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SUMMARY
Models of uniaxial hard magnetic particles show that irregularly shaped grains possess
a considerable equilibrium remanence due to domain imbalance. This remanence
decreases approximately as L{1 with grain size L and is very stable with respect to
alternating ¢eld and thermal demagnetization. It is therefore likely to be a major source
of pseudo-single-domain remanence in rocks. Using the methods of domain theory, the
range of possible remanences in irregularly shaped uniaxial particles with less than ¢ve
domains is investigated. Even for slightly asymmetric particle geometries the remanence
decreases monotonically with grain size.Most two-domain remanences lie above 0.3Ms.
The behaviour of the domain imbalance moments seems to be largely independent
of details of the shape asymmetry. Since domain imbalance is a global equilibrium
remanence, local remanences due to wall pinning e¡ects can be superimposed with-
out destroying it. This can explain the fact that the remanence of pseudo-single-
domain particles appears to be a mixture of independent single- and multidomain-like
components.
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1 INTRODUCTION AND OVERVIEW

A fundamental task of rock magnetism is to understand
the grain-size-dependent magnitude and stability of magnetic
remanence in natural materials. Theoretical as well as experi-
mental investigations lead to the discrimination of four grain-
size regions which are more or less clearly separated by their
magnetic properties (Fig. 1). (i) Magnetic particles (here and
in the following `magnetic particles' means ferro- or ferri-
magnetic particles) show superparamagnetic behaviour if the
energy barrier between di¡erent magnetic states is easily
overcome by thermal activation energy. (ii) Homogeneously
magnetized particles which carry a thermally stable mag-
netization are called stable single domain (SD) particles. Even
though the transition size between superparamagnetic and
stable SD particles depends on temperature as well as on the
timescale of observation it is relatively clearly de¢ned. SD
particles are theoretically well understood. (iii) At very large
grain sizes, magnetic particles contain many magnetically
homogeneous domains which are separated by domain walls.
Such multidomain (MD) particles carry little or no remanence
since magnetizations of oppositely magnetized domains more
or less completely cancel each other. If some remanence in MD
particles remains, it results from restrictions on the movement

of domain walls such as domain wall pinning at dislocations or
inclusions.
It was a surprise to rock magnetists when experimental evi-

dence showed that there is no sudden change between SD and
MD behaviour, but rather a smooth transition which extends* Passed away in March 1999.
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Figure 1. Qualitative particle size classi¢cation with respect to
remanence as is customary in rock magnetism. SD particles are super-
paramagnetic at very small grain sizes and cannot carry remanence
due to thermal activation. Stable SD particles carry a high remanence,
whilst MD particles have a soft and relatively small remanence. In the
intermediate region the remanence decreases and shows characteristics
of both MD and SD particles. Since here the SD-like remanence
fraction is not assumed to be generated by SD particles, it is called
PSD remanence. For magnetite the logarithmic length scale ranges
approximately from 1 nm on the left to 1 mm on the right. Dark
regions indicate high remanence and light regions low remanence.



over a very large grain-size range. The magnetic remanence
in this transition region has SD-like as well as MD-like aspects
and was called `pseudo-single-domain' (PSD) remanence
by Stacey (1962). PSD remanence is of special interest in
rock magnetism since probably by far the largest part of
stable remanence in rocks (which contains palaeomagnetic
information) is carried by PSD particles. However, despite its
importance, there is still no generally accepted theory con-
cerning the nature of PSD remanence. In its appearance as
a mixture of SD-like and MD-like remanence components,
the SD-like part has not yet been identi¢ed beyond doubt.
In the following we summarize the main points of PSD
phenomenology which we are going to discuss later. A more
detailed compilation can be found in Section 12.2 of Dunlop
& Úzdemir (1997).
A very important property of PSD remanence is its

universality. PSD behaviour occurs in all kinds of magnetic
materials in a large transition size range between SD and
MD particles. A general theory of PSD remanence therefore
should not be based on special circumstances, which are
not ubiquitous in magnetic materials. In other words, PSD
remanence should have a simple and natural explanation.
The main rock magnetic e¡ect of PSD remanence is the

high intensity of weak-¢eld thermoremanent magnetization
(TRM) in particles above the theoretically predicted SD
threshold size d0. According to MD theory, a sudden drop in
TRM intensity should occur above d0, which is not observed
(Stacey 1962; Dunlop 1990). Moreover, the variation of TRM
with applied ¢eld is intermediate between theoretical predictions
for SD and MD particles. Also, the coercivity spectrum of
weak-¢eld TRM is similar to that of a mixture of SD and MD
components.
Saturation-induced remanentmagnetization (SIRM),Mrs/Ms,

as a function of grain size, L, approximately follows a power law.
For magnetite theMrs(L)/Ms data for grown crystals as well as
for crushed crystals show approximately a L{0:6 dependence.
However, the linear ¢t of the data set for crushed particles in
the bilogarithmic Mrs^L plot is shifted towards larger grain
sizes with respect to the ¢t for grown crystals (Dunlop 1995).
This is assumed to be an e¡ect of internal stress, which is more
prominent in crushed particles. Similar grain size and stress
e¡ects as for Mrs have been obtained for the coercive force Hc.
An interesting experimental result indicates that PSD

remanence in magnetite is composed of an SD-like and an
independent MD-like component. It concerns the behaviour
of the PSD remanence of magnetite with respect to low-
temperature demagnetization (LTD). The low-temperature
(LT) memory, which is the fraction of remanence that survives
a cooling^heating cycle through the isotropic point (&135 K
for magnetite; see Hunt et al. 1995), shows mainly SD-like
behaviour with respect to AF demagnetization, whilst the
remanence which was lost during LT demagnetization behaves
like that of MD particles during AF demagnetization (Dunlop
& Argyle 1991; Heider et al. 1992; McClelland & Shcherbakov
1995; Dunlop & Úzdemir 1997). Whilst the unblocking of TRM
also has separate SD- and MD-like aspects in PSD particle
ensembles, the experiments performed by Shcherbakova et al.
(1996) showed that pTRMs of LT demagnetized PSD ensembles
do not behave like SD particles.
Various theories have been proposed to explain the

above properties of remanent magnetization in PSD grains. All
of these theories are thoroughly reviewed and discussed in

Section 12 of Dunlop & Úzdemir (1997). Here we therefore
only brie£y summarize the main ideas that have been put
forward to explain parts or all of the PSD phenomenon:
Stacey (1963) proposed the theory of Barkhausen discrete-

ness in the position of the domain walls. He assumed that the
domain walls in small particles are magnetoelastically bound
to defects and only jump between such bound states. Since
in zero ¢eld the walls therefore cannot arbitrarily vary in order
to annihilate the magnetic moment, there remains an uncom-
pensated PSD moment. This theory is supported by the con-
sideration that magnetic screening in PSD and multidomain
(MD) grains may account for the observed high stability of
PSD remanence with respect to AF demagnetization (Xu &
Dunlop 1993). The weak point of this explanation is that it fails
to explain the SD-like part of PSD remanence as well as the
grain-size dependence ofMrs. In particular, the high coercivity
of small PSD particles, where magnetic screening is less
e¡ective, cannot be accounted for.
The theories of wall moments or `PSARKs' claim that

the major contribution to PSD remanence results from the
magnetization structure within domain walls (Dunlop 1977).
In particular, in small particles the domain wall occupies a
large portion of the grain (Dunlop 1973). Resulting moments
in two-domain grains have been calculated by Stacey &
Banerjee (1974). More rigorous 3-D micromagnetic calculations
for magnetite show that these moments result only from a
magnetization swirl which penetrates the particle and that
they decay very rapidly with increasing grain size (Williams &
Dunlop 1989, 1990; Fabian et al. 1996). The `PSARK' theory
thus has di¤culties in explaining the grain-size dependence of
Mrs. Moreover, in larger particles the interaction between wall
moments leads to an even faster decrease of the predictable
average Mrs as compared to experimental data.
Shcherbakov (1978) realized that the spontaneous remanence

carried by cubic uniaxial particles with an odd number of
domainsöthe existence of which was previously found by
Craik & McIntyre (1969)öcould account for PSD e¡ects.
He noted that while cubic particles with an even number of
domains do not carry bulk remanence, they may possess a
net moment due to their odd number of wall moments.
Dunlop (1983) investigated this domain imbalance theory in
more detail and combined it with the wall moment theory.
The problem of this combination is that the domain wall
moments decrease too fast, while, according to Shcherbakov
and Dunlop, the domain imbalance moments vanish com-
pletely for small (two- or four-domain) particles, which in
reality have large PSD remanence.
Banerjee (1977) proposes surface anisotropy as the pre-

dominant source of the high-PSD coercivity. The idea that
PSD moments are related to surface moments arises from
the observation that the characteristic properties (such as
Mrs or Hc) of PSD particles show approximately a L{1

decrease with grain size L. This trend corresponds to the
surface-to-volume ratio, and therefore surface e¡ects seem to
be the most natural explanation. However, the postulated
surface moments necessarily strongly interact with the volume
magnetization, which destroys the favourable L{1 grain-size
dependence of Mrs in a similar manner as in the case of wall
moments.
The nucleation theory of Halgedahl & Fuller (1980, 1983)

starts from domain observations, which show very di¡erent
states of remanence after AF demagnetization and high-¢eld
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hysteresis. They concluded that a major contribution to PSD
remanence is SD remanence from particles with a grain size
above the theoretical SD limit d0, which fail to nucleate domain
walls (or vortex centres). Assuming a Poisson distribution of
such metastable SD particles with grain size, they succeeded
in reproducing the grain-size dependence of Mrs. This theory
has been supported by the calculations of Moon & Merrill
(1984), Enkin &Dunlop (1987), Fabian et al. (1996) and others,
which show that micromagnetic particle models may still
have SD states as local energy minima above d0. However, in
pure magnetite particles the SD local energy minimum state
becomes unstable at some grain size above which SD particles
are then impossible (Fabian et al. 1996). Larger metastable SD
particles therefore must be stabilized by an additional mech-
anism (e.g. external or internal stress). Numerical results for
titanomagnetite indicate that in this case magnetostriction
might be an e¡ective mechanism to inhibit nucleation (Fabian
& Heider 1996). In any case, nucleation theory implies that the
particle ensemble is actually a mixture of SD andMD particles
and remanence is carried mainly by the SD fraction.
Sugiura (1988) proposed explaining PSD remanence

as originating from homogeneously distributed, but partly
screened, SD-like regions within magnetite grains which were
¢rst postulated by Verhoogen (1959). Even though this
theory could account for some of the puzzling properties of
PSD moments, there is no observational evidence to support
the ubiquitous existence of inner regions behaving like SD
particles in magnetic materials. Therefore, this theory cannot
explain the universality of PSD e¡ects. Moreover, the results
of Shcherbakova et al. (1996) seem to exclude true SD
moments as carriers of PSD remanence.
Here an alternative theory is presented to explain the

properties of remanence in PSD particles. This theory questions
an assumption that is implicitly made in all of the above theories,
namely the assumption that the natural undisturbed state of
a particle with one domain wall carries no bulk remanence. It
will be shown that this is generally not true. On the contrary,
almost all particles with one or more domain walls carry
bulk remanence of the domain imbalance typeöeven in their
absolute energy minimum.
In order to simplify the calculation of the demagnetizing

energy, theoretical investigations of two-domain or multidomain
particles have always used grain geometries with parallel
magnetically charged surfaces (symmetric geometry). A typical
symmetric geometry is shown in Fig. 2(a). However, compared
to observed geometrical arrangements in real particles (Fig. 3),
such symmetrical shapes are certainly highly idealistic. A
characteristic feature of all symmetric particle geometries is
that, independent of the speci¢c wall energy c0, the remanence
of the two-domain state is zero. In more irregularly shaped
grains like that in Fig. 2(b), the wall area is a function of
wall position. It is therefore obvious that with increasing c0
the wall will shift towards a position with less area A, thereby
decreasing the total wall energy c0 A while increasing the
demagnetizing energy by generating additional remanence. It
is less obvious that even in the case where the wall energy
is negligible, the equilibrium two-domain con¢guration of an
irregularly shaped grain will carry remanence.
Assume a particle shape as shown in Fig. 2(b) for a

qualitative explanation of this e¡ect. We distinguish two con-
tributions to the magnetostatic energy of the particle: (i) the
interaction energy between the top and bottom surfaces, which

is approximately the magnetic dipole energy, and (ii) the self-
energies of the top and bottom surfaces, which are related to
the charge distribution on the respective surfaces.
Due to the irregular shape, the position x~x0 of the wall

at which the two domains have equal volume (that is, the
particle's dipole moment or remanence is zero) is shifted to
the right of the central position x~1/2. However, for x~x0
there results an imbalance of magnetic charges on each
charged surface which leads to an increase of the magnetostatic
self-energies of the respective surfaces. The minimum of
the self-energies is achieved at x~1/2, where it is true that the
net surface charge on each surface is zero, but a considerable
magnetic dipole moment is present. The equilibrium wall
position, xeq, therefore lies somewhere between the midpoint
and x0, leading to an equilibrium net moment.
The purpose of this article is to give a more detailed and

quantitative treatment of this e¡ect and to investigate its
implications with respect to PSD remanence.

Figure 2. Comparison between equilibrium two-domain states in a
cubic particle (a) and an asymmetric trapezoidal particle (b).While the
cubic particle has zero remanence, the trapezoidal particle carries an
equilibrium remanence of &0:2Ms in the direction of the right domain
if only demagnetizing energies are considered. The dashed line in (b)
marks the zero-remanence position of the wall. Taking into account a
¢nite wall energy does not a¡ect the equilibrium position in (a), whilst
the wall of particle (b) is shifted further to the left.

Figure 3. Some schematic cross-sections of natural PSD particles
used for Bitter observations. (a) Halgedahl & Fuller (1983); (b) Heider
et al. (1988); (c) Halgedahl (1991); (d) Gei� et al. (1996).
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2 THEORETICAL PRELIMINARIES

As a domain theoretical model of an asymmetric particle
we consider geometrical con¢gurations of prismatic particles
with n domains as shown in Fig. 4 for n~4. These con-
¢gurations are based on uniaxial anisotropy with the easy
axis of magnetization lying in the same plane as the pair of
parallel surfaces, which are part of the particle's boundary.
The particles are further constrained to be magnetically
hard. Thus they contain in¢nitely thin parallel planar domain
walls. The wall normals are perpendicular to the normal of
the back and front particle surfaces as well as to the easy axis.
The equilibrium wall positions are obtained by minimizing the
sum of wall energy, stray-¢eld energy and external ¢eld energy,

E(x)~c0F (x)zKdVN(x){k0HM(x)V . (1)

Here c0 denotes the speci¢c domain wall energy (J mÿ2), F (x) is
the total wall area as a function of the vector of wall positions
x~(x1, . . . , xn{1), Kd~k0M

2
s /2 is the characteristic stray-¢eld

energy coe¤cient, Ms is the saturation magnetization, V is the
particle volume,N(x) is the e¡ective demagnetizing factor,H is
the external ¢eld in the direction of the easy axis and M(x) is
the net magnetization.
The essential features of (1) are obtained by introducing

reduced quantities, namely the characteristic material length
j05~c0/Kd, the reduced energy density e(x)5~E(x)/(KdV), the
reduced magnetization m(x)5~M(x)/Ms, the reduced particle
size L5~V1=3/j0, the reduced wall area a(x)5~F (x)/V2=3, the
reduced applied ¢eld h5~2H/Ms and the reduced anisotropy
constantQ~Ku/Kd, whereKu is the uniaxial magnetocrystalline
anisotropy constant.
Inserting these quantities into (1) yields

e(x)~a(x)/LzN(x){hm(x) . (2)

The only free parameter in this reduced representation is L.
It represents the particle diameter in units of j0. All other
quantities [a(x), N(x), m(x)] re£ect only the particle shape
and the relative positions of domain walls. The material para-
meters of the particle determine the scaling length j0, which is
approximately 8 nm for unstressed magnetite and 80 nm

for unstressed TM60 (approximate values of j0 for TM10 and
TM30 are 12 and 20 nm, respectively). Assuming a high
uniaxial internal stress of p0&100 MPa yields j0&11 nm for
magnetite and 130 nm for TM60. Since the above model relies
on the assumption that the wall width is small compared to
particle size, it cannot be applied to small unstressed magnetite
grains. Even though eq. (2) does not depend on Q, the model
used to derive this equation implicitly assumes that Q&1,
since wall width and £ux closure e¡ects are neglected. Hence,
for small Q our domain theoretical results have to be
complemented by more rigorous 3-D calculations.

3 ENERGY CALCULATION

3.1 Domain theoretical analysis

In the following the details of the energy computation for
prismatic n-domain particles with an arbitrary convex base
are elaborated. As usual, the most di¤cult part of the energy
calculation is the calculation of the demagnetizing factor N
as a function of the wall positions x1, . . . , xn{1. For cuboid
particles this is usually done by applying the Rhodes &
Rowlands function (Rhodes & Rowlands 1954; Shcherbakov
1978; Dunlop 1983). Since we restrict ourselves to the more
general but still specialized case of prismatic particles with
uniaxial anisotropy parallel to the base of the prism, the
problem amounts to ¢nding the interaction coe¤cient between
rectangular sides of a prismatic particle. The general form of
such an interaction coe¤cient is

WS1,S2~

�
S1

�
S2

1
jx{yj dx dy .

Now a coordinate system is chosen such that with some
p, v [R2 we have

S1~[0, 1]|f0g|[0, h] , S2~fpztv5t [ [0, 1]g|[0, h] .

Fig. 5 sketches the geometric situation obtained. Using
the notations of Fig. 5, the interaction coe¤cient can be

Figure 4. Sketch of an irregular prismatic uniaxial particle with n~4
domains. Front and back surfaces lie in parallel xy-planes, domain walls
in parallel yz-planes. The easy axis corresponds to the y-direction.
Magnetic surface charges occur only on the shaded surface regions.

Figure 5. Geometric con¢guration for the calculation of interaction
coe¤cients between magnetically charged rectangular sheets. Both
sheets lie perpendicular to the xy-plane and have length h.

ß 1999 RAS, GJI 138, 717^726

720 K. Fabian and A. Hubert



transformed to

WS1,S2~
��������������
o2Ezo2\

q �1
x~0

�h
z~0

�1
t~0

�h
f~0

|
1��������������������������������������������������������������������������

(x{pE{toE)2z( p\zto\)2z(z{f)2
q df dt dz dx

~h2
��������������
o2Ezo2\

q
|

�1
t~0

F210(h(z{f), x{pE{toE, p\zto\)j1z,f,x~0 dt .

(3)

With the abbreviation r~
�����������������������
x2zy2zz2

p
, the function F210 is

given by

F210(x, y, z)~xy log (xzr)z
x2{z2

2
log ( yzr)

{x arctan
xy
zr

� �
{

yr
2

. (4)

This formula is derived in an analogous way to that in
RamstÎck et al. (1994) or Fabian et al. (1996). Shcherbakov
et al. (1997) obtained a similar expression for quadratic surfaces.
Each coe¤cient can now be calculated by a 1-D numerical
integration of (3).
Using these coe¤cients, the calculation of the demag-

netizing factor for a prism with walls parallel to the yz-plane at
positions x1, . . . , xn{1 is readily manageable. A model such as
that in Fig. 4 consists of a set of M rectangular charged sheets
S1, . . . , SM , where the surface charge pi~m . ni is de¢ned to
be the scalar product of the magnetization of the adjacent
domain and the exterior surface normal of Si. The e¡ective
demagnetizing factor is now given by

N(x1, . . . , xn{1)~
XM
i, j~1

pipjWSi ,Sj . (5)

Note that the self-interaction coe¤cientsWSi ,Si of the rectangles
can even be calculated analytically. They form special cases of
WE as given in eqs (21)^(23) of Fabian et al. (1996).

4 RESULTS FOR HIGH-ANISOTROPY
PARTICLES

In order to investigate the in£uence of particle shape upon
equilibrium remanence, we ¢rst choose a family of prismatic
particles T (a, b, c, d)5~BT (b, c, d)|f0, ag, where
BT (b, c, d)5~convex hull[(0, 0), (b, {d), (b, c), (0, c{d)]

is the trapezoidal base of the prism. Now T (1, 1, 1, d) is a
one-parameter family of particles having volume 1, the end-
members of which are a cubic particle at d~0 and a triangular
prism at d~1.
Fig. 6 collects equilibrium energy and remanence as a

function of grain size L for a number of particles in this family.
Equilibrium states have been calculated assuming uniaxial
anisotropy with y as the easy direction for up to four domains.
Since cubic particles with an even number of domains

carry zero equilibrium remanence, it is remarkable that even
for the least asymmetric case d~0:1 in Fig. 6 one ¢nds two-

domain remanences above 0.05 and four-domain remanences
of 0.016^0.017. For d~0:3 the two-domain remanence of&0:2
is already larger than the three-domain remanence, and for
more irregular grains, two-domain remanences of more than
0.5 are not unusual.
It should be noted that due to the prismatic structure even

the most asymmetric of the particles investigated here are still
relatively regular when compared to general particle shapes
with 3-D corners such as the octahedral particle in Fig. 7.
However, the moderate deviation from the symmetric shape
investigated here already generates strong e¡ects. The particle
remanences in the equilibrium state as a function of grain size
are collected in the bilogarithmic plot in Fig. 8. The remanence
decreases beyond the SD state approximately with L{0:8 to
L{1. For the asymmetric particles with d§0:5 this trend
is easily recognizable, while in more symmetric particles
the overall power law which governs remanence decrease is
obscured by the pronounced downward steps at even domain
numbers. The power law of the decrease proves to be nearly
independent of the details of particle shape. Fig. 9 shows that
for di¡erent triangular prisms the same power law is obtained.
The variation in shape induces a shift of the bilogarithmic
curves rather than a relative tilt.
Because of the computational e¡ort involved, our calcu-

lations are limited to four domain states. This e¡ectively
restricts the investigated particle size for stressed magnetite
(100 MPa) to less than 1 ]m and to less than 5 ]m for TM60.
While there is no indication that the approximate power law
might break down for larger grain sizes, this claim should be
substantiated by further computations.

5 DISCUSSION

The results of our calculations show that domain imbalance
is an inherent remanence mechanism for almost all particle
geometries. Asymmetric grain shape generates a considerable
remanence not only in particles with an odd number of
domains, but in all kinds of domain structures.
The observed domain imbalance moments decrease with

grain size on average as L{a, where a assumes values between
0:8 and 1:0. This grain-size dependence corresponds well to
the experimental ¢ndings for PSD remanences (see Dunlop &
Úzdemir 1997).

5.1 Domain imbalance moments are single-domain-like

Of primary importance for the validity of the proposal that
domain imbalance accounts for an SD-like part of PSD
remanence is the question whether it is su¤ciently stable and
of high coercivity. Its stability becomes evident by noting
that remanence due to domain imbalanceösimilar to SD
remanenceöis a global remanence, which means that it is
carried by the overall structure and not by single local features.
The inherent domain imbalance is global, because it reverses
only if all domains of the particle reverse. Domain imbalance
of the remanent state cannot be reversed by wall movements or
other local structural changes, yet global remanence can still
be overprinted or enhanced by local remanence mechanisms
such as wall pinning or metastability, which then leads to
mixed remanence phenomena as observed in TRM and LTD
properties of PSD particles.
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The characteristic coercivity feature of SD particles is
the high median destructive ¢eld (MDF) H1=2 of the AF
demagnetization curve. A detailed prediction of the AF
stability of shape-induced domain imbalance moments would

Figure 6. Energy e in units of [KdV ] (solid lines) and remanence m (dashed lines with crosses) of trapezoidal particles T (1, 1, 1, d) with
d~0:1, . . . , 0:9 as a function of L. The values for SD, two-, three- and four-domain equilibrium states are shown.

Figure 7. Example of a fully 3-D corner in an octahedral particle with
uniaxial anisotropy. The wall energy in this case depends quadratically
on x0. Such corners do not occur for our prismatic particles, where the
wall energy depends only linearly on the wall position.

Figure 8. Bilogarithmic plot of equilibrium remanence m against
grain size L in units of j0. Each curve corresponds to a trapezoidal
particle T (1, 1, 1, d), with d~0:1, 0:2, . . . , 1:0. For particles with
d§0:3,m decreases monotonously with L. The average rate of decrease
appears to lie between L{0:8 (dotted line) and L{1 (dashed line).
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require inclusion of the nucleation processes, which is not yet
achievable. However, we can estimate the ¢eld which is needed
to remove the domain imbalance moment of a two-domain
particle. Its remanence can only be removed if the particle
becomes saturated during the AF treatment, otherwise the
equilibrium state after demagnetization cannot be inverted.
Fig. 10 compares the energies of single-domain and two-
domain states of a T (1, 1, 1, 1/2) particle with L~15 as a
function of an external ¢eld h pointing along the easy axis.
Between the critical ¢eld values h{

crit < h < hz
crit, the two-

domain structure is the absolute energy minimum. If the AF
peak ¢eld is smaller than min (jh{

critj, jhz
critj) the particle is not

saturated during the demagnetization and the shape-induced
remanence cannot be removed. The remanence will certainly

be removed as soon as the AF peak ¢eld exceeds either h{
annihil

or hz
annihil, where the equilibrium wall position coincides with

the particle surface and the wall is annihilated. At the
annihilation ¢elds h+annihil, the o¡set between the SD and two-
domain energy curves in Fig. 10 corresponds to the additional
wall energy.
A lower bound for the AF peak ¢eld necessary to remove the

shape-induced remanence of the above particle is jh{
critj&0:09

(which for magnetite would give about 28 mT). This roughly
corresponds to the switching ¢eld for coherent rotation of a
prolate SD magnetite particle (Q~K1/Kd&0:01, where K1 is
the ¢rst cubic magnetocrystalline anisotropy constant) with
elongation q~1:1. Using h{

annihil as an upper bound for the
above AF peak ¢eld yields an AF demagnetization curve that
corresponds to an SD particle with q&1:4.
In Fig. 10 it can be seen that saturation of the two-domain

particle occurs at lower ¢eld intensities when the ¢eld pushes
the wall towards the long edge of the trapezoid. Because
this movement increases the wall energy and because a
larger volume has to be magnetically inverted, it seems at ¢rst
glance paradoxical that it is performed at a smaller ¢eld
intensity.
The stability of equilibrium remanence due to shape-induced

domain imbalance with respect to thermal demagnetization
depends on the variation of the material constants with tem-
perature T . Since in the reduced form of the energy equation
only the scaling length j0 depends on the material constants,
the qualitative behaviour during thermal demagnetization
corresponds to a shift of the reduced particle size L(T ) with
temperature. For a particle with volume V the reduced particle
diameter L(T ) is given by L(T )~V1=3/j0(T ). For magnetite
and titanomagnetite j0 increases with temperature. For our
example particle T (1, 1, 1, 1/2) with grain size L(T0)~15
at room temperature T0, the shape-induced remanence
fraction according to Fig. 8 would therefore increase with
temperature. For particles with more than two domains,
the equilibrium remanence could reverse at points where the
number of domains in the stable con¢guration decreases by
one. However, whether walls actually nucleate or denucleate at
transition sizes for equilibrium states is not predictable from
our results.
Further evidence for the validity of our claim that shape-

induced domain imbalance is a main contribution to the
SD-like part of PSD remanence is its stress dependence, which
follows from the above theory. In eq. (2) all lengths are
measured in relation to the characteristic length j0. Since the
wall energy c0 is in good approximation given by c0&4

��������
AK
p

and since the predominant anisotropy K depends approxi-
mately linearly on stress p, there is a dependence j0*

���
p
p

as
soon as stress-induced anisotropy is large in comparison to
magnetocrystalline anisotropy. Stress therefore only rescales
the relevant lengths, without changing the overall e¡ect of
domain imbalance. This is in perfect agreement with the
observation that stress a¡ects the grain-size dependence ofMrs

andHc by shifting the unstressed values horizontally on a log^
log diagram. This shift exactly corresponds to length rescaling.
The slight change in the slope of the observed dependences
might be due to the fact that highly stressed grains on average
also have more irregular shapes than unstressed particles. Data
for the latter have mainly been obtained using particles with
highly symmetric shapes of grown crystals (e.g. Heider et al.
1987; Heider & Bryndzia 1987).

Figure 9. Bilogarithmic plot of equilibrium remanence m against
grain size L in units of j0 for triangular prisms of volume 1 and height 1.
Again the average rate of decrease lies between L{0:8 (dotted line) and
L{1 (dashed line).

Figure 10. Energies of SD and two-domain states in a T (1, 1, 1, 1/2)
particle with L~15 as a function of an external ¢eld h. The ¢eld
direction coincides with the easy axis. At the critical ¢elds h+crit the
absolute energy minimum changes from two-domain to SD. At h+annihil
the metastable two-domain states become unstable. The numerical
values are h{

crit~{0:094,hz
crit~0:189,h{

annihil~{0:304,hz
annihil~0:6055.
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5.2 Low-temperature memory

Shape-induced domain imbalance may also be responsible for
some of the experimentally observed properties of LT memory
in magnetite. All evidence of LT memory seems to indicate that
its origins are either large SD particles or stress-dominated
regions which are not in£uenced by the zero of K1(T ) at the
isotropic temperature Tiso. While these mechanisms explain
that remanence can survive LTD treatment, they cannot
account for recovery of remanence which was lost below the
isotropic point and occurs again when heating up to room
temperature as reported by Kobayashi & Fuller (1968),
Hodych (1991), Hodych et al. (1998), Heider et al. (1992) and
Halgedahl & Jarrard (1995). The problem is that remanence
due to strongly pinned walls or even domains which is over-
printed below Tiso would also be shielded after reheating by
newly formed soft walls.
Domain imbalance moments o¡er a way out of this problem

for the theoretical explanation of LT memory (Fig. 11).
Assume a PSD or MD particle where parts of the domain
structure are stress-controlled whilst most of the grain is
controlled by magnetocrystalline anisotropy. Close to the iso-
tropic temperature nearly all local remanence (for example,
due to wall pinning) is deleted as is revealed by the occurrence
of large Barkhausen jumps (Halgedahl & Jarrard 1995). Global
remanence, however, remains and changes only its magnitude
due to the varying material constants. Below Tiso, large parts
of the domain structure are reorganized because of the change
in magnetocrystalline anisotropy. Only stress-controlled
regions remain unchanged. On heating back to room tem-
perature these stress-controlled regions ensure that the former
domain imbalance remanenceöand not its reversed stateöis
re-established. Since domain imbalance is an equilibrium
remanence, the problem of magnetic shielding does not appear.

Global remanence can be completely recovered by returning to
the initial temperature. Therefore, the LT memory of PSD or
MD particles in this scenario consists of the global (domain
imbalance) remanence contribution to the total remanence.
Since the global remanence fraction is more stable than local
remanences, the above model matches the experimental ¢nd-
ings of Dunlop & Argyle (1991), Heider et al. (1992), Argyle
et al. (1994) and Shcherbakova et al. (1996). In particular, the
observation of Shcherbakova et al. (1996) that the pTRM of
PSD and MD particles after LT demagnetization does not
behave in an SD-like manner agrees more with the above
model than with the assumption of metastable SD particles or
SD-like inclusions.

6 CONCLUSIONS

In view of our results it seems likely that shape-induced domain
imbalance contributes substantially to the SD-like fraction
of the overall PSD remanence. This contribution has pre-
viously been underestimated, since all theoretical models
were developed for the mathematically simpler case of highly
symmetrical particles. In such particles domain imbalance is
largely reduced.
Global remanence due to shape-induced domain imbalance

can be mixed in nearly arbitrary fashion with local remanence
fractions which stem from wall pinning or Barkhausen discrete-
ness, surface anisotropy and other mechanisms whose presence
is well established in multidomain material. Very irregular but
homogeneous grains show mainly remanence due to domain
imbalance, whilst perfectly symmetric (or very large) particles
with high dislocation density possess mainly remanence due to
Barkhausen discreteness.
PSD remanence due to wall moments or vortices can be

the main source of remanence only for magnetically soft

Figure 11. Model of a mechanism of LT memory. (a) The direction of the magnetostatic equilibrium magnetization Meq is independent of the
wall energy. (b) An acquired SIRM is the sum of the equilibrium magnetization and a superimposed magnetization which is due to pinning e¡ects.
(c) Cooling down to the isotropic temperature leads to an increase of domain widths and thereby unpins domain walls. The local contribution to the
remanence is removed; the global equilibrium remanence remains. Below Tiso the domain structure is arbitrarily changed. However, if a part of
the magnetization structure is ¢xed by stress the con¢guration shownöand not its inverseöis completely re-established when heating back to Tiso.
(d) Heating to T0 recovers Meq, which is the global part of the original SIRM. The LT memory in this case corresponds to the magnetostatic
equilibrium magnetization Meq.
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(Q%1) symmetric particles close to the SD^PSD transition.
Preliminary 3-D micromagnetic calculations for asymmetric
magnetite particles indicate that in asymmetric particles the
remanence is also dominated by shape e¡ects which interact
in a complex manner with vortex moments. A detailed 3-D
investigation of shape-induced PSD moments is in progress.
Such calculations are of primary importance in investigating
the in£uence of shape in equidimensional magnetite particles
such as the hydrothermally grown crystals of Heider & Bryndzia
(1987). The recent investigation of oblate octahedral particles
byWilliams &Wright (1998) indicates that 3-D micromagnetic
models are capable of reproducing the respective experimental
data.
The experimental evidence from LTD exhibits best the

character of PSD remanence as a mixture of global (or SD-like)
and local (or MD-like) remanences. This is in accordance with
the proposed theory. Moreover, in terms of domain imbalance
PSD moments it is possible to give a theoretical model for an
LT memory process which shows recovery of remanence.
An interesting subsidiary aspect concerns the mechanism of

remanence enhancement by stress. Shape-induced remanence
increases due to a stress-induced increase in relative wall
energy, which tends to move the walls into the corners of the
particle. A further point of interest is that domain imbalance
remanence can only be magnetically `screened' by pinned walls,
which induce local remanence opposite to the global imbalance
moment. Easily movable walls cannot shield the domain
imbalance moment because it is inherent to the equilibrium
state of the particle.
Whilst the calculations presented prove that grain shape

plays an important role in the equilibrium remanence of PSD
particles, they only scratch the surface of the vast number of
possible geometries. Since we restricted ourselves to prismatic
particles, no truly 3-D particle corners (Fig. 7) have been con-
sidered. In 3-D corners the wall energy depends quadratically
on the wall position. The shape e¡ect on equilibrium remanence
will therefore be even more pronounced than in the cases pre-
sented here. The measured grain-size dependences of Mrs and
other quantities are averages over a wide variety of di¡erent
particle shapes. Whilst our calculations seem to indicate that
the exponent of the bilogarithmic size dependence is not
strongly in£uenced by the details of the shape asymmetry, a
thorough statistical analysis would be pro¢table.
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