto 
which is superimposed a set of cosinusoidal fringes 
with local amplitude A and phase shift 9. An example 
of hologram, acquired from a sample containing 
maghemite inclusions in a matrix of hematite, is 
shown in Figure lS(a). Local shifts in the positions 
of the holographic interference fringes, visible in the 
inset to Figure IS(a), are directly proportional to the 
phase shift of the electron wave, which results , in 

turn, from variations in the thickness, mean inner 
potential, and magnetic induction of the inclusion 
and the host. A broader set of Fresnel fringes are 
also visible at the edges of the hologram in 
Figure 15 (a). These fringes are caused by the edge 
of the biprism wire. 

2.20.3.1.4 Processing of the electron 
hologram 
The sequence of processing steps that is required to 
extract a phase map, c,&( r), from an electron hologram 
is illustrated in Figure 15. First a hologram of the 
region of interest is acquired (Figure IS(a)). The 
sample is then moved away from the field of view 
and a reference hologram is acquired from a region of 

vacuum (Figure lS(b) ). N ext, both the sample and 
the reference holograms are Fourier transformed 
(Figure IS(c) ). The rourier transform of eqn [17J 
comprises a central peak at q = 0 and two sidebands 

at q = ± qc: 

FT[/hol(r)] = o(q) + FT[A2 (r )] + o(q + qJ 
® FT[A(r)exp(i ¢( r) ] + o(q - qJ 
® FT[A(r)cxp( -i cp(r)] [18] 
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Figure 15 Sequence of image processing steps 
required to convert an electron hologram into a phase
shift image. (a) Original electron hologram of the region of 
interest (a natural sample of hematite containing 
nanoscale inclusions of maghemite). Broad Fresnel 
fringes, caused by the edges of the biprism wire, are 
visible in the upper right and lower left. The inset is a 
magnified image of the outlined region, showing the 
change in position of the fine-scale holographic fringes as 
they pass through an inclusion. (b) A reference hologram 
recorded over a region of vacuum. (c) Fourier transform of 
the electron hologram shown in (a), comprising a central 
peak, two side bands , and a diagonal streak due to the 
Fresnel fringes. (d) A mask is applied to the Fourier 
transform in (c) in order to isolate one side band. The 
Fresnel streak is removed by assigning a value of zero 
to pixels falling inside the region shown by the dashed 
line. (e) Inverse Fourier transform of (d) yields the complex 
image wave, which in turn yields a modulo 21i' image of 
the holographic phase shift. (f) Automated phase 
unwrapping algorithms are used to remove the 21i' 
phase discontinuities from (e) to yield the final phase 
shift image. 

The sidebands contain the Fourier transforms of 
either the complex image wave or its conjugate. 
Both amplitude and phase information are recovered 
by isolating one sideband digitally (Figure IS(d) ) 

and performing an in verse Fourier transform of this 
part of the Fourier transform alone. The diagonal 
streak at the lower left of Figure 15 (d) resu Its 
from the presence of Fresnel fringes visible in the 
raw holograms (Figures IS(a) and IS(b) ). This 
streak can lead to artifacts in the reconstructed 
phase map , and is normally masked out (i.e., 
replaced by pixels with values of zero) before the 
inverse f'ourier transform is performed. The com
plex image waves that are derived from the sample 
and reference holograms are di vided by each other 
to remove phase shifts caused by inhomogeneities 
in the charge and thickness of the biprism wire, and 
distortions caused by aberrations of the microscope 
lenses and the recording system (de Ruijter and 
Weiss, 1993). The phase shift is then obtained 
by evaluating the arctangent of the ratio of 
the imaginary and real components of the 
corrected complex image wave (Figure IS(e) ). 
The initial phase map is presented modulo 271. 
The 271 discontinuities can be removed by using 
one of a number of automated phase unwrapping 
algorithms (Ghiglia and Pritt, 1998) to produce an 
'unwrapped' final phase image (Figure IS(f) ). 

2.20.3.1.5 Removing the mean inner 
potential contribution 
If the direction of magnetization in the sample can 
be reversed exactly, for example, by applying a 
large magnetic field to the specimen, then the 
magnetic contribution to the phase shift changes 
sign in eqn [11 ]. If phase images that have been 
acquired before and after magnetization reversal 
are added together digitally, then the magnetic 
contribution to the phase shift cancels out, lea vi ng 
twice the mean inner potential contribution. 
Nfagnetization reversal can be performed in Jitu in 
the TEM by using the magnetic field of the TEM 
objective lens (Figure 16). The sample is typically 
tilted to an angle of ±30° to the horizontal. The 
objective lens is then turned on to provide a chosen 
vertical magnetic field of up to 2 T. The objective 
lens is then turned off and the sample tilted back to 
the horizontal prior to acquisition of the hologram. 
In practice, the two saturation remanent states ma y 
not be exactly equal and opposite to each other. It 
is then necessary to repeat the switching process 
several times, so that nonsystematic differences 
between switched pairs of phase images average 
out. Systematic differences between switched 
pairs, which can lead to artifacts in the final mag
netic induction map, are often identified by 
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Figure 16 Schematic illustration of magnetic switching in 
the TEM. A uniaxial particle with anisotropy constant K and 
saturation magnetision M s , initially magnetized to the right, 
is tilted to an angle of 30° to the horizontal. A chosen current 
is passed through the objective lens of the TEM, exposing 
the sample to a downward pointing magnetic field of up to 
2 T. The direction of magnetization switches when the 
vertical field reaches 0.52BK' where BK = 2KIMs . The 
objective lens is then switched off and the sample is tilted 
back to the horizontal . 

inspection. Once the mean inner potential contt·i
bution to the phase shift has been determined in 
this way, it can be subtracted from each individual 
phase image of the same region of the sample. By 
varying the magnitude of the applied field, it is 
possible to record a series of images that corre
spond to any desired point on the remanent 
hysteresis loop. 

When interpreting the subsequent remanent hys
teresis loop, it is important to remember that 
holography measures the coercivity of remanence 
(i-Ier) rather than the coercivity (He) of the sample. 
For SD particles, howe ver, Ifcr/ Ifc ~ 1, allowing an 
estimate of the coercivity to be made. A sample with 
uniaxial anisotropy constant, K, and saturation mag
netiza tion , 111" switches when the vertical field 
reaches 0.52BK (assuming a tilt angle of 30° to the 
horizontal), where Bf( = 2K/ M is the coercivity for 
fields applied along the anisotropy axis (Stoner and 
Wohlfarth , 1948). 

2.20.3.2 Interpretation of Electron 
Holographic Phase Images 

2.20.3.2.1 Quantification of the magnetic 
induction 
A quantitative measure of B1., integrated in the 
electron beam direction, can be obtained from the 
gradient of the magnetic contribution to the phase 
shift (eqn [15]). This measurement includes 
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Figure 17 Simulation of the holographic phase shift 
associated with a 200 nm diameter spherical particle of 
magnetite. The particle is uniformly magnetized in the 
vertical direction. The mean inner potential contribution to 
the phase shift is shown in (a), the magnetic contribution is 
shown in (b) , and the sum of the two is shown in (c) . (d-f) 
Profiles of (a-c), taken horizontally through the center of 
the particle (i.e., in a direction normal to the magnetization 
direction). The analytical form of these curves is given by 
eqns [19] and [20]. (g-i) Cosine of 4 times the phase shift 
shown in (a-c) . U) Color map derived from the gradient of 
the magnetic contribution to the phase shift (b). The hue 
and intensity of the color indicates the direction and 
magnitude of the integrated in-plane component of 
magnetic induction, according to the color wheel shown in 
(1). The color can be combined with the contour map, as 
shown in (k) . 

contributions from the internal magnetization of 
the sample, the internal demagn etizing fi e ld, and 
stray magnetic fields created by the sample in the 
vacuum surrounding it. A simulation of the con
tributions to the phase shift associated with the 
presence of a uniforml y magnetized 200 nm dia 
meter spherical particle of magnetite is shown in 
Figure 17. The total phase shift (Figure 17(c) ) is 
the sum of mean inner potential (Figure 1 7(a) ) and 
magnetic (Figure 17(b)) contributions. An analy
tical expression that describes the phase shift 
shown in Figure 17(c), along a line passing 
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through the center of the panicle tn a direcrion 
perpendicular ro ilJ.. , is 

9(x)lx<;a 
, , e [a 3_(a2_x2)3/2] 

2 C1Yo J a- - x- + (fJ B J.. x 

[19] 

(C) (a3) 9(x) I, >" = h Ih ~ [20] 

where a is the radius of the panicle (de Graef et at, 
1999). The mean inner potential and magnetic con
tributions to this phase profile are shown in 
Figure 17(d)- 17(f). The difference between the 
minimum and maximum values of the magnetic con
tribution ro the phase shift in Figure 17(e) is 

[21] 

For a uniformly magnetized cylinder of radius a, the 
equivalent expression is 

[22] 

To a good approximation, ion-beam thinned 
TEM specimens of magnetic materials can often be 
described locally as plates or wedges of semi-infinite 

extent in the horizontal plane. If such a sample is 
magnetized uniformly parallel to its edge, then the 
effect of demagnetizing and stray fields on the mea
sured phase shift may be negligible, and it ma y then 
be possible ro determine ilJ.. directly by using eqn 
l 15J. This approach requires, however, that the local 
specimen thickness is known. A measure of the sam
ple thickness can be obtained using energy filtered 
imaging (Egerton, 1996). Two images of the sample 
are acquired: an unfiltered image (formed using both 
elastically and inelastically scattered elecrrons) and a 
zero-loss energy-filtered image. The log of the ratio 
between the unfiltered and zero-loss energy-filtered 

images yields the quantity t/ "\11> where .. \n is a mean 
free path for inelastic scattering. Values of \n can be 
calculated or measured experimentally (Egerton, 
1996; Golla-Schindler et at, 2005). Harrison et at. 
(2002) determined a value for \n = 170 nm for mag
netite. Care is required when using this approach, as 
the effective magnetic thickness of a sample may be 
significantly smaller than its physical thickness, due 
ro the presence of magnetically 'dead ' layers on its 
surfaces, resulting from specimen preparation tech
niques such as ion -beam thinning. For a sample of 
known BJ.. and Vo, an estimate of the thickness of the 

magnetically dead layers can be obtained by compar
ing the physical thickness of the specimen derived 
from the mean inner potential contribution to the 
phase shift (the first term in eqn [13 ]) with the mag
netic thickness derived from eqn [15]. For an Ar-ion 
milled synthetic sample of ilm70, assuming a value 
for Vo= 19.6V (calculated using eqn l 16J) and a 
saturation induction of 0.225 T, the average differ
ence between the magnetic and physical specimen 
thickness was found ro be ~40 nm in total. 

2.20.3.2.2 Visualization of the magnetic 
induction 
The in-plane component of the integrated magnetic 
inducrion can be visualized by adding contours ro the 
magnetic contribution to the phase shift, as shown in 
Figure 17(h) in the form of the cosine of the phase 
image. The spacing of the contours can be varied by 
multiplying the phase map by a constant before calcu
lating its cosine (an 'amplification ' facror of 4 was used 
in Figure 17). By calculating the horizontal and ver
tical derivatives of the magnetic contribution to the 
phase shift: (d¢ lllag/dx and d¢lllag/~Y) , a vector field 
can be determined and displayed in the form of either 
an arrow map or a color map (Figure 17Ol), whereby 
the direction and magnitude of the projected in-plane 
magnetic induction are represented by the hue and 
intensity of a color, respectively, according ro the 
color wheel shown in Figure 17(1). Color can also be 
added ro the cosine image if desired (Figure 17(k)). 

2.20.3.3 Experimental Results 

2.20.3.3.1 Electron holography of isolated 
magnetite crystals 
An experimental study of isolated magnetic nanopar
ticles allows the effecrs of particle size, shape, and 
magnetocrystalline anisotropy on their magnetic 
state to be assessed without the complicating influ 
ence of magnetostatic interactions. Magnetotactic 
bacreria provide a convenient source of high-purity, 
relatively defecr-free magnetite crystals with varying 
morphologies, aspect ratios, and sizes in the range 
10-2 00 nm (Devouard et at, 1998; Bazylinski and 
Fran kel, 2004; Anno et at, 2005). Although magneto
tactic bacreria normally grow crystals in closely 
spaced chains, the preparation of bacreria for TEM 
examination by air drying inevitably leads ro cell 
damage and a degree of chain breakup. 
Figure 18(a) shows a high-resolution TEM image 
of an isolated 50 nm magnetite crystal from a bacrer
ial cell. This crystal was separated by at least 500 nm 
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Figure 18 (a) High-resolution image of a 50 nm diameter magnetite crystal from a magnetotactic bacterium (image courtesy of 
M. P6sfai). (b) Three-dimensional reconstruction of the same particle, obtained using electron tomography (image courtesy of 
R. Chong). (c,d) Remanent states of the particle at room temperature and 90 K, respectively . The remanent states were obtained 
after tilting the sample to ±30° in the vertical 2 T field of the TEM objective lens. The in-plane component of the applied field was 
directed along the black double arrow. (e) Stereographic projection showing the crystallographic orientation of the sample. At room 
temperature, the remanent magnetization direction is close to [131]. At 90 K, the remanent direction is close to either [21 0] or [012] . 

from adjacent crystals. The three-dimensional mor
phology and orienration of the crystal were 
determined by using electron tomography, from a 
series of two-dimensional high-angle annular clark
field (HAADF) images taken over an ultrahigh range 
of tilt angles (Figure 18(b)). The tomographic recon
struction reveals that the particle is elongated slightly 
in the [Ill J direction in the plane of the specimen (as 
indicated by the white arrow in Figure 18(a)). T he 

crystallographic orienration of the particle is shown 
in the form of a stereogram in Figure 18(e). 

Electron holography of the magnetite crystal was 
performed both at room temperature (Figure 18(c)) 
and at 90 K (Figure 18(d)). The magnetic contribu
tion to the phase shift was isolated by performing a 
series of in .ritt! magnetization re versal experiments, as 
clescribed in Section 2.20.3.1.5. The direction of the 
in-plane componenr of the applied field is indicated 
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by the black double arrow. Both images show uni
formly magnetized SD states, including the 
characteristic return flux of an isolated magnetic 
dipole (Figure 17(k)). In both cases, the remanent 
magnetization direction appears to make a large 
angle to the applied field direction. At room 
temperature, the phase contours in the crystal make 
an angle of ~30° to the [lll J elongation direction 
(Figure IS(c)). The contours are parallel to the [Ill J 
elongation direction at 90 K (below the Verwey tran
sition; Figure IS(d)). 

Figure 19(a) shows a profile of the magnetic con
tribution to the phase image that was used to create 
Figure IS(c), taken along a line passing through the 
centre of the crystal in a direction perpendicular to the 
phase contours. A least-squares fit of the experimental 
profile to eqns [19J and [20J yielded a value for B ~ of 
0.6 ± 0.12 T. This value is equal to the room tempera
ture saturation induction of magnetite, suggesting that 
the magnetization direction of the particle lies exactly 
in the plane of the specimen, close to the l 131 J crystal
lographic direction (Figure lS(e)). This direction 
corresponds to the longest diagonal dimension of the 
particle, which is consistent with shape anisotropy 
dominating the magnetic state of the crystal at room 
temperature. The 90 K phase profile (Figure 19(b)) 
yielded a value for B ~ of 0.46 ± 0.09 T. This value is 
lower than the saturation induction of magnetite 
at 90 K, suggesting that, at remanence, the magnetiza
tion direction in the crystal is tilted out of the plane by 
~40° to the horizontal. This direction is close to either 
l210J or l012J (Figure lS(e)). Below the Verwey 
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transition, the magnetocrystalline anisotropy of mag
netite is known to increase considerably in magnitude 
(Muxworthy and McClelland, 2000), and to switch 

from < III > cubi c to [001 J m onocl iniC' Tbe [001 J monocl ini c 

easy axis can lie along anyone of the original 
< 1 00> cubic directions. Botb the [lOOJ and [001 J direc
tions of the original cubic crystal lie close to the 
observed remanence direction, suggesting that magne
tocrystalline anisotropy has a more significant impact 
on the remanence direction than shape anisotropy at 
90 K. The fact that the remanence direction in 
Figure lS(d) is perpendicular to the applied field 
direction suggests that this choice may be influenced 
by the morphology of the crystal. 

Theoretical predictions of the effect of particle 
size and shape on the magnetic state of magnetite 
are shown in Figure 20 (Butler and Banerjee, 1975; 
Muxworthy and Williams, 2006). The upper solid 
line shows the theoretical boundary between SD 
and two domain states (Butler and Banerjee, 1975). 
The dashed line shows the boundary between SD 
and single vortex (SV) states predicted by micromag
netic simulations (Muxworthy and Williams, 2006; 
see Section 2.20.4). For equidimensional particles, the 
equilibrium SD/ SV transition is predicted to occur at 
a particle size of 70 nm (Fabian et at., 1996; Williams 
and Wright, 1998) and the transition to a superpar
amagnetic (SP) state is observed to occur below 
25- 30 nm (Dunlop and Ozdemir, 1997). The obser
vation of a stable SD state for the roughly 
equidimensional 50 nm crystal in Figure IS is in 
agreement with the expected behavior. 
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Figure 19 Profiles of the magnetic contribution to the phase shift across the magnetite particle shown in Figure 18 at 
(a) room temperature and (b) 90 K (closed circles). Profiles were taken through the center of the particle in a direction normal to 
the contours shown in Figures 18(c) and 18(d). Solid lines are least-squares fits to the data using eqns [19] and [20], yielding 
B 1- = 0.6 ± 0.12 T at room temperature, and B L = 0.46 ± 0.09 Tat 90 K. 
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Figure 20 Equilibrium threshold sizes for SP, SO, SV, and 
two domain magnetic states as a function of particle length 
and axial ratio. Upper solid line shows the calculated 
boundary between SO and two domain states (Butler and 
Banerjee, 1975). Lower solid lines show the sizes for SP 
behavior with relaxation times of 4 x 109 years and 100 s 
(Butler and Banerjee, 1975). Dashed line shows the 
boundary between SO and SV states for uniaxial ellipsoidal 
particles, calculated using finite-element micromagnetic 
methods. Open circles show the sizes and aspect ratios of 
the magnetite blocks from region B in Figure 24. 

2.20.3.3.2 Electron holography of chains 
of closely spaced magnetite crystals 
Figures 2l(a) and 2l(b) show a bright-field TEM 
image and a three-dimensional tomographic recon
struction, respectively, of a double chain of 
magnetite crystals from a magnetotactic bacterial cell 
(Simpson et al, 2005). Each crystal has its [Ill J crystal
lographic axis aligned accurately (to within 4°) of the 
chain axis, as shown by the arrows in Figure 21(a), but 

is rotated by a random angle about this axis (like beads 
on a string). From a magnetic perspective, the align
ment of the crystals ensures that their room 
temperature magnetocrystalline easy axes are closely 
parallel to the chain axis. The largest crystals are 

elongated slightly along l lll J, with lengths of 
92-94 nm and widths of 82-88 nm. Isolated crystals 
of this size would be expected to adopt SV states at 

equilibrium (Figure 20). Electron holography of simi
lar chains revealed, however, that such crystals are 
magnetized uniformly parallel to each chain axis 
(Figure 21(c)). For such highly aligned chains of 
crystals, magnetostatic interactions move the 
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boundary between SD and SV states to larger particle 
sizes, and promote the stability of SD states. This 
effect, which is also predicted by micromagnetic simu
lations (Muxworthy et al, 2003a; see Section 2.20.4), 
enables bacteria to grow SD crystals to much larger 
sizes than would otherwise be possible, thereby opti
mizing the overall magnetic moment of the chain. 

In Figure 21, strong magnetostatic interactions 
between crystals, combined with their high degree of 
alignment, result in uniform magnetic phase contours 
that are constrained tightl y along the chain axis. In this 
case, the magnetic induction ofthe chain can be quan 
tified by assuming that it has approximatel y a 
cylindrical geometry (eqn [22 ]), yielding a value for 
B..L of 0.62 T for one of the central crystals. This value 
is close to that predicted for magnetite (Bll = 0.6 T), 
suggesting that the crystals are magnetized parallel to 
their length and to the chain axis. Interacting chains of 
closely spaced crystals are always magnetized along 
the chain axis, thus providing a reliable magnetic 
moment for magnetotaxis. This is confirmed by hys
teresis (Pan et al., 2005; see Section 2.20.5) and 
remanence experiments (Hanzlik et at., 2002) on mag
netotactic bacteria, which demonstrate that chains of 
magnetosomes act like a single elongated particle (with 
uniaxial anisotropy) and switch as a single unit. 

When the alignment of crystals in a chain is less 
than perfect, it is possible to produce a nonuniform 
magnetization state by the application of a suitably 
oriented magnetic field (Figure 22 ). Figure 22(a) 
illustrates the magnetization state of two double 
chains of magnetite crystals (from the same bacterial 
cell) after the application of a magnetic field with an 
in -plane component of 1 T parallel to the chain axes. 

Despite the imperfect alignment of the crystals in the 
upper double chain, all four chains are magnetized 
along their length. Some flux divergence is evident 
where large gaps occur between crystals in the upper 
double chain, indicating that magnetostatic interac
tions are weakened slightly at these positions. 
Figure 22(b) illustrates the magnetization state 
after application of a similar magnetic field perpen
dicular to the chain axes. Although three out of the 
four chains are unaffected by the change in the 
applied field direction , the uppermost chain is split 
into two halves, each of which has a small component 
of its magnetization in the direction of the applied 
field. The two crystals in the center of the chain are 
now arranged in an energetically unfavorable oppos
ing configuration, and the magnetization of one of the 
crys tals is deflected so that it points at an angle of 
'"'-'600 to the chain axis. 
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(a),--_ _ ____ ------, 

100nm 

7 

(c) 

Figure 21 (a) Bright-field TEM image of a double chain of magnetite magnetosomes, acquired at 400 kV using a JEOL 
4000EX TEM (image courtesy of M. P6sfai). The white arrows are approximately parallel to [111] in each crystal. (b) Electron 
tomographic reconstruction of the three-dimensional morphology of the double magnetosome chain shown in (a) (image 
courtesy of R Chong). (c) Magnetic phase contours measured using electron holography from two pairs of bacterial magnetite 
chains at 293 K, after magnetizing the sample parallel and antiparallel to the direction of the white arrow. Figs. 21 a and c 
adapted from Simpson ET, Kasama T, P6sfai M, Buseck PR, Harrison RJ, and Dunin-Borkowski RE (2005) Magnetic induction 
mapping of magnetite chains in magnetotactic bacteria at room temperature and close to the Verwey transition using electron 
holography. Journal of Physics: Conference Series 17: 108-121. 
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Figure 22 Illustration of the effect of changing the applied magnetic field direction on magnetic induction maps measured 
from two pairs of magnetite chains at 293 K. The applied field directions are indicated using white arrows. In (a) the chains are 
magnetized in the same direction. In (b) the topmost chain is partially magnetized antiparallel to the other chains in the figure. 
Adapted from Simpson ET, Kasama T, P6sfai M, Buseck PR, Harrison RJ, and Dunin-Borkowski RE (2005) Magnetic 
induction mapping of magnetite chains in magnetotactic bacteria at room temperature and close to the Verwey transition 
using electron holography. Journal of Physics: Conference Series 17: 108-121. 

Figure 23 Magnetic induction maps acquired from two pairs 
of bacterial magnetite chains at (a) 293 K and (b) 116 K. In the 
room temperature holograms, the contours are parallel to each 
other within the crystals and only deviate as a result of their 
morphologies and positions. At 116 K, this regularity is less 
evident. The field lines undulate to a greater degree within the 
crystals, as well as at kinks in the chains. The small vortex in the 
lower chain in (b) is likely to be an artifact resulting from 
diffraction contrast in this crystal. Adapted from Simpson ET, 
Kasama T, P6sfai M, Buseck PR, Harrison RJ, and Dunin
Borkowski RE (2005) Magnetic induction mapping of magnetite 
chains in magnetotactic bacteria at room temperature and 
close to the Verwey transition using electron holography. 
Journal of Physics: Conference Series 17: 108-121 . 

Figure 23 shows magnetic induction maps that 
ha ve been acquired from a similar pair of magnetite 
chains both at room temperature and at 116 K (close 
to the Verwey transition ). ·Whereas the contours 

are highly parallel to each other and to the chain 
axes at room temperature (Figure 23(a)), their direc
tion is far more va riable and irregular at low 
temperature (Figure 23(b)). This behavior is most 
pronounced in some crystals in Figure 23 (b) 
that show S-shaped magnetic configurations. As 

mentioned above, in magnetite the change in struc
ture from cubic to monoclinic at the Verwey 
transition is associated with a change in easy axis 
from < III > to < 1 00>. Although particle interactions 
and shape anisotropy result in the preservation of 
the overall magnetic induction direction 111 

Figure 23(b) along the chain axis at low temperature, 
it is likely that the undulation of the contours along 
the chain axes results from a competition between 
the effects of magnetocrystalline anisotropy, shape 
anisotropy and magnetostatic interactions, which 
are only mutually fa vorable at room temperature. 

2.20.3.3.3 Electron holography 
of two-dimensional magnetite 
nanoparticle arrays 
In contrast to the sizes of crystals in magnetotactic 
bacteria, the grain sizes of primary magnetic minerals 
in most igneous and metamorphic rocks exceed the 
MD threshold. Such rocks are less likely to maintain 
strong and stable natural remanent magnetization 
(N RM) over geological times than those containing 
SD grains. It has long been proposed, however, that 
solid state processes such as sub-solvus exsolution 
can transform an MD grain into a collection of SD 
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grams, thus increasing the stability of the NRM 

(Davis and Evans, 1976). This transformation is 

brought about by the formation of intersecting para

magnetic exsolution lamellae, which divide the host 

grain into a three-dimensional array of isolated mag

netic regions that have SD- PSD sizes. 

An excellent example of this phenomenon occurs 

in the magnetite-ulvospinel (FelO+- Fe2TiO+) solid 

solution (Davis and Evans, 1976; Price, 1980, 1981 ). 

This system forms a complete solid solution at tem

peratures above ~450°C but unmixes at lower 

temperatures (Ghiorso, 1997). Intermediate bulk 

compositions exsolve during slow cooling to yield 

an intergrowth of SD- or PSD-sized magnetite - rich 

blocks that are separated by nonmagnetic ulvospinel

rich lamellae. Figure 24(a) illustrates the typical 

microstructure observed in a natural sample of 

exsolved titanomagnetite (Harrison et at., 2002 ). 

This image is a composite chemical map, obtained 

using energy-filtered TEM imaging, showing the 

distribution of [<e in blue (magnetite) and Ti in 

red (ulvospinel ). Ulvospinel lamellae form 

(b) 

~ 

I\r\ c 
::0 

.0 
~ 
U) + c 
::0 Fe counts 0 
0 0 

0 50 100 150 200 250 nm 

preferentially parallel to {I OO} planes of the cubic 

magnetite host lattice. Tn TEM sections that are 

oriented parallel to {l00}, this symmetry generates 

a rectangular array of cuboidal magnetite blocks. 

Prof tIes of the Fe and Ti distribution along the 

line marked C (Figure 24(b) ) demonstrate that the 

blocks are essentially free ofTi, that is, that they are 

nearly pu re magnetite. 

Harrison et at. (2002) used electron holography to 

determine the magnetic remanence states of region B 

in Figure 24(a). The magnetite blocks were found to 

be primaril y in SD states (Figure 25). The dimen 

sions of the blocks, which are plotted on Figure 20 

for reference, indicate that the vast majority would 

display SV states at remanence if they were isolated 

and at equilibrium. Micromagnetic simulations of 

isolated cuboidal particles (Section 2.20.4) indicate 

that SD states can exist in metastable form up to a 

certain size above the equilibrium SD- SV threshold 

(Fabian et at., 1996; Williams and Wright, 1998; Witt 

et al., 2005). The majority of the blocks in Figure 25 

fall within the limits of metastability for SD states 

(c) 
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Figure 24 (a) Chemical map of a titanomagnetite sample, acquired by using electron spectroscopic imaging (Harrison et a/., 
2002). Blue and red correspond to Fe and Ti concentrations, respectively. The blue regions are magnetic and are rich in 
magnetite (Fe304) , whereas the red regions are nonmagnetic and rich in ulvospinel (Fe2 Ti04). The numbers refer to individual 
magnetite-rich blocks, which are discussed in the text. (b, c) Line profi les obtained from the Fe and Ti chemical maps, 
respectively, along the line marked C in (a). The short arrows mark the same point in the three pictures. 
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Figure 25 Magnetic microstructure of region B in Figure 24(a) measured by using electron holography (Harrison et al., 2002) . 
Each image corresponds to a different magnetic remanent state, acquired with the sample in field-free conditions. The outlines of 
the magnetite-rich regions are marked in white, while the direction of the measured magnetic induction is indicated both using 
arrows and according to the color wheel shown at the bottom. Images (a), (c), (e), and (g) were obtained after applying a large field 
toward the top left of each picture, then the indicated field toward the bottom right, after which the external magnetic field was 
removed for hologram acquisition. Images (b), (d), (t) , and (h) were obtained after applying identical fields in the opposite directions. 

calculated by Witt et at. (2005). It appears th at the 
presence of magnetostatic interactions fa vors the 

adoption of metastable SD states over equilibrium 

SV states. This beha vior results from the fact that 
the demagnetizing energy - which destabilizes the 
SD state with respect to the vortex state in isolated 
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particles - is reduced greatly in an array of strongly 
interacting SO particles. 

Transitions between different magnetic states in 
an individual block can be seen in Figure 25. [<or 

example, block 8 (labeled in Figure 24(a») in 

Figure 25(e) is magnetized NNW (blue), whereas 

in Figure 25(f) it is magnetized SSE (yellow). It 
contains an off-centered vortex in Figure 25(b), sug

gesting that magnetization reversal in this block may 

occur via the formation, displacement, and subse

quent annibilation of a vortex (Enkin and Williams, 

1994; Guslienko et at., 2001 ), rather than by the 
coherent rotation of the SO moment. 

Several blocks are observed to act collectively to 
form magnetic 'superstates' that would normally be 

observed in a single, larger magnetized region. One 

example is where two or more blocks interact to form 

a single vortex superstate. Two-, three-, and five
block vortex superstates are visible in Figure 25 

(e.g., blocks I and 2 in Figure 25(g) and blocks I, 2, 

3, 5, and 6 in Figure 25(e). A similar superstate 

involving three elongated blocks is shown in 

Figures 26(a) and 26(b) and schematically in 

Figure 27(a). The absence of closely spaced contours 

between the superstate and the adjacent single vortex 
in Figure 26(b) shows that stray interaction fields are 

eliminated in the intervening ulvospincl. flux clo

sure is achieved with considerably less curvature of 

magnetization within the three-component assembly 

than is required in the adjacent con ventional vortex, 

(a) (c) 

(b) (d) 

Figure 26 (a, c) Chemical maps (blue Fe, red Ti) from two 
regions not shown in Figure 24. (b, d) The corresponding 
magnetic microstructures, in the same format as Figure 25. 
(b) Three adjacent magnetite-rich regions combining to form 
a single vortex; (d) a small region that is magnetically 
anti parallel to its larger neighbors. 

reducing the exchange energy penalty associated 
with the nonuniform magnetization configuration. 

A second example of collective behavior involves 
the interaction of a chain of blocks to form an 
SO superstate that is magnetized parallel to the chain 
axis but perpendicular to the easy axes of the individual 
blocks. This behavior is illustrated schematically in 
Figure 27(b) and can be found in several places in 
Figure 25 (e.g., blocks 16, 17, and 18 in Figures 25(a), 
25(b) , 25(d), 25(f), and 25(h)). An extreme example of 
this behavior is shown in Figure 28 , which shows 
saturation isothermal remanent states in an exsolved 
titanomagnetite inclusion within clinopyroxene 
(Feinberg et at. , 2004, 2005). These states were recorded 
after tilting the sample by angles of±30° and applying a 
2 T vertical field (Figure 16). The in -plane component 
of the field was parallel to the elongation direction of 
the central blocks. N evertheless, strong interactions 
between the blocks (which are separated by rv 15 nm 
of ulvospinel) constrain the remanence to lie almost 
perpendicular to the elongation direction of the indivi
dual blocks and to the applied field direction. The 
expected remanent state of such a system might have 
been expected to involve adjacent blocks being magne
tized in an alternating manner along their elongation 
directions, as seen in blocks 16, 17, and 18 and blocks 9, 

10, and 11 in Figures 25(c), 25(e), and 25(g) and shown 
schematically in Figure 27(c). 

A filfther example of magnetostatic interactions 
between blocks is shown in Fig. 26d. The two largest 
blocks (colored green ) are both magnetized in the 
same direction. The small block between them 
(colored red) is magnetized in the opposite direction, 
apparently because it follows the flux return paths of 
its larger neighbors. 

2.20.3.3.4 Exchange interactions across 
antiphase boundaries in ilmenite-hematite 
Harrison et at. (2005) used electron holograph y to 
study the nature of the exchange coupling at APEs 
in ilmenite- hematite. A sample of ilm 70 was 
synthesized from the oxides under controlled oxygen 
fugacity at 1573 K, quenched through the 
cation-ordering phase transition and annealed for 

10 h at 1023 K. Representative magnetic induction 
maps are shown in Figures 29(a)- 29(c) . Each 
figure, which is deri ved from the gradient of the 
magnetic contribution to the recorded phase shirr, 
shows a magnetic remanent state obtained at a differ
ent stage of the switching process. The direction and 
magnitude of the in -plane magnetic flux are defined 
by the hue and intensity of the color, respectively. 
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Figure 27 Schematic diagrams showing some of the possible magnetization states of three closely spaced regions of 
magnetic material. 

Figure 28 Magnetic induction maps of a titanomagnetite inclusion within pyroxene (Feinberg et al. , 2004, 2005). The inclusion is 
an intergrowth of elongated magnetite blocks (outlined in white) separated by lamellae of ulvbspinel. (a) and (b) correspond to 
saturation remanant states obtained after tilting the sample to ± 30° in the vertical 2 T of the TEM objective lens, such that the 
in-plane component of the applied field was directed along the gray arrows. Note that the magnetic microstructures in (a) and (b) are 
the exact reverse of each other, allowing the mean inner potential to be determined using the method described in 
Section 2.20.3.1.5. 

The magnetization is constrained by shape and 

magnetocrystalline anisotropy to lie either parallel or 

anti parallel to the intersection of the specimen plane 

with the (001 ) crystallographic plane (indicated by the 

double black arrow in Figure 29). As a result, regions 

with strong in -plane magnetization appear either blue 
or green. Regions that have no in-plane magnetization 

appear as dark bands. Analysis (see Figure 30) shows 

that the dark bands in Figure 29 are associated with 

three distinct types of magnetic wall. A finger-like 

region of reversed magnetization (labeled '1' in 

Figure 29(a)) enlarges by the movement of its left

hand boundary as the applied field is increased 

(Figure 29(b)). This left-hand boundary is a conven

tional free-standing 1800 Bloch wall. Tn contrast, in 

regions where a 1800 reversal in magnetization direc

tion coincides exactly with the position of an APB 

(e.g., at regions labeled '2'), the reversal results from 

negative exchange coupling across the APB, as pre

dicted by Monte Carlo simulations (Figure 11). This 

type of boundary is referred to as a 1800 'chemical' 

wall, and occurs without any out-of-plane rotation of 

the magnetic moments. A third type of magnetic wall 

appears as thick dark bands, which are also coincident 

with the positions of APBs (e.g., at regions labeled '3'). 

Such walls form when the negative exchange coupling 

between adjacent APDs is overcome at sufficiently 

large fields, forcing the magnetization direction on 

either side to point in the same direction. These 

walls are referred to as 0° walls. 

For a 180° Bloch wall, the in-plane component of 

the magnetic induction is generally described by an 

expression of the form 

Eo tanh (':::) 
7V 

[23] 
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(a) (b) (c) 

I 

Figure 29 Magnetic microstructure of ilm 70 containing several APDs (Harrison et a/., 2005). The sample edge is indicated 
by the gray line. Prior to each measurement, the sample was exposed to a saturating field with an in-plane/out-of-plane 
component of + 1000/+ 1732 mT, followed by a smaller field with an in-plane/out-of-plane component of (a) - 1.9/+3.3 mT, 
(b) - 10.6/+ 18.4 mT, (c) - 12.8/+ 22.2 mT. White arrows indicate the direction of the in-plane component of the applied field. 
The hue and intensity of the color indicates the direction and magnitude of the in-plane component of the magnetic flux in the 
sample in field-free conditions, as defined by the color wheel on the right. The blue-purple and green-yellow colors 
correspond to equal and opposite in-plane magnetizations in the direction indicated by the black double arrow. The dark 
bands indicate regions with weak in-plane magnetization (magnetic domain walls). Dark bands that separate regions of blue 
and green color correspond to 1800 magnetic and chemical walls (e.g. , at regions labeled '1 ' and '2', respectively) . Dark 
bands that are surrounded by regions of the same color correspond to 0° magnetic walls (e.g. , at regions labeled '3'). 

where Bo is the saturation induction and 2w is the 
wall width. By substituting eqn l23 J into eqn l13 J, the 
magnetic phase profile across a 180° Bloch wall 
(assuming a constant thickness, t) is 

[24] 

Equation [24] provides an excellent fit to the phase 
profile of a 1800 Bloch wall for 2 w = 19 nm 
(Figure 30(a)). Tn contrast, the phase profile on 
either side of a 180° chemical wall is nonlinear (see 
below), and the reversal in the slope of the phase 
profile at the center of the wall occurs much more 
abruptly (Figure 30(b)). A fit to the central portion of 
this wall yields 2w = 7 nm (dashed line III 

Figure 30(b)). This value is close to the resolution 
limit of the measurements, and provides an upper 
limit for the width of the chemical wall. A 00 wall 
can be considered as the superposition of a 1800 

Bloch wall and a 1800 chemical wall. Assuming that 
both types of wall can be described by eqn l23J with 
the same value of w, the in-plane component of 
magnetic induction is of the form 

Bd x) = 80 tanh ' (~) [25] 

By substituting eqn l25J into eqn l13J, the magnetic 
phase profile across a 0° wall is 

qJ(x) = /Jot [x - IOtanh (~) ] [26] 

Equation [26] provides an excellent fit to the phase 
profile ofa 00 Bloch wall (Figure 30(c)). An average 
of 13 measurements yielded 2w =(50± 14) nm for 0° 
walls. Previous studies demonstrated that self
reversed thermoremanent magnetization (SR
TRM) was observed only when APDs were below 
80- 100 nm in size (Nord and Lawson, 1989, 1992). 
This limit is imposed by the formation of 0° walls, 
which allow negative exchange coupling between 
adjacent domains to be overcome when the APDs 
are much larger than 50 nm in size. 

2.20.4 Magnetism at the Micrometer 
Length Scale 

Due to the large number of atoms and spins involved, 
atomistic simulations, which describe the discrete 
arrangement of atoms and spins on a crystalline lat
tice, are currently unsuitable for systems larger than 
~ 1 0 nm (Section 2.20.2 ). The magnetization states of 
larger particles (or collections of particles) are more 
efficient! y described using micromagnetic simula
tions (Brown 1963). Micromagnetics is the study of 
magnetization at the nanometer to micrometer 
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Figure 30 Profiles of the holographic phase shift, ¢ , 
across three distinct types of magnetic domain wall in ilm 70 
(Harrison et a/., 2005). The gradient of each profile is 
proportional to the in-plane component of the magnetic flux 
(eqn [15]). (a) A free-standing 1800 Bloch wall. The solid line 
is a least-squares fit to the observed profile, obtained by 
using eqn [24] and yielding a wall width of 19 nm. (b) A 1800 

'chemical' wall that is coincident with an APB. The dashed 
line is a fit to the central portion of the wall, obtained by 
using eqn [24] and yielding a wall width of 7 nm. (c) A 00 

magnetic wall that is coincident with the same APB as in (b). 
The slope of the phase profile has the same sign on either 
side of the wall, indicating that the direction of 
magnetization is the same. The solid line is a fit to the profile, 
obtained using eqn [26] and yielding a wall width of 30 nm. 

length scale (i.e., a length scale that is much larger 
than that of the crystalline lattice but smaller 
than that of a magnetic domain). Micromagnetic 
models treat magnetization as a classical, continuous 
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vector field in space. The energy of the system is 
described by a number of macroscopic constants, 
whose values can be derived from their microscopic 
equivalents (eqn [2]). Micromagnetic simulations of 
magnetic minerals have progressed rapidly from one
dimensional (Moon and Merrill, 1984, 1985; Moon, 
1991) to two-dimensional (Newell et at., 1993; Xu 
et aI., 1994), and finally three-dimensional (Schabes 
and Bertram, 1988a, 1988b; Williams and Dunlop, 
1989, 1990; Wright et aI., 1997; Fabian et aI., 1996; 
Williams and Wright, 1998) models of homogeneous 
isolated single crystals with simple geometric shapes. 
The recent application of finite element/ boundary 
element methods (FEM/ BEM) to micromagnetic 
simulations now allows the simulation of heteroge
neous, polycrystalline systems that have complex and 
realistic morphologies (Fidler and Schrefl, 2000). In 
addition, substantial progress is being made in the 
application of micrornagnetic simulations to the 
study of magnetostatic and exchange interactions 
between arrays of closely spaced magnetic particles 
(Muxworthy et aI., 2003a; Muxworthy et aI., 2004; 

Carvallo eta/., 2003). 

2.20.4.1 Theory 

We begin by summarizing the basic principles of 
micro magnetics, as applied to rock magnetic pro
blems. For detailed reviews of the technical aspects 
of micromagnetic simulations, the reader is referred 
to Brown (1963), Wright et al. (1997), Fabian et al. 

(1996), and Fidler and Schrefl (2000). 

2.20.4.1.1 The micromagnetic energy 
Micromagnetism is a continuum approximation, in 
which the magnetization of a particle is taken to be a 
continuous function of position: 

(

r.l') (COS((P)SiIl (f))) 
M(r) . . . 

m(r) = M , = fJ = Sill (cp)SIIl (I.J) 

I cos(l.J) 

[27] 

where m is a unit vector parallel to the magnetization 
direction M at position rand Ms is the saturation 
magnetization. The direction of m is defined either in 
terms of direction cosines Ct, (3, and ~( or in terms of 
the polar coordinates ¢ and e. M represents the local 
average of many thousands of individual spins. 

Minimization of the microscopic exchange energy 
(eqn [1]) requires m to be uniform throughout a 
grain. Deviations from uniform magnetization at the 
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macroscopic length scale impose deviations on the 

angles between adjacent spins at the atomic scale. On 

the assumption that these angular deviations are 

small, the macroscopic exchange energy can be 

expressed in the form of a truncated Taylor expan

sion of eqn [1 J: 

Eex = A ! (Vm)2 cl V 
.1 

[28] 

where the exchange constant A is related to the 

atomistic exchange integrals and V is the volume of 

the particle. T he exchange energy is positive wher

ever gradients in the macroscopic magnetization 

occur (e.g., within domain walls) and zero wherever 
the magnetization is uniform (e.g., within domains). 

Since the angular relationship between the atomic 

spins and the net magnetization is fixed, the macro

scopic expression for the magnetocrystalline 

anisotropy energy is equivalent to that in eqn [2J. 
For unixial anisotropy this expression is 

E" = - 1 K(m·e)'clV [29] 

while for cubic magnetocrys talline anisotropy, the 
expressIOn IS 

E" = ! [Kl (0' 3' + .3', ' + ~/ (}) + K, o ' 3' ~/] cl V [30] 
.1 

Similarly, the macroscopic expression for the mag

netostatic energy is equivalent to that in eqn l2J: 

FI; = - !LoJl!ls l He" . m cI V [31 ] 

where He" is the applied magnetic field. 
Calculation of the demagnetizing energy is the 

most challenging and computationally intensive 

part of any micromagnetic simulation. A macroscopic 

expression for the demagnetizing energy (eqn l3 J) 
can be formulated in terms of the demagnetizing 

field, Hd(r ), which is the sum of the magnetic fields 

at position r created by all of the magnetic moments 

in the particle: 

[32] 

A general method for calculating Rd follows from 
Maxwell's equations in a current-free region with 

static electric and magnetic fields: 

v x H = 0 

V' B = ~oV' (H + M) = ° 
[33] 

[3-1-] 

From eqn [33], it follows that the magnetic field , 

H = HeX( + H d, can be described as the gradient of a 
magnetic scalar potential, ¢: 

H = -V9 [35] 

By rearranglllg eqn [34], one obtains Poisson's 

equation 

V ' 6 = V'M [36] 

Outside the particle, M is zero, and eqn [36J reduces 

to the Laplace equation 

[37] 

The general solution to eqn [36J is of the form 

¢(r) = ~ [j' p(r'~ clV' + l a(r'~ ciS'] [38] 
-hi . Ilr-r 1 .Js Ir-r 1 

where p (r) = - \7 . M is the density of magnetic 

volume charges due to nonzero divergence of the 
magnetization within the interior of the particle, 

and CJ (r ) = M . Ii is the density of magnetic surface 

charges due to the component of magnetization nor

mal to the particle surface (Ii) . 
The total energy of the system is the sum of 

exchange, anisotropy, magnetostatic, and demagne

tizing energies: 

[39] 

Important energy terms that are missing from eqn 

[39J include the magnetoelastic energy arising from 
the stress fields surrounding dislocations and other 

lattice defects and the magnetostrictive self-energy 

associated with the elastic strain of an inhomogen

eously magnetized particle. for a mineral such as 

magnetite, magnetostriction can be neglected for par

ticles that are smaller than ~6 ~l1n (R ubert, 1967). 
The inclusion of magnetostriction into micromag

netic models of titanomagnetite is discussed by 

fabian and Heider (1996). 

2.20.4.1.2 Discretization of the 
micromagnetic energy 
Although micro magnetism is a continuum approach, 
numerical calculation and minimization of the total 

energy (eqn l39J) requires discretization of the 
volume that describes the object of interest. The 

most common approach is to divide the object into 
a three-dimensional mesh of cubic elements. Each 

element is assigned a magnetization vector at its 

center (eqn [27]) and is assumed to be magnetized 
homogneously. The elements must be large enough 
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ro average om the discrete effects of the crystalline 
lattice (i.e., they should be significantly larger than 
the unit cell size), yet small enough that the angular 
differences between the magnetization directions of 
adjacent cubes are smaller than "'-'15 0 (Williams and 
Wright, 1998). This upper limit is imposed by the use 
of a truncated Taylor expansion for the exchange 
energy (eqn [28]), which assumes that the gradient 
of the magnetization is small. Assuming that the 
magnetization varies most rapidly at domain walls 
(w hich have a width of"'-'100nm wide in magnetite), 
and that approximately 4-10 elements are required 
over this distance ro obtain an accurate value for the 
exchange energy, the maximum element size is of the 
order 10- 25 nm. Larger element sizes can be used in 
cases where the magnetization remains f~lirly uni
form, and also if the primary interest is in 
examining the effects of magnerostatic interactions 
between particles rather than the magnetization 
states of individual particles (Muxworthy et al., 

2003a). A minimum of two elements per exchange 

length, I = J AI 1(" where Kd = fJoMi/2, is usually 
recommended (Rave et at., 1998). 

The exchange, anisotropy, and magnerostatic con
tributions ro the rotal energy (eqn [39J) are functions 
of the local magnetization and its derivatives. After 

discretization of the particle volume, these terms are 
readily calculated using finite difference (FD) meth
ods (Wright et at., 1997). 

Calculating the demagnetizing energy, however, 
involves summing over contributions from all elements 
in the system. The assumption that each element 
is magnetized uniformly (i.e., that \7 . M = 0) eliminates 
the volume-charge contribution ro the magnetic scalar 
potential (the first term in eqn [38]) and reduces the 
problem ro summing the surface-charge contributions 
from the faces of each element. The calculation can be 
simplified h.mher by transforming eqn l38J inro a pro
duct of spatial terms (i.e., terms that depend only on the 
geometric relationship between pairs of elements) and 
angular terms (i.e., terms that depend on the direction of 
magnetization within each element). The demagnetiz
ing energy can then be expressed in the form 

[40] 

where WI'!! III are spatial coefficients (evaluated using 
the method of Rhodes and Row lands 1954), 0: and ,3 
are angular terms corresponding ro the charges of 
different faces of each element, and N is the number 
of elements (vVright et at., 1997) . The spatial terms 
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can be evaluated once at the start of the simulation 
and srored in a look-up table. The summation can be 
accelerated greatly using fast fourier transform 
(rrT) methods, whereby eqn [40J is rewritten as a 
convolution and summed in frequency space (Fabian 
et al., 1996; Wright et al., 1997). 

The rotal energy must be minimized in order ro 
obtain the equilibrium magnetization state of the 
object. Dynamic approaches make use of the LLG 
equation of motion (eqn [5]) , and are particularly 
suitable for the study of magnetization reversal pro
cesses. Alternatively, conjugate gradient (Fabian et at., 
1996; Wright et at., 1997), Monte Carlo (Kirschner 
et at., 2005), or simulated annealing (Thomson et at., 
1994; Winklhofer et at., 1997) methods may be used. 
Whereas simulated annealing and Monte Carlo meth
ods are typically used ro find the magnetic domain 
state that corresponds ro the absolllte energy mini 
mum (AEM) of the object, the use of LLG and 
conjugate gradient techniques typically results in the 
determination of magnetic domain states that repre
sent local energy minima (LEM). The LEM state that 
is obtained depends on the initial state of the particle. 
Simulations typically start with the smallest particle 
size, which is initialized with a uniform magnetization 
state in a chosen direction. The final magnetic struc
ture obtained for that particle size serves as the initial 
guess for the next, slightly larger, particle size. In this 
way, systematic changes in domain structure as a 
h.lIlction of particle size and shape can be determined. 

2.20.4.1.3 Finite element discretization 
Most naturally occurring magnetic particles have irre
gular morphologies. Discretization using a regular 
array of cubes provides a poor description of noncu
boidal grain shapes (Figure 31). Curved boundaries 
are approximated simply by assigning a value of 
M = 0 ro certain elements of the regular cubic array 
(,cell blanking'). The finite -difference discretization of 
a sphere shown in Figure 31(a) has a highly stepped 
surface, which may result in magnerostatic artifacts 
that can drastically alter its predicted magnetic 
domain structure, behavior, and stability. 
Improvements ro this approach can be made by assign
ing values of M according ro the volume fraction of 
each element that is enclosed by the true particle 
volume (Witt et at., 2005). Tn this way, elements that 
occur entirely within the particle have M = M" ele
ments entirely outside the particle have M = 0, and 
those at the boundary have 0 < M < M s. State-of-the
art micromagnetic simulations involve the use offinite 
element methods (rEMs) ro simulate magnetic 
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(a) (b) 

Figure 31 Discretization of a spherical particle using (a) 
regular array of 343 cubic elements (including blanks) and 
(b) finite element mesh of 60 tetrahedra (image courtesy of 
W. Williams). 

domain structure in complex geometries (ridler and 
Schrefl, 2000). Efficient discretization is then carried 

out using a combination of triangles, squares, and 
rectangles (in two dimensions) or tetrahedra, cubes, 
and hexahedra (in three dimensions). An rEM discre

tization using 60 tetrahedral elements (Figure 3l(b)) 
provides a much better representation of a sphere than 
the finite difference discretization using 343 cubic 

elements (Figure 31(a)). Finite element models 
reduce magnetostatic artifacts tbat originate on grain 
surf~lCes drastically. Tn order to determine the demag

netizing energy when using FEMs, each node of the 

finite clement mesh is associated with a value of the 
magnetic scalar potential. Values of ¢ are determined 

by solving Poisson's equation (eqn [36]) inside the 
particle and Laplace's equation (eqn [37J) outside the 
particle, subject to the following boundary conditions 
(J:'idler and SchrefJ, 2000): 

¢illt = [41 ] 

(a) (b) 

Because FEMs do not require the use of a regular 
periodic array of nodes, it is possible to adapt the 
mesh to better suit a given pattern of nonuniform 
magnetization . ror example, it is more efficient to 

have a high density of nodes in regions where the 
magnetization varies rapidl y and a low density of 
nodes in regions where the magnetization remains 
uniform. Adaptive mesh algorithms actively modify 
the finite clement mesh in response to the changing 
magnetization state of the system and guarantee that 
accurate solutions are obtained near magnetic inho
mogeneities or domain walls, while keeping the 
number of elements to a minimum (ridler and 
Schrefl, 2000; Scholz et al, 1999). 

2.20.4.2 Applications of Micromagnetic 
Simulations 

2.20.4.2.1 Equilibrium domain states in 
isolated magnetite particles 
High-resolution micromagnetic smdies of isolated 
cuboidal magnetite particles in the size range from 
10 nm to 4 ~lm have been performed by vVilliams and 
Wright (1998), Fabian etal. (1996), and Witt etal. (2005 ) 
using FFT -accelerated fInite difference methods com
bined with conjugate gradient energy minimization 

(W right et al, 1997). The domain states that are found 
to be stable in cubic particles in the size range 
10-400 nm are (1) a unifimnly magnetized SO state; 
(2) a flower (F) state (Figure 32(a)); and (3) an SV state 
(Figure 32(b)). Fabian et al. (1996), Winklhofer et al 
(1997), and Witt et at (2005) demonstrated that a 
double-vortex (OV) state (Figure 32(c)) exists as an 
LEM state in cubes that are larger than 300 nm, 
although the appearance of this state appears to be 
senSItIve to the precision used in the simulations. 

(c) 

Figure 32 Calculated domain states occurring in cubic grains of magnetite at room temperature for a grain with edge length 
of 120 nm (a) single domain (flower state), (b) single vortex state, and (c) double vortex state. The [001] axis aligns with the 
z-axis of the cube. It was necessary to constrain (c) for a 120 nm cube. Reproduced from Muxworthy AR, Dunlop OJ , Williams 
W (2003b) High-temperature magnetic stability of small magnetite particles. Journal of Geophysical Research 108: 2281. 
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Both F and SV states reduce the component ofmagne

tization normal to the particle surface, thereby reducing 

the demagnetizing energy (eqn [38]). Although F states 

are not magnetized uniforml y, they still obey the N eel 

(1949) SD theory of thermoremanent and viscous 

remanent magnetization. For this reason, SD and 

F states are often referred to interchangeably. 

The variation in the totalmicromagnetic energy of 

a magnetite cube with particle size is illustrated in 

Figure 33 (Muxworthy et at., 2003b). The starting 

configuration was a 50 nm cube with uniform magne

tization . This SD state relaxes to an F state, which is 

then used as the starting configuration for the next 

largest particle. The F state remains (meta)stable up 

to a particle size of 96 nm. Above this critical size, it 

relaxes spontaneously to an SV state that has a much 

lower energy. If the S V state is stud ied as a fu nction of 

gradually decreasing particle size, then its energy 

intersects that of the F state at a particle size of 

64 nm. Hence, 64 and 96 nm correspond to the lower 

and upper limits for the sizes of isolated magnetite 

cubes that can support metastable F states. Above a 

particle size of 64 nm, the S V state represents the 

stable AEM state of the particle. The F state can 

exist, however, as a metastable LE!\1 state up to a 

particle size of 96nm. On decreasing the particle 

size, the SV to F state transition is continuous, corre

sponding to a gradual 'unwinding' of the vortex 
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Figure 33 Calculated micromagnetic energy density of a 
magnetite cube as a function of edge length d for an initial 
SO configuration at room temperature (Figure 32(a)). The 
grain size was gradually increased until the SO structure 
collapsed to a vortex structure at do max = 96 nm. The 
size was then gradually decreased until a SO state formed 
at do min = 64 nm. Reproduced from Muxworthy AR, 
Dunlop OJ , and Williams W (2003b) High-temperature 
magnetic stability of small magnetite particles. Journal of 
Geophysical Research 108: 2281 . 
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(Williams and Wright, 1998). There is close agree
ment between different micromagnetic studies 

regarding the lower limit of SV stability (64-70 nm) 

but significant variation regarding the upper limit 

(96-22 0 nm) (Fabian et at., 1996; Williams and 

Wright, 1998; Muxworthy et at., 2003b; Witt et at., 
2005). The lower limit is defined strictly as the parti

cle size at which the absolute energies of the two 

alternative states become equal, whereas the upper 

limit is determined by the disappearance of the 

energy barrier separating two states that have very 
different energies. The latter transition is sensitive to 

the precision of the calculation and the method used 

to determine the energy minimum, and is therefore 

subject to more variation from study to stud y. 

A gradual transition to classical MD states occurs 

for particle sizes in the range 1-4 flm. This transition, 

described in Figure 34, is characterized by (Williams 
and ·W right, 1998): ( I) an alignment of the near-sur

face magnetization parallel to the particle surface; 

(2) an alignment of the magnetization with the mag

netocrystalline easy axes (or the projection of the 

easy axes on the particle surface); (3) an increase in 
the fraction of the particle volume occupied by 

regions of uniform magnetization; (4) a decrease in 

the size, together with a more domain-wall-like 

appearance, of the nonuniformly magnetized regions; 

(5) tilting of vortex cores away from [001], allowing 

larger regions of magnetization to point along the 

magnetocrystalline easy axes; and (6) vortex cores 
in larger particles becoming nucleation centers for 

domain walls. 

The magnetic structures of noncuboidal particles 

have been investigated using a modified version of 

the cell-blanking technique by Witt et at. (2 005). 
The equilibrium SD- SV threshold size in isolated 

particles with octahedral morphology was found to 
be d = 88 nm, identical to that observed for cubic 

particles (d is defined here as the the diameter of a 

sphere with the same volume as the particle). 
The similarity between the equilibrium SD- SV 

threshold size of cubes and octahedra is not sur

prising, since they have identical demagnetizing 

factors. There is a large difference, however, in 

the upper size limit for metastable SD states 

(d = 320 nm for octahedra versus d = 160 nm for 
cubes). This difference is illustrated further in 

Figure 35, in which the lower and upper limit of 
stability for F states in cuboid (Figure 35(a)) and 

non cuboid (Figure 35(b)) particles are compared. 

The particle morphologies that were used to pro

duce Figure 35(b) are similar to those observed in 
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Knot 
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Magnetization parallel to grain surface 

Figure 34 The magnetization structure of a 1 ,lm cubic grain of magnetite with lines indicating the positions of major domain 
boundaries. The top surface shows a domain wall which is nucleated on a vortex core (labeled a knot in the diagram). The 
center of the grain is dominated by domains aligned toward an easy magnetocrystalline anisotropy axis, and the 
magnetization of the surface lies in the plane of the surface to reduce the magnetostatic free pole energy. Reproduced from 
Williams W, and Wright TM (1998) High-resolution micromagnetic models of fine grains of magnetite. Journal of Geophysical 
Research 103: 30537-30550. 

many magnetotactic bacteria (Figure 35(c)), and 
are elongated along a < 111 > crystallographic direc
tion. The shaded areas in Figures 35(a) and 35(b) 
show the range in the size and aspect ratio of mag
netite crystals in natural magnetotactic bacteria that 
have this morphology (Petersen et it!., 1989). A sig
nificant proportion of these particles lies above the 
upper limit of stability for F states predicted for 
cuboidal particles (Figure 35(a)). Tn cuboidal parti
cles, magnetostatic interactions along the bacterial 
chain would be required to prevent the formation of 
vortex states. All of the particles, however, lie within 
the stability limit for F states for the more realistic 
particle morphologies (Figure 35(b)), implying that 
magnetostatic interactions ma y not be required to 
stabilize such states in large naturally occurring 
bacterial magnetosomes. The stabilization of F 
states in magnetosomes results in part from the 
elongation of the particles along < 111 > (so that 
magnetocrystalline and shape anisotropies act in 
unison ) and in part from the more rounded ends of 
the crystals (w hich inhibit flowering and reduce the 
tendency to de-nucleate the F state). Nonuniform 
magnetization states have been observed in large 
magnetite magnetosomes using electron holography 
(McCartney et it!., 2001). 

2.20.4.2.2 Temperature dependence of 
domain states in isolated particles 
The temperature dependence of magnetic domain 
states, and the thermal relaxation properties of SI) 
and PSI) particles, are of central importance to the 
theories of thermoremanent and viscous remanent 
magnetization (Neel, 1949). Most micromagnetic 
simulations are designed to minimize the internal 
energy of the system (eqn [39]) rather than its 
Gibb's free energy. Consequently, the effective 
temperature of the simulations is 0 K, and the effects 
of entropy and thermal fluctuations are neglected. 
There are several ways of incorporating temperature 
into micromagnetic simulations. A basic approach, 
which neglects thermal fluctuations, is to use 
temperature-dependent values of A, K, and j\1, in 
the calculation of the internal energy (Muxwonhy 
and Williams, 1999; Muxworthy et it!., 2003b). The 
temperature dependencies of A, K, and M, in magne
tite are given by Heider and Williams (1988), 
Fletcher and O'Reilly (1974), Abe et itl. (1976), 

Bickford et it!. (1957), Pauthenet and Bochirol 
(1951), Belov (1993), and Muxworthy 
and McClelland (2000). This approach allows the 
temperature dependence of equilibrium domain 
states to be determined, but may incorrectly predict 
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Figure 35 Calculated regions of stability and metastability of the SD state for magnetite. (a) Results for cuboidal particles. 
(b) Results for particles with morphologies similar to those seen in some strains of magnetotactic bacteria (c). Displayed is the 
SD-PDS transition as a function of width over length of the respective particles. The shaded area delineates microscopically 
observed magnetosome shapes (Petersen et a/., 1989). The dashed area corresponds to the calculated region where flower 
states are metastable. Above this area, the SD state is unstable and cannot persist. Parts (a) and (b) reproduced from Witt A, 
Fabian K, and Bleil U (2005) Three-dimensional micromagnetic calculations for naturally shaped magnetite: Octahedra and 
magnetosomes. Earth and Planetary Science Letters 233: 311-324. Part (c) from Bazylinski DA, and Frankel RB (2004) 
Magnetosome formation in prokaryotes. Nature Reviews Microbiology 2: 217-230. 

the existence of LEM states that would be unstable 
in the presence of thermal fluctuations. Thermal 
fluctuations can be incorporated into micromagnetic 
simulations by adding a random thermal field to the 
effective fIeld (eqn l6J) and then determining 
the dynamic response of the system using the LLG 
equation (eqn [5J) (Fidler and Schrefl , 2000; Scholz 
et al., 2001). Alternatively, Monte Carlo methods 
can bc uscd (Kirschncr et al., 2005). Atomistic 
Monte Carlo simu lations (see Section 2.20.2.2.1 ) are 
first used to determine the equilibrium spin config
uration at a given temperature. The value of 1M, to be 
uscd in thc micromagnctic simulations is thcn 
obtaincd by avcraging thc spin configuration ovcr 

thc volumc of onc micromagnctic clcmcnt. 
Thereafter, nonatornistic Monte Carlo techniques, 
analogous to those described in Section 2.20.2.2.l, 
arc uscd to dctcrminc thc cquilibrium domain statc 
of the micromagnetic model. 

The lower and upper limits for the sizes of meta
stable F statcs in cubic magnctitc particlcs at high 
temperatures are illustrated 1Il Figure 36 
(Muxworthy et al. , 2003b). The equilibrium SO- SV 
thrcshold sizc incrcascs from 70 nm at room tcmpcra
ture to approximately 90 nm close to the N eel 
temperature. The upper SO- SV threshold size 
increases from 96 to ~200 nm close to the N eel 
tcmpcraturc, considcrably cxtcnding thc sizc rangc 
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Figure 36 Calculated do max, do, and do min vs. tempera
ture for cubic grains of magnetite. Above do max only the 
vortex state is possible, whereas below do min, only the 
flower or SO state is possible. Between do max and do min it is 
possible for the grain to be in either state. Reproduced from 
Muxworthy AR , Dunlop OJ , and Williams W (2003b) High
temperature magnetic stability of small magnetite particles. 
Journal of Geophysical Research 108: 2281 . 

over which merasrable F srares can exist. The SD- SV 

rhreshold size ar low temperature (below rhe Verwe y 

rransirion ) has been explored by Muxwonh y and 

Williams (1999). The large increase in rhe magnirude 

of rhe magne(Ocrysralline anisorropy ar rhe Verwey 

rransirion (Muxworth y and McClelland, 2000) stabi

lizcs thc SO statc with rcspcct to thc SV statc, 

increasing rhe lower SD-SV rhreshold size (0 

140 nm at 110 K. Howcvcr, rhc incrcasc in magnc(O

crysralline anisarropy also increases considerably rhe 

heighr of rhe energy barrier rhar separares rhe SD and 

SV srares, increasing rhe probabiliry of panicles 

becoming rrapped in a merastable SV srare on cooling 

be low rhe Verwey rran sirion. 

Tn ordcr to calcularc thc rhcrmal rclaxation prop

cnics of SO and PSO paniclcs, ir is ncccssary to 

derermine rh e magnitudes of rhe energy barriers 

rhar separare differem LEM stares. These values 

can bc calculatcd using constraincd micromagncric 

simulations (Enkin and Williams, 1994; Winklhofer 

et ai., 199 7; Muxwonh y et ai., 2003b). Tn an unU)!l

srrained simularion, rhe magneric momenrs of all of 

thc elcmcnrs arc allowcd (0 vary, so rhat rhc sysrcm 

evol ves (Oward rhe nearesr LEM srare (Figure 33 ). ln 

a consrraincd simularion, rhc sysrcm is forccd to 

adopr a non-LEM srare by fixing rhe orienrarions of 

rhe magneric momems in some of rhe elemems dur

ing rhe simularion (Figure 37). For example, by 

consrrallllTlg rhe momenrs on opposire faces of a 

cuboidal panicle to be eirher parallel or anriparallel, 
ir can be forced (0 adopr an F or an SV srare, respec

rively (Figure 37(a)). Figures 37(b) and 37(c) show 

rh e calculared energy of a particle wirh an aspect 
rario 1.2 as rhe momenrs on opposite faces are rorared 

independenrly of each orher rhrough 360° 
(Muxwonh y et ai., 2003b). Ar n oc (Figure 37(b)) 

rhc SV sratc is rhc AEM sratc, and rhcrc arc two 

nondegenerare SD LEM srares ar 90° to each other. 

The SD stare wirh the lower energy is magnerized 
parallel (0 rhe elongation direcrion of rhe panicle. 

This srare becomes rhe AEM srare ar 567°C 

(Figure 3 7( c) ). Thc cncrgy barricrs thar scparatc 

degenerare AEM srares are illusrrared in Figure 38 

for rwo differem p article sizes and aspecr ratios 

(M uxwonh y et at., 2003b). The rela xarion rime of 

such a panicle is relared to rhe heighr of rhe energy 
barrier, F.p, (Winklhofer et ai. 1997): 

( Fd'l') ) 
T = TO cxp kg T [43] 

where TOI (rv I0~- 10 1o Hz; McNab eud, 1968) is rhe 

frcqucncy ar which rhc paniclc ancmprs (0 swirch irs 

magnerization direcrion. The dashed lines III 

Figure 38 represent rhe blocking of reman em magne

rizarion on laboratory (fp, rv 25 kg T) and geological 

(F.p, rv 60 kg T ) rimescales. The figure illusrrares rhar 

blocking is more a funcrion of rhe rapidly increasing 

cncrgy barricr hcight on cooling, rathcr rhan of rhc 

dccrcasc in rhcrmal cncrgy. 

2.20.4.2.3 Field dependence of domain 
states 
Thc cffcct of an cxtcrnal ficld can bc includcd 

in micromagnctic simulations via cqn [32 ], and uscd 

to study hysteresis properties (Williams and Dunlop, 

1995) and re versal mechanisms (E nkin and Williams, 

1994) of indi vidual PSD panicles, rhe acquisirion 
of saturarion isorhermal remanenr magnetizarion 

(STRM) and rh e rmoremanenr magnerizarion (TRM) 

(Winklhofcr et ai., 1997; Muxwonhy and Williams, 

1999; Muxworth y et ai., 2003b), and to calculare rhe 
firsr-order re versal curves (FORCs) for barh isolared 
grains and arrays of panicles (Carvallo et at., 2003; 
Muxwonh y et at., 2004; Muxwonhy and Williams, 

2005; scc Sccrion 2.20.5 ). Hystcrcsis loops arc 
rypically obtaincd by calculating a succcssion of 

quasi-s taric magnetic srares, as the field is increased 

and decreased in a srepwise manner (Williams 
and Dunlop, 1995). This approach is valid so 
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Figure 37 (a) Schematic of the constrained micromagnetic simulation . A number of cells at the top have their magnetization 
constrained to a direction 01 in the x-y plane, while another set of cells at the bottom are constrained to a direction O2 also in 
the x-y plane. 81 and 82 are set to angles between 0" and 360° at regular intervals. The energy is minimized with respect to the 
magnetization direction of all the other cells. Energy surfaces for a grain with edge 120 nm and aspect ratio 1.2 at (b) room 
temperature and (c) just below Te. As the grain is asymmetric, there are hard (SDh) and easy (SDe) magnetic directions. 
Favorable vortex structures are also marked. Reproduced from Muxworthy AR, Dunlop DJ, and Williams W (2003b) High
temperature magnetic stability of small magnetite particles. Journal of Geophysical Research 108: 2281. 

long as the damping of gyromagnetic precession 
(eqn [5]) is much more rapid than the rate of 
increasing/ decreasing field. PSD particles containing 
vortex states are observed to reverse their magneti
zation dircctions by a combination of gradual 
rotations of thc outcr momcnts and discontinuous 
reversals of the core moments (Williams and 
Dunlop, 1995). 

2.20.4.2.4 Magnetostatic interactions 
between particles 
Electron holographic observations of closely spaced 
particlcs (scc Scction 2.20.3.3.3) highlight thc funda
mcntal importancc of magnctostatic intcractions in 
determining the macroscopic properties of rocks and 
minerals. The complex problem of determining the 
collective behavior of interacting arrays of magnetic 
particles has recently been tackled uSlllg 

micromagnetic simulations (Muxworthy, et al., 

2003a). Muxworthy et at. (2003a) performed a sys
tcmatic study of saturation magnctization (Ms), 
saturation remanence (Mrs), coercivity (He), and 
cocrcivity of rcmancncc (Her) as a function of particlc 
size and spacing for regular three-dimensional arrays 
of cubic particlcs. Thc simulations wcrc pcrformcd 
for different anisotropy schemes (uniaxial versus 
cubic, aligned vs. random) to model a range of sce
narios that are likely to be observed in natural 
systems. The results can be summarized on a 'Day 

plot' (Day et al., 1977) of Mrs! Ais versus IIc,./ IIc 
(Figure 39). For widely spaced particles (i.e., when 
thc distancc bctwccn particlcs is grcatcr than 5 timcs 
their diameter), the effect of magnetostatic interac
tions is ncgligiblc, and thc ratios of Mrs/ Ms and 
Her/ He converge to the ideal values for non 
intcracting particlcs (Mrs! Ms = 0.5 and 0.87 for 
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Figure 38 Calculated energy barrier (EB) for magnetization 
reversal as a function of temperature for small particles of 
magnetite; two with d = 80 nm and aspect ratios of 1 and 1.4 
(closed and open circles, respectively), and two for 
d = 100 nm and aspect ratios of 1 and 1.4 (closed and open 
squares, respectively). The two dashed lines at EB = 60 kB T 
and 25 kB T represent the paleomagnetic and laboratory 
stability criteria, respectively. Reproduced from 
Muxworthy AR, Dunlop DJ, and Williams W (2003b) High
temperature magnetic stability of small magnetite particles. 
Journal of Geophysical Research 108: 2281 . 

randomly oriented uniaxial and cubic anisotropies, 
respecti vely; HCI/ He = 1- 1.5). As the spacing between 
the particles is decreased, there is a consistent 
decrease in Mrs! Ms and increase in Herl He> which 
moves the system gradually from the SD to the PSD, 
and ultimately to the MD, regions of the Day plm 
(Figure 39). This prediction is consistent with the 
observation of interaction 'su perstates' usi ng electron 
holography (Figure 27), which are responsible for 
the PSD- and MD-like behavior of closely-spaced 
SD particles in nanoscale intergrowths. The effect of 
interactions on the properties of larger PSD particles 
is much more complex, and can cause the system to 
adopt either more SD-like or more MD-like beha
vior, depending on the particle size, shape and 
spacing, and on the style of anisotropy. T his behavior 
results, in part, from a shift of the SD I SV threshold 
with increasing interactions: particles that would 
adopt SV states in the absence of interactions are 
able to adopt SD states when they are interacting 
strongly with neighboring particles. Micromagnetic 
simulations suggest that this effect occurs when the 
easy axes of neighboring particles are well aligned, as 
is the case for chains of magnetite particles in mag
netotactic bacteria (Figure 21 ) and for arrays of 
magnetic blocks formed by exsolution from an ulvos
pinel host (Figure 25). 
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Figure 39 MrsiMs vs. He/He (Day plot) for three different 
anisotropy assemblages of ideal SD magnetite grains; 
uniaxial (closed circles), cubic K1 < 0 (closed squares) and 
basal plane-uniaxial (open circles), with a range of 
interaction spacing 0 S; d S; 5, where d specifies the distance 
between adjacent particles in units of the particle width. For 
d = 5, particles are well separated and essentially 
non interacting. For d = 0 the particles are just touching. 
Some of the interaction spacings are marked. The effect of 
interactions is fairly consistent, so unmarked intermediate 
points have intermediate value of d. The anisotropy 
orientation of the assemblage is random. Reproduced from 
Muxworthy A, Williams W, and Virdee D (2003a) Effect of 
magnetostatic interactions on the hysteresis parameters of 
single-domain and pseudo-single-domain grains. Journal of 
Geophysical Research 108: 2517. 

2.20.5 Magnetism at the 
Macroscopic Length Scale 

Tn this final section, we review recent developments 
in the use of FORC diagrams to characterize the 
magnetic properties of rocks and minerals (Pike 
et aI., 1999). Until recently, hysteresis loops were the 
most widely used method of characterizing bulk 
magnetic properties (Roberts et at., 2000). However, 
parameters determined from hysteresis loops repre
sent bulk averages, and provide little information 
about the spectrum of coercivities and interaction 
fields that exist at the microscopic scale. The 
FORC diagram is a generalization of the well
known Preisach diagram (Preisach, 1935). The 
method requires the acquisition of many thousands 
of individual magnetization measurements, and has 
only been made possible by the advent of fiJlly auto
mated vibrating-sample and alternating-gradient 
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magnetometers (Flanders, 1988), which allow the 
rapid acquisition of magnetization data over a large 
range of temperatures and applied fields. 

2.20.5.1 Theory 

2.20.5.1.1 First-order reversal curves and 
the FORe distribution 
The definition of a first-order reversal curve is illu 
strated in Figure 40(a) (Pike et at., 1999; Roberts et at., 

2000). Each fORC measurement begins by saturat
ing the sample in a positive field. The external field is 
then decreased to some value, fl.] (the reversal field ), 
and the magnetization of the sample is measured as a 
fllnction of increasing field, HI" until positive satura
tion is reached again. A large number of FORCs are 
acquired for different reversal fields, in order to sam
ple the entire area enclosed by a standard bysteresis 
loop (Figure 40(b» Values of Ha and Hb are chosen 
to cover a regular grid in H({- Hb space (Figure 40(c», 
resulting in a magnetization matrix, M(H'I' Hb)' The 
fORC distribution is defined as the mixed second 
derivative of M(1-1a, Ilb) with respect to nand Ilb: 

(a) 

(e) 
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[4-+] 

Note that in some studies, eqn [44J is multiplied by a 
factor of 1/ 2 (e.g., Pike, 2003; Newell, 2005). It is 
customary (see Section 2.20.5.1.2) to define a new 
set of axes, I-Ie = (i-l({- I-lv) / 2 and 1-11/ = (1-1({ + Hb)/2 , 
as illustrated in Figure 40(c). The rORC diagram 
itself (Figure 40(d» is a contour plot of p(If" 1-11,), 
with He and Ill! on the horizontal and vertical axes, 
respectivel y (covering the region of the Ha- Hb plane 
enclosed by the pink rectangle in Figure 40(c». 

Tn order to calculate the FORC distribution at any 
point P, a least-squares fit to M(1-1a, 1-Ib) is performed 
over a grid of points surrounding P (illustrated by the 
blue square in Figure 40(c». The most common 
method used is that of Pike et al. (1999), in which 
the magnetization is fitted using a second-order poly
nomial fllllction: 

M(H.l ' ~,) = al + a2H.l + ad!': + tl4~' + asHl; 
+ (f(,Ha ~, [45 ] 

H(mT) 

(d) 

100 
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Figure 40 (a) Definition of a first-order reversal curve (FORC). (b) A set of FORCs for a sample of elongated SO 
maghemite particles at 20 K (reproduced from Carvallo C, Ozdemir 0, and Dunlop OJ (2004) First-order reversal curve 
(FORC) diagrams of elongated single-domain grains at high and low temperatures. Journal of Geophysical Research 109: 
B041 05). (c) Matrix of Ha and Hb values used to measure magnetization during a typical FORC measurement. FORC 
diagrams are usually presented using a rotated set of axes Hu and He, covering the area of Ha - Hb space defined by the 
pink rectangle. The blue square represents the region of Ha - Hb space used to fit eqn [45] to M(Ha, Hb) about a point P 
(SF = 2) . (d) FORC diagram derived from the curves in (b) (reproduced from Carvallo C, Ozdemir 0 , and Dunlop OJ (2004) 
First-order reversal curve (FORC) diagrams of elongated single-domain grains at high and low temperatures. Journal of 
Geophysical Research 109: B04105). 
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The value of the FORC distribution at P is then 

equal to -ar,. The size of the grid is defined by a 

smoothing factor, SF, such that the grid extends over 

(2Sr + 1/ points in the H{/- Hb plane. This method 
becomes inefficient as the total number of points in 

the M(f-l,], Hb) matrix increases. Heslop and 
Muxworthy (2005) describe an alternative algorithm, 

based on the convolution method of Savitzky and 

Golay (1964), which yields identical results but is a 

factor of 500 times faster. An increase in the SF leads 

to a smoothing of the FORC diagram. While some 

smoothing is necessary to reduce experimental noise, 
too much smoothing may undul y affect the form of 

the distribution. Heslop and Muxworthy (2005) 

describe a numerical test, based on examination of 

the autocorrelation function of the residual of 

observed and fitted va lues oU\1(Ha, J-~»), to determine 
the optimum value of SF. The optimum value 

depends on the resolution of the M( H,,, Hh) matrix, 

but values in the range 2- 5 are typically employed. 

Because the 1\;1(11.1' I1h) matrix does not extend to the 

He < 0 region (Figure 40(c) ), increasing SF leads to 
an increase in the number of points close to the Hu 
axis that must be extrapolated (Carvall o et aI., 2005). 
The need to extrapolate data can be overcome by the 

use of'extended' FORCs (Pike, 2003), as described in 

Section 2.20.5.1.3. 

2.20.5.1.2 Interpretation of the FORC 
diagram 
rORC diagrams provide an alternative method of 

measuring the Preisach distribution, which yields 

information about the spectrum of coercivity and 

interaction fields within a sample (Preisach, 1935; 

Mayergoyz, 1991 ; Carvallo etal., 2005). The mathema
tical justification for using the Preisach model for 

interpreting rORC diagrams is described by Pike 

et al. (1999) and illustrated schematically Figures 41 
and 42. The system is assumed to consist of a collec
tion of particles with either an irreversible 

(Figure 41(a)) or a reversible (Figure 41(b)) hys ter
esis loop (referred to as a 'hysteron'). Tn the absence of 

an interaction field , irreversible particles switch their 

magnetization direction at the coercive field ± 11c. In 
the presence of an interaction field the hysteron is 
shifted to either the left or right by an amount H,,, 

and switching now occurs at fields H.1 and Hh 
(Figure 41(c)). H.1 and Hh are related to the coercivity 

of the particle and the interaction field acting on it via 

fIe = (fl.] - 11b)/2 and Ill! = (fl.] + 11b)/2. Each irrever
sible particle contributes to the FORC distribution at 

the corresponding point in He - Hil space (Figure 42). 
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Figure 41 Magnetization as a function of applied field for 
particles with (a) irreversible and (b) reversible hysteresis 
loops. Irreversible switching occurs at an applied field of 
±He. (c) In the presence of a positive interaction field HOI the 
irreversible hysteresis loop is shifted to the left, and 
switching now occurs at applied fields Ha and Hb . (d) A more 
general curvilinear hysteresis loop, which contains both 
reversible and irreversible magnetization components, can 
be used to explain the existence of negative peaks in SO 
FORe diagrams (Newell, 2005). 

It is often assumed that the FORC distribution can be 

factorized into the product of two independent 

distributions: 

[46] 

where g(He) describes the distribution of coercivities 

and J(Hu ) describes the distribution of interaction 
fIelds. Carvallo et al. (2004, 2005) measured FORC 

diagrams for a series of well-characterized SD and 

PSD particles and found eqn [46] to be valid. 

Muxworthy et ttl. (2 004) and Muxworthy and 

Williams (2005) performed a similar test using 
FORC diagrams derived from micromagnetic simu

lations. Although they observed a slight va riation in 

He as a function of interaction strength, they con

cluded that eqn [46] provides a reasonable 

approximation for collections of SD particles with 
weak to moderate interactions. 

2.20.5.1.3 Extended FORCs and the 
reversible ridge 
Reversible magnetization of the form shown in 

Figure 41(b) is normally absent from the FORC 

distribution, as its contribution disappears on taking 

the second deri va tive ofM(H" ~»). This problem can 
be overcome by the use of 'extended rORCs' (Pike, 
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Figure 42 Form of the elementary reversible and irreversible magnetization cycles for different regions of the Ha-Hb plane. 
The gray area shows the region covered by a remanent Preisach diagram, the pink area is the region covered by a FORC 
diagram. 

2003; Pike et aI., 2005). The magnetization matrix 
M(II,,, lIb) is normally defined only in the region 
g, :::0: Ha (as shown by the grid points tn 
Figure 40(c) ). However, M(H,,, Hi» can be mathe
matically extended to cover the whole H(/- J-ft, plane: 

[47] 

By using M * rather than M in eqn [44] the standard 
FORC diagram is obtained for He> 0, and a ' rever
sible ridge' is added to the II" axis, describing the 
distribution of reversible magnetization in the form 

[48] 

Equation [48] describes the slope of the FORC with 
reversal field H", calculated at the point at which the 
FORC joins the major hysteresis loop (Pike et aI., 

2005). An example of an extended FORC diagram 
for a floppy disk recording material, including a 
profile of the reversible ridge, is shown 111 

Figure 43. Since both the reversible and irreversible 
components of magnetization contribute, the 
extended FORC distribution is properly normalized, 
such that the integral with respect to IIa and Ih) 
equals the saturation magnetization of the sample 
(Pike, 2003). 

2.20.5.2 FORe Diagrams as a Function of 
Grain Size 

2.20.5.2.1 SP particles 
The expected form of the rORC diagram for SP 
particles is discussed by Pike et al. (2001 a). Particles 
that are far above their blocking temperature have a 
reversible magnetization of the form shown in 
Figure 42(b) and do not contribute to a normal 
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FORe diagram (although the y would contribute to 

the reversible ridge of an extended FORe diagram ). 
Particles that are closer to their blocking tempera
tures show thermal relaxation of their magnetization 
state on a timescale similar to that of each FORe 
measurement step. This leads to contributions to the 
FORe distribution that peak around the origin and 
extend along the negative HlI axis (Figure 44). The 
form of the FORe diagram can be predicted using 
Neel's theory of thermal relaxation in SO particles 
(Pike et af., 2001a). 

2.20.5.2.2 SD particles 
The characteristic feature of SO FORe diagrams is a 
closed positive peak at He> 0 and HlI = 0 (Figures 
41(d) and 44). In addition, a negative peak close to 

the Illl axis with Illl < 0 is commonly observed. The 
negati ve peak has been attributed to particle interac
tions (Pike et af., 1999; Stancu et af., 2003). FORe 
diagrams derived from micromagnetic simulations 

(a) 

0 100 200 300 400 500 
He (mT) 

(b) 

i=" 
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-200 -100 0 

Hu (mT) 

Figure 43 FORC diagram for a Sony floppy disk sample, 
showing the reversible ridge at He = O. In the contour 
shading legend above the diagram, Max denotes the value 
of the FORC distribution at its 'irreversible ' peak located at 
about He = 90 mT. A negative region occurs adjacent to the 
vertical (He = 0) axis at about Hu = 85 mT. Note that the high 
density of vertical contour lines near the He = 0 axis makes 
the shading there appear darker than it really is. (b) A 
horizontal cross section passing though the irreversible 
peak at Hb = 5 mT. The ridge at He = 0 can also be seen in 
this plot. (c) A vertical cross section through the reversible 
ridge at He = O. Reproduced from Pike CR (2003) First-order 
reversal-curve diagrams and reversible magnetization. 
Physical Review B 68: 104424. 

o 20 
He (mT) 

Figure 44 (a) FORC diagram for an SP-hematite-bearing 
Aptian red-bed sample from the south of France (b) High
resolution FORC diagram for the lower left-hand portion of 
the FORC plane for the same sample. Reproduced from 
Pike CR, Roberts AP, and Verosub KL (2001 a) First-order 
reversal curve diagrams and thermal relaxation effects in 
magnetic particles. Geophysical Journal International 145: 
721-730. 
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demonstrate that the negative peak is an intrinsic 
feature of noninteracting particles, and that the size 
of the peak is enhanced by interactions (Muxworthy 
et at., 2004). The existence of a negative peak can be 
predicted by using a more realistic 'curvilinear' form 
of the hysteron (Figure 41(d); Pike, 2003; Newell, 
2005). Tn the Preisach model, the irreversible and 
reversible components of magnetization (Figures 
41(a) and 41(b) ) are completely independent. ror a 
curvilinear hysteron, however, the reversible compo
nent of magnetic susceptibility changes significantly 
as the particle switches from the upper (0 the lower 
branch of the loop. This coupling between the irre
versible and reversible components gives rise to a 
systematic decrease, for a given Hb < 0, in the slopes 
of the FORCs as l1a decreases (Muxworrhy et at., 

2004). This, in turn, translates (0 a negati ve contribu
tion to the FORC distribution. 

2.20.5.2.3 PSD particles 
rORC diagrams for PSD size magnetite particles are 
described by Muxworrhy and Dunlop (2002). FORC 
diagrams were measured for a series of synthetic 
magnetites with grain sizes varying from OJ- II 11m 
(Figure 45 ). Small PSD particles have SO-like 
rORC diagrams, characterized by a closed positive 

peak at n> 0 and l1u = 0 (Figure 45(a)). With 
increasing grain size, the position of the peak shifts 
to lower He values (Figure 45(b) ), and eventually 
moves to the origin (Figure 45(c) ). This shift in peak 
position is accompanied by a spreading of the dis
tribution 1Il the I-iu direction for small He 
(Figure 45(d)). Similar changes are seen as a function 
of temperature for particles of a fixed size. 

(a) (b) 
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2.20.5.2.4 MD particles 
Theoretical predictions and experimental measure
ments of the FORC diagrams for non interacting MD 
particles are described by Pike et at. (200lb). One
dimensional models of domain-wall pinning predict 
rORC diagrams consisting of perfectly vertical con
(Ours, with the value of the rORC distribution 
decreasing smoothly with increasing lIe- This model 
agrees well with experimental measurements on 
anneal ed (i.e., stress-free) magnetite sa m pIes 
(Figure 46). The vertical spread of the FORC fi.1llc
tion results from the fact that each particle contains a 
large number of pinning sites at which a domain can 
be trapped during the FORC measurement. These 
different pinning sites can be represented by an 
equivalent number of hysterons, which are spread 
out along the Hu axis by the self-demagnetizing 
field (Pike et at., 2001b). rORC diagrams for un an
nealed MD samples are similar (0 those observed at 
the upper end of the PSD range (compare, e.g., 
Figure 46(c) with Figure 45(d) ). 

2.20.5.3 Mean-Field Interactions and FORe 
Diagrams 

Tn the most basic form of the Preisach model, the 
distribution of interaction fields is assumed to be 
static. In reality, however, the field acting on a 
each particle is the sum of the stray fields created 
by all the other particles in the system, and will va ry 
as the overall magnetization of the system changes. 
Tn general, both the mean value and the standard 
deviation of the interaction field distribution (IFD) 
are functions of the net magnetization of the system 

(c) (d) 

o 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 

He (mT) He (mT) He (mT) He (mT) 

Figure 45 FORe diagrams for a series of synthetic PSO magnetite samples with grain sizes of (a) 0.3 ,lm, (b) 1.7 ,lm, 
(c) 7 pm, and (d) 11 pm. Reproduced from Muxworthy AR, and Dunlop OJ (2002) First-order reversal curve (FORC) diagrams 
for pseudo-single-domain magnetites at high temperature. Earth and Planetary Science Letters 203: 369-382. 
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Figure 46 FORC diagrams for a series of MD samples. (a) A sample of M80 transformer steel. (b) A 2 mm grain of magnetite, 
after annealing. (c) The same 2 mm grain of magnetite before annealing. (d) An unannealed 125 ,lm magnetite grain. 
Reproduced from Pike CR, Roberts AP, Dekkers MJ, and Verosub KL (2001 b) An investigation of multi-domain hysteresis 
mechanisms using FORC diagrams. Physics of the Earth and Planetary Interiors 126: 11-25. 

(the 'variable-variance moving Preisach' model). 

For example, if a collection of particles is fully 
saturated in a large magnetic field, each particle 

experiences the roughly the same mean interaction 
field and the standard deviation of the IFD tends to 

zero. In the demagnetized state, each particle will 

experience a different interaction field; the mean 
value of the TrD is now zero and the standard 
deviation is maximum . The constant of proportion
ality relating the mean interaction field to the net 
magnetization of the system is referred to as the 

'moving parameter' , a, which can be either positive 
or negati ve, depending on the geometry of the sys
tem (Stancu et al, 2001, 2003). Positive a implies 
that th e mean field has a magnetizing effect, and 
leads to a spontaneous mutual alignment of the 

particles. This case applies, for exa mple, to the 
chains of magnetite particles in magnetotactic bac
teria (Figure 21 ). Negative a implies that the mean 
field has a demagnetizing effect. T his case applies, 
for example, to perpendicular recording media (i.e., 

planar arrays of SD particles which ha ve their easy 
axes perpendicular to the plane). The FORe dia 
gram for such a system, composed of a 
perpendicular array of Ni pillars, is shown in 
Figure 47 (Pike et al , 2005). The 'wishbone' form 
of the FORe diagram has two main peaks: one 

occurring at low He and l-lu > 0, and one occurring 
at high He andHll = O. T he distance between these 
two peaks in the He direction yields information 
about the range of coercivities in the system. The 
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Figure 47 FORC diagram for a perpendicular recording 
medium, composed of a perpendicular array of Ni pillars. 
Reproduced from Pike CR, Ross CA, Scalettar RT, and 
Zimanyi G (2005) First-order reversal curve diagram analysis 
of a perpendicular nickel nanopillar array. Physical Review B 
71: 134407. 

displacement of th e first peak in the pos1t1ve Hu 
direction yields information about the strength of 
the mean-field demagnetizing interaction. 

2.20.5.4 Practical Applications of FORe 
Diagrams 

The FORe method has been applied in rock mag
netism as a method of characterizing the magnetic 
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mineralogy of natural samples (Roberts et at., 2000), 
identifying mixtures of soft and hard magnetic 

minerals (Muxworthy et at., 2005), and identifying 

magnetostatic interactions as a preselection tool 

for paleointensity studies (Wehland et al., 2005). 
Pan et at. (2005) have used FORC diagrams to deter

mine the strength of magnetostatic interactions 

III concentrated samples of magnetotactic 

bacteria (Figure 48). The FORC distribution 

has large SD-like peak centered on IIc ~40 mT and 

displaced slighrly in negative Hu direction. The 

vertical spread of the TFD has a FWHM of just 

6.3 mT, much lower than the ideal intra-chain 

interaction field of 60 mT. This observation demon

strates that the magnetosome chains are effectively 

behaving as elongated SD panicles, and switch as 

a single unit. In such cases, the interaction fields 

measured by the FORC method provide an 

indication of inter-chain and inter-cellular interac

tions. The small peak in the FORC distribution 

about the origin can be attributed to the smaller 

magnetosomes that commonly occur at the ends of 

the chain. 
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2.20.6 Summary 

Now is a very exciting time for the field of rock and 

mineral magnetism. The discovery of large-ampli

tude magnetic anomalies on Nlars (Connerney et at., 
1999, 2004; Acuna et al., 1999) has ignited a general 

interest in the effect of nanoscale microstructures on 

the origin and stability of planetary scale magnetic 

anomalies. Conventional wisdom - that these anoma

lies are due to the induced magnetization of multi

domain magnetite - is now being challenged in light 

of the Mars magnetic survey. Nlars no longer gener

ates its own magnetic field; the anomalies are purely 

remanent in origin - f~lithfi]lly recorded by magnetic 

minerals over 4 billion years ago (at a time when 

Mars did generate a field ) and maintained without 

significant decay until the present day. The minerals 

responsible for the anomalies on Mars - and how 

they maintain such strong remanence over time - is 

currently the subject of intense speculation. 

The techniques described in this review allow 

such problems to be tackled from both experimental 

and theoretical viewpoints, encompassing the entire 

(b) 

40 

30 

20 

10 

0 

-10 

-20 

-30 

-40 

-50 

-60 
0 0.2 0.4 0.6 0 .8 

x 10-10 

Figure 48 FORC diagram of a concentrated sample of magnetotactic bacteria. The FORC distribution of the MTB sample is 
bimodal with a broad maximum centered at 42 mT and a sharper peak towards the He = 0 axis. The latter is attributed to 
emerging magnetosomes at the chain ends. (b) Vertical profile through the high-coercivity peak of the distribution with mean 
half width field of 6.3 mT at He = 41 .4 mT. Reproduced from Pan Y, Petersen N, Winklhofer M, et al. (2005) Rock magnetic 
properties of uncultured magnetotactic bacteria. Earth and Planetary Science Letters 237: 311-325. 
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ran ge of length scales of interest, from atomIstic 

interactions to planetary-scale magnetic anomalies. 

Since the dominant carriers of stabl e natural rema

nent magnetization are SD particles with sizes in the 

range 30- 200 nm, techniques such as electron holo

graphy (Section 2.20.3 ) ha ve the potential to 
revolutionize th e way rock magnetic measurem e nts 

are made in th e h.lture. By using th e three-dime n

sional morphologies of magnetic nanoparticles, 

provided by electron tomography, as the input for 

finite element micromagnetic simulations (Section 

2.20.4), it is now possible to compare experimental 
observations and theoretical predictions directly. 

Differences between observed and calculated beha

viors are likely to be the result of atomistic effects at 

surfaces, interfaces, and defects. Ultimately, the 

application of atomistic simulations (Section 2.20.2 ) 
will permit the influence of such atomic-scale fea 

tures on standard rock magnetic anal ysis (Section 

2.20.5 ) to be determined. 
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