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Abstract. Magnetic hysteresis has been simulated in grains of magnetite for the
size range 0.1-0.7 pm. This was achieved using an unconstrained three-dimensional
micromagnetic model of single grains of magnetite with cubic magnetocrystalline
anisotropy. Hysteresis loops were obtained for fields applied along both the easy
and hard magnetocrystalline axes. Both discrete (Barkhausen) jumps and gradual
changes in the magnetic structure are seen, and the reversal of the magnetization
can be followed from near saturation in a normal field to a similar state in a reverse

field. Predictions of coercivity agree well with published experimental data for

unstressed cubic grains of magnetite.

Introduction

Magnetic hysteresis is used as a primary indicator of
magnetic mineralogy and domain state in samples used
in rock and mineral magnetism. Hysteresis loops give
an indication not only of mineral type but also of the
grain size through the observed mechanism of reversal
of the magnetization. Domain switching during hystere-
sis is usually described in terms of coherent rotation of
magnetization in single-domain (SD) grains or as move-
ment of well-defined domain walls in multidomain (MD)
grains. However, the switching mechanisms for grains
of intermediate sizes (i.e., pseudo-single-domain (PSD)
grains) are poorly understood. These processes are best
modeled using three-dimensional micromagnetic sim-
ulations which are able to model the inhomogeneous
magnetizations that are likely to exist. The validity of
these models can presently only be verified by compari-
son with experimental measurements in bulk samples of
PSD grains, since direct observations of domain struc-
tures in submicron grains are not yet possible.

Three-Dimensional Models of Magnetic
Structures

The micromagnetic models used to obtain the mag-
netic structures at each point in the hysteresis loops
have been described elsewhere [Williams and Dunlop,
1989, 1990; Schabes and Bertram, 1988a]. A magnetic
grain is subdivided into a three-dimensional grid of cu-
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bic cells in which a single vector at the center of a cell
is used to represent the average direction of the mag-
netization of that cell. Each magnetic structure repre-
sents a minimum energy state, although not necessarily
an absolute energy minimum. The magnetic energy is
composed of four parts: the self-demagnetizing energy,
the exchange energy, the magnetocrystalline anisotropy
energy, and the external field energy. The most no-
table exclusion is the magnetoelastic energy (this is a
complicated and computationally expensive energy to
calculate), whose contribution is at least an order of
magnitude smaller than the other contributions to the
total free energy in magnetite. '

The grains are assumed to be perfect parallelepipeds
(cubes) unless otherwise stated. All solutions shown
represent structures at 25°C, and the magnetocrys-
talline anisotropy easy axes are along the <111> di-
rections, where <100> are the grain edges.

Simulation of Hysteresis

We attempted to model as closely as possible the ex-
perimental procedure for obtaining hysteresis loops in
real samples of magnetite. The initial magnetic state
was a remanence structure after saturation. It was not
possible to start from an alternating field demagnetized
state since this would have required large amounts of
computer time to simulate. In any case, the magnetic
structures of the grains determined during hysteresis
were not sensitive to the initial magnetic structure. The
field is then applied along a particular direction and
increased to 150 mT in steps of 10 mT. A complete
hysteresis loop is performed where the field is reduced
to —150 mT and increased back to +150 mT in 2-mT
steps. The initial guess for minimization of the energy
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at each field step was taken as the final solution of the
minimization from the previous field step. The peak
field values of the hysteresis loops were chosen to be the
same as those used in hysteresis experiments by Dunlop
[1986] on PSD-sized grains of magnetite. In some cases
this meant that saturation of the magnetization was
never achieved during hysteresis. The magnetization
intensity of the grain was calculated as that component
lying along the direction of the external field.

Successive solutions at small differences in applied
magnetic field represent closely related local energy
minimum (LEM) magnetic structures. As the field
strength changes, the magnetic structure will follow a
minimum energy path to the next metastable state.
The hysteresis loop is therefore represented by a series
of metastable states and not true dynamic states [see
Schabes, 1991]. Thus in the Landau and Lifshitz [1935]
equation

dM A

E == ’70[101\/.[ X Heff - WM X (M X Heff)

we assume infinite damping so that the second term
on the right hand side is set to zero, and dM/dt = 0
since we are considering a series of quasi-static states,
appropriate to the simulation of experimental measure-
ment of hysteresis loops. The remaining term is the
torque acting on the magnetization and must be zero
for stable or metastable states; that is, M should be
parallel to Herr. Hcys is an effective field acting on
the magnetization due to the demagnetizing, exchange
and magnetocrystalline anisotropy energies.

We have neglected the effects of thermal fluctuations,
because the energy barriers in the grain sizes being con-
sidered are much larger than 25 kT (where k is the
Boltzman constant, and T here is the temperature). As
an example, consider the 0.05 pm and 1.0 ym grains,
which, from the models described in this paper, have
predicted coercivities of about 20 mT and 3 mT, re-
spectively. As a zeroth-order approximation we may
consider the energy barrier to reversal of the magneti-
zation as simply that for coherent rotation of the mag-
netization, and so AE = %MOHCMSV, where H,. is
the coercivity, M, is the saturation magnetization, and
V is the grain volume. This yields energy barriers of
1.32 x 1078 J and 1.44 x 10715 J for the 0.05 ym and
1.0 pm grains respectively, compared to a 25°C value
of 25 kT of 1.1 x 10~ J. The barriers to changes in
the directions of magnetization are therefore several or-
ders of magnitude larger than the energy provided by
thermal fluctuations.

Coherent Rotation in Single-Domain
Grains

Before discussing the results of the numerical models
it is worth considering the theory of coercivity for single-
domain grains. For magnetite, the anisotropy energy is
given by
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Ex = K1(@302 + a2a? + a2a?)V
where K; = —1.35 x 10* J m~2 is the anisotropy con-
stant and the o are the direction cosines of the mag-
netizations. The second order anisotropy term K5 has
been neglected.

The energy barrier to coherent rotation can be eas-
ily determined when the path that the magnetization
takes during rotation is known. The maximum resis-
tance to reversal will occur when the magnetization ro-
tates though a hard <1 1 1> direction, and the result-
ing coercivity of the grain is calculated [e.g., Stacey and
Banerjee, 1974] as

4 K,
NOH c = 3 Ms .

For such coherent rotation of magnetization, the en-
ergy surface of the grain can be mapped out as the
external magnetic field applied to the grain is changed.
Figure 1 shows the three-dimensional energy surface for
a cubic grain of magnetite at 25°C. The easy and hard
axes are easily identified by the minima and maxima in
the energy surface, respectively. As the external field
along [T T 1] changes, the energy surface deforms, and
at a field equal to H, the local energy minimum around
the easy axis disappears and allows the magnetization
to rotate along the minimum energy path toward the
external field direction. For magnetite at room temper-
ature, K; and M, take the values —1.35 x 10% J m—3
[Flecher and O’Reilly, 1974] and 4.8x10° A m~! [Heider
and Williams, 1988], respectively, giving a coercivity of
poH: =~ 37.5 mT. This should be the maximum possi-
ble coercivity for cubic grains, since coherent rotation
of the magnetization should be a possible magnetiza-
tion reversal mode for any domain state configuration.
Significantly reduced coercivities should result for non-
coherent rotation, which may occur in uniform as well
as nonuniform domain states.

It is expected that the coercivity of the grain will
depend upon the direction of the external field with re-
spect to the grains’ easy axes of magnetization. This
is certainly true for small grains that undergo coher-
ent rotation. The predicted hysteresis loop for a ran-
dom assembly of such grains is determined by integrat-
ing the orientation-dependent hysteresis values over a
hemisphere [Stoner and Wohlfarth, 1948]. In the case
of grains where coherent rotation of the magnetiza-
tion does not occur, we must investigate the magnetic
switching mechanism as a function of grain orientation
with respect to the applied field. Since the simulation
of magnetic structures during hysteresis is a computa-
tionally expensive calculation, we examined only the
coercivities for fields applied along the easy and hard
axes.

Results

Magnetic structures during hysteresis for PSD grains
of magnetite of sizes 0.1 pm to 1.0 um are described
below. Figures 2-6 show the hysteresis loops for fields
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Figure 1. The three dimensional energy surface of a cubic grain of magnetite with cubic
anisotropy. The shaded regions represent low energy and the light high energy. (a) The zero
applied field state. Here the hard magnetocrystalline axes can be seen as the high-energy regions
and correspond to the three <100> crystalline axes. (b) The deformed energy surface as a mag-
netic field is applied along an easy axis directly into the page. The energy of the easy direction
facing out of the page now increases. When the external field strength equals the coercive force
value, there will be no minimum energy state in this direction.
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applied along the magnetocrystalline hard axis, Figure
7 for fields applied along the easy axis, and Figure 8 for
elongated grains.

The initial zero-field states (before hysteresis cycling)
are saturation remanence states, where the field was suf-
ficient to perfectly align the magnetization. In the mod-
els where the field was applied along a hard <001> axis,
the zero-field magnetic structures do not relax toward
a magnetocrystalline easy <111> axis, suggesting that
in these size grains the magnetocrystalline anisotropy is
not very influential.

The grain is then taken through a hysteresis loop
which first increases the field from 0 to +150 mT in
10-mT steps and then completes a loop in 2-mT steps
from +150 mT to —150 mT and back to +150 mT.
The final magnetic structures obtained at the end of
the ascending branch of the hysteresis loop were in all
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~
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reversible rotation of
outer moments
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cases identical to the structures obtained at the start of
the descending branch (with the exception of the 0.1-
pm grain), so that further cycling of the field, with the
same peak field value, would have produced identical
hysteresis loops.

Solutions for Fields Applied Along Hard Axis

Results for a 0.1-ym grain. The initial zero field
stable state for this structure is the flower [Schabes
and Bertram, 1988a] or 1A state [ Williams and Dunlop,
1989], which is simply the single-domain state (with a
remanence of 92% of that of saturation) with deforma-
tion of the magnetization from the uniform state near
the grain surface (see Figure 2b). This state persists as
the field is increased to between 40 and 50 mT (see Fig-
ure 2a), when the magnetization flips instantaneously
to a flower state in the opposite direction.
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Figure 2. (a) The hysteresis loop for a 0.1-pm cube of magnetite for the field directed along the
[001] hard axis. (b) The initial zero-field magnetization state of the grain after complete saturation
along the [001] axis (-z direction). (c) The curling or vortex mode achieved on reduction of the
field to —14 mT in the second and subsequent hysteresis cycles.
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This flower state is not the lowest energy state avail-
able to this grain, however, and on cycling to negative
fields, the magnetization jumps to a curling mode struc-
ture (Figure 2c). This type of magnetic structure was
not obtained in a previous study [ Williams and Dunlop,
1990] since only true saturation remanence structures
(i.e., from a true saturating field) were modeled. Curl-
ing mode structures have been reported, however, for
example, by Schabes and Bertram [1988a], who referred
to such magnetizations as vortex structures.

This curling mode state persists for all further hys-
teresis cycles. The magnetization reverses the direction
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structure (c)
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edge moment
reversal

curling mode \
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of the domain’s magnetization by gradual rotation of
the outer layers of magnetization, leaving a cylindri-
cal core domain magnetized in opposition to the exter-
nal field. At a reverse field of 64 mT the core domain
switches in a single Barkhausen jump to align with the
external field.

Results for a 0.2-pym grain. As the grain size is
increased, a flower state cannot be accommodated be-
cause of the increased internal demagnetizing energy.
The initial state is similar to a 1B type solution (Figure
3b) [see Williams and Dunlop, 1989] where the magne-
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Figure 3. (a) The hysteresis loop for a 0.2-pm cubic grain of magnetite; field along the hard
axis. The dashed line shows the experimental data for a sample containing magnetite grains with
a mean size of 0.22 pm [Dunlop, 1986] (b) The initial domain state in zero field is a 1B-type
solution [see Williams and Dunlop, 1989]. The magnetization undergoes two Barkhausen jumps:
first, the grain’s edges reverse, as shown (c) before and (d) after the jump, and then the core
domain reverses via a Barkhausen jump shown (e) before and (f) after the jump.
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tization at the grain edges forms domain structures dis-
tinct from the near-uniform magnetization of the grain
center. However, this is a weak LEM state, since it
changes to a curling mode immediately when the mini-
mum reverse field step is applied.

The larger grain is now capable of maintaining a more
complex domain structure, and thus we may expect
more complex states during reversal of the magnetiza-
tion. We now obtain two Barkhausen jumps in each half
of the hysteresis cycle. As the external magnetic field
is reduced from zero, the first Barkhausen jump occurs

as the magnetization at the vertical edges reverses (see

Figures 3c and 3d). The volume of the edge domains
then increases by moving the transition region between
the outer moments and the core (i.e., the domain wall)
toward the core of the grain, then as the reverse field is
increased further, the core domain reverses (Figures 3e
and 3f) and produces a Barkhausen jump at about the
same field intensity as that of the core reversal in the
0.1-pm grain.

Magnetization _
(normalized)
transforms to
curling
mode
0.5

low initial remanence
compared to 0.2um
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Because a Barkhausen jump large enough to reverse
the net magnetization occurs at a small field of -2 mT,
the coercivity appears to be well defined and takes a
value of 3.2 mT. This is unusually low for this grain
size range. However, experimentally, we would not ex-
pect to be able to distinguish the Barkhausen jumps in
assemblies of real grains, in which both the grain size
and field orientation vary.

Results for a 0.3-uym grain. As with the 0.2-ym
grain the initial state is 1B, and this quickly transforms
to the curling mode upon application of a small field
(see Figure 4a). The zero-field stable state is similar to
that shown for the 0.2-pym grain (Figure 3d) and has
a reversely magnetized core domain and four normally
magnetized domains at the grain edges, so that on ap-
plication of a reverse field, the core domain grows out
toward the grain edges until at a field of -42 mT the
edge domains reverse via a Barkhausen jump. After
both the grain core and edges have aligned with the ex-
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Figure 4. (a) The hysteresis loop for a 0.3-pm cubic grain of magnetite; field along the hard
axis. The magnetic structure at (b) -42 mT and (c) at -150 mT, showing the gradual rotation of
the magnetization towards the external field direction, after the Barkhausen jumps of the core

and edge domains.
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ternal field, the magnetization near the centers of the
grain faces gradually rotates toward the field direction
as the grain magnetization approaches saturation (Fig-
ures 4b and 4c).

Results for a 0.5-pym grain. The initial stable
state is now a curling mode but with the core and edge
magnetizations in opposite directions (similar to Figure
3d). As the field is reduced from 150 mT along the
descending loop, the core reverses at a field of 36 mT
(compare 6 mT for the 0.3-um grain). The edge do-
mains do not start to reverse until the field is reduced
past zero. They do not reverse via a single Barkhausen
jump but via several smaller discrete jumps at -34 mT, -
70 mT, and -92 mT (Figure 5) as the core domain grows
out toward the grain edges.

Results for a 0.7-ym grain. The zero-field ini-
tial state is now much more complex. It is no longer
a simple curling or vortex state, but is characterized
by a more lamellar structure forced by the increasing
influence of the magnetocrystalline anisotropy energy,
which tends to rotate the magnetization out of the hor-
izontal toward the easy <111> directions. Three more
or less antiparallel domains can be seen on the grain
surface (Figure 6b). However, we have not yet achieved
a true lamellar state as seen in Bitter pattern exper-
iments on larger grains of magnetite, and the 0.7-ym
grain solution is still significantly influenced by the vor-
tex structures seen in the smaller grains.

As the field is reduced from saturation, the core do-
main first reverses (in a series of jumps), then as the
field increases in the opposite polarity, the central do-
main, which is now aligned with the field, increases in
size. The central domain is defined roughly by the do-
main wall shaded in Figure 6¢c. As the field is increased
toward a maximum of +150 mT, there is a gradual
movement of this domain wall, indicated by the do-
main wall at the grain surface moving toward the left
in Figures 6d-6f. This is the first three-dimensional mi-

Magnetization 1,0
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0.5
core reversal —_|

| T i
-200 100 200
edge reversals Field (mT)

Figure 5. The hysteresis loop for a 0.5-pm cubic grain
of magnetite; field along the hard axis.
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cromagnetic simulation of smooth domain wall move-
ment under the influence of external fields. It should
be noted that the domain wall here is not of classical
Bloch or Néel type since its form varies as it approaches
the grain surface. However, at the grain center the ro-
tation of the magnetization within the wall is normal to
the plane of the wall (Figure 6¢) and so can be said to
show Néel characteristics. The 0.7-um grain thus marks
the boundary between the smaller grains where magne-
tization reversal occurs via Barkhausen jumps and the
larger grains dominated by domain wall motion.

Solutions for Field Applied Along Easy <111>
Axis

Similar calculations with the field applied along a
<111> easy axis were carried out for 0.1-ym, 0.2-um,
0.5-pm, 0.7-pm, and 1.0-pm size grains. The result-
ing hysteresis loops are shown in Figure 7a. Since the
magnetization prefers to lie along an easy axis, the mag-
netization intensity at peak fields is always greater than
that observed for hysteresis along the hard direction.

In the smallest grain size (0.1-um), the stable zero-
field state is the flower state aligned along the [111]
axis (Figure 7b), and the magnetization reversal occurs
via a vortex state. During reversal of the magnetiza-
tion of the grain, the vortex state is found to be stable
in fields of between 24 mT and 72 mT; otherwise, the
flower state is the only stable domain configuration. In
larger grains, essentially the same process occurs: the
structure transforms from a flower state aligned with
the [111] easy axis to similar antiparallel structure via
a vortex state. For grains of sizes 0.2 pm and larger, the
switching process is gradual, and the mechanism can be
seen to be vortex propagation, where a vortex structure
is nucleated at one end of the grain and propagates to
the other end, reversing the magnetization, as shown in
Figures 7c-7e (see also Enkin and Williams [1994]).

In general, there are fewer Barkhausen jumps when
the field is applied along the easy direction. As a conse-
quence, the anomalously low saturation remanence ex-
hibited by the 0.2-pm grain for hysteresis along the hard
direction is now not observed.

Solutions for an Elongated Grain

The effect of grain elongation was examined for a par-
ticular grain size of 0.3 x 0.3 x 0.5 um, and for the cases
where the external field was applied along (1) its short
axis, (2) its long axis, and (3) the easy magnetocrys-
talline [111] axis. The corresponding hysteresis loops
are shown in Figure 8a.

In each case the zero-field domain configuration is
a vortex state which has its vortex axis aligned with
the direction of the external magnetic field (see Figure
8b). In all three cases, the mode of domain reversal
was by vortex propagation, as described in the section
above. Grain shape has much less effect on coerciv-
ity and saturation remanence than it would have if the
magnetization had reversed by coherent rotation. The
coercivities and saturation remanences of these grains



3866 WILLIAMS AND DUNLOP: SIMULATION OF HYSTERESIS IN MAGNETITE
1.0
Magnetization
(normalized)
0.5+ ///
(b) Zero Field
[ T 1
-0.2 0.1 0.2
(c) -40mT
(d) -70mT Field (T)
(e) -90mT
(f) -120mT

A
o
i

@
g &
V)
9

o

v

v =
<

@
&

SRS S A 4
aanoev g 44

PRSP |
ﬁ§]<§
w k4

el

B 7 NN
P N
51 5517800 )

| BN N A AN AN S
¥ 57 5 570

Figure 6. (a) The hysteresis loop for a 0.7-pm cubic grain of magnetite; field along the hard
axis. (b) The initial zero-field magnetic structure, exhibiting lamellarlike features on the grain
faces, with the magnetization lying parallel to the grain surface and in a plane containing an easy
magnetocrystalline axis. Smooth movement of domain walls occurs as the core domain gradually
grows out from the center. (c) The cutaway view of the grain in a 40 mT field shows the domain
wall (shaded area) separating the surface and core domains. The gradual rotation of the surface
magnetization is shown in fields of (d) 70 mT, (e) 90 mT, and (f) 120 mT.

are about the same as those of cubic grains of similar
sizes containing vortex states, although case (3) yields
slightly lower values.

Discussion

The general features of the results can be explained
as follows. In the smaller grains (0.1 gm, 0.2 um), the
vortex mode, with both the core and surface magne-
tization pointing toward the +z [001] direction, is a
stable state at zero field. The magnetic structure of
these smaller grains is controlled by exchange coupling

rather than demagnetizing energy, and so as a reverse
field is applied, the outer layer of the grains’ magneti-
zation rotates first, since the exchange coupling of the
outer layer is not as strong as that of the interior mag-
netization, because of the proximity of the free surface
of the grain. The exchange coupling in the 0.1-pm grain
is strong enough to ensure a continuous rotation of the
surface magnetization, while in the 0.2-uym grain the
magnetization of the four grain edges in the 2z direction
rotates by a Barkhausen jump.

In larger grains (i.e., above ~ 0.3 pm) the demagne-
tizing fields begin to dominate, and, although the vor-
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Figure 7. (a) The hysteresis loops for a cube of magnetite, with the field applied along the easy
axis for a grain of size 0.1 ym, 0.2 pym, 0.5 pm, 0.7 pm, 1.0 pm (left to right). (b) The zero-field
magnetic structure for 0.1-um grain, showing a flower state aligned along an easy <111> axis.
The process of vortex nucleation and propagation in the 0.2-um grain during the descending
branch of the hysteresis loop is shown at fields of (c) 80 mT (vortex nucleation), (d) -20 mT
(vortex propagation), and (e) -90 mT (vortex denucleation). The solid circle indicates the vortex
center.
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Figure 8. (a) The hysteresis loops for a 0.3 x 0.3 x 0.5
pm elongated grain of magnetite, for the field directed
along a short axis, the long axis, and a magnetocrys-
talline easy axis (left to right). (b) The zero-field stable
magnetic structure (after hysteresis cycling) for the case
where the field is applied along a short axis of the grain.

tex mode is still a stable zero-field state, it now requires
the core and surface magnetizations to point in oppo-
site directions, resulting in a structure similar to that
obtained for the 0.2-pm grain at a later stage of the hys-
teresis cycle (Figure 3d). Comparison of the hysteresis
loops for the 0.2-ym and 0.3-pm grains (Figure 3a and
Figure 4a, respectively) shows that the effect of the in-
creased internal demagnetizing field for the larger grain
is to force the Barkhausen jumps to occur at an ear-
lier point of the hysteresis cycle than for smaller grains
where the relative effect of the exchange coupling is
greater.

The vortexlike domain configuration is the domi-
nant domain state at zero field for the grain size range

WILLIAMS AND DUNLOP: SIMULATION OF HYSTERESIS IN MAGNETITE

from just above the critical single-domain grain size
(0.05 pm) to ~ 0.7 pm and thus covers the most sig-
nificant region (i.e., highest remanence) of the pseudo-
single-domain grain size range. A vortex structure is the
equilibrium state even in elongated grains (see Figure
8b) and thus is likely to be a major contributor to the
magnetic signal of rocks containing submicron grains of
magnetite.

The switching of the magnetization in the 0.1-pym
grain from one stable SD state to the antiparallel SD
(i.e., flower) state occurs at a coercivity of 21 mT (hard
direction) or 28 mT (easy direction), which is consider-
ably smaller than the theoretically predicted value of 35
mT for coherent rotation of magnetization, opposed by
magnetocrystalline anisotropy, in a cubic grain of mag-
netite of this size. The minimum energy transition is
noncoherent (it is in fact a vortex mode), and so the co-
ercivity is controlled by the intermediate domain states
rather than by magnetocrystalline anisotropy.

This configurational anisotropy (i.e., anisotropy con-
trolled by the domain configuration within the grain
[see Schabes and Bertram, 1988a] is evident in elongated
grains also. Although the grain shape is important in
determining the exact nature of the domain structure,
the structures do not differ significantly from those al-
ready described for cubic grains. Furthermore, the vor-
tex propagation mechanism is seen to be equally favored
in elongated and cubic grains, and the energy barrier be-
tween reverse domain states in this case (unlike coher-
ent rotation) does not depend critically on grain shape.
Similar magnetization reversal processes have been re-
ported by Schabes and Bertram [1988a, b], although
they were not investigated in terms of vortex nucleation
and propagation.

Comparison With Experimental Results

The predicted values of saturation remanence (M)
and coercivity (H.) can be compared with experimental
hysteresis measurements on laboratory prepared sam-
ples of pure magnetite separated into narrow grain size
ranges. Some care must be taken when comparing the
theoretical and experimental results, since the exper-
imental samples all contain randomly oriented assem-
blies of grains. In principle, the coercivity and rema-
nence should be calculated for a number of discrete ori-
entations of the grain and the results integrated over
a sphere to produce an average coercivity and rema-
nence for the assembly of grains. In practice, it is not
feasible to calculate hysteresis loops at many different
angles to the field because of the large amount of com-
puter time required. However, results were calculated
for the hard and easy directions in most cases, and these
should provide an estimate of the maximum and min-
imum values of saturation remanence and coercivity.
Thus for each grain size, two values of H, (Figure 9a)
or M,s (Figure 9b) are plotted, and the difference be-
tween the two values reflects the effect of magnetocrys-
talline anisotropy on hysteresis parameters at each grain
size. For the small grains of magnetite which contain
perfectly uniform magnetization the effect of magne-
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Figure 9. The theoretical predictions of (a) coercivity and (b) saturation remanence obtained
from the hysteresis loops of Plates 2-8 compared with experimental data on laboratory-grown

magnetites.

tocrystalline anisotropy is significant [Stoner and Wohl-
farth, 1948]. However, for the grain sizes examined here,
which contain nonuniform domain structures, the effect
of anisotropy is seen to be quite small, with the ex-
ception of the M, values for the smallest grain size
(0.1 pm) modeled.

There is reasonably good agreement between exper-
imental and simulated hysteresis values, and thus we
may have some confidence in the accuracy of the theo-
retically predicted domain structures and domain mech-
anisms. The predicted coercivity values (Figure 9a)

are in good agreement with data for magnetite grains
produced by hydrothermal recrystallization which do
not contain many dislocations. This agreement of ex-
perimental and theoretical values suggests that in un-
stressed grains the barrier to reversal of the magneti-
zation is not controlled by impurities or dislocations
but purely by domain state and the configurational

-anisotropy.

The fact that the predicted values of saturation re-
manence (Figure 9b) are slightly lower than observed
values may be due to the presence of SD grains in the
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experimental PSD grain samples, which would tend to
increase their measured values of M,,, although this
would also increase the value of H,.

Pseudo-Single-Domain Grains and the Single-
Domain-Multidomain Boundary

The PSD transition range between single-domain and
multidomain grains has great significance for paleo-
magnetism. Samples containing well-dispersed single-
domain grains are capable of holding a remanence whose
behavior with temperature and over time is far bet-
ter understood than that of multidomain grains. Sta-
bility of magnetic remanence in single-domain grains
is thought to be determined by shape or crystalline
anisotropy, whereas multidomain grains have more vari-
able stability, determined by the pinning of domain
walls by dislocations.

The switching behavior exhibited in the simulated
hysteresis loops now provides a constraint on the analyt-
ical models of PSD grains. The magnetization reverses
by discontinuous and continuous processes: a combina-
tion of rapid rotation of discrete regions of the grains
(causing Barkhausen jumps) and gradual movements of
domain walls and/or reversal of vortexlike regions. In
the smallest of grains we modeled (0.1 ym), most of the
grain volume switches via a single Barkhausen jump.
As the grain size increases, the regions that undergo
Barkhausen jumps decrease in size as a proportion of
the total grain volume, while the number of these re-
gions in the grain increases.
~ There are three main theories of PSD grain behav-
ior: (1) SD-type inclusions within MD-type grains [ Ver-
hoogen 1959; Banerjee, 1977], (2) domain wall moments
[Dunlop, 1977], and (3) failure of domain wall nucleation
in MD grains [Halgedahl and Fuller, 1980].

The first of these theories cannot be accurately tested
with micromagnetism given the present resolving power
of the technique. However, grains above 0.05 pm in size
are not truly single domain and yet cannot be said to
contain SD inclusions surrounded by softer MD regions.
Thus, although SD-like inclusions in larger grains (1 —
10 pm) cannot be ruled out, this mechanism cannot be
regarded as a general model to explain the magnetic
properties of PSD grains less than about 1 ym in size.

The second theory is based on one-dimensional mod-
els of domain structure, i.e., that the domain struc-
ture is lamellar and that grains just above the critical
single-domain threshold have most of their volume oc-
cupied by a domain wall. This was further examined
by one-dimensional micromagnetic models [Enkin and
Dunlop, 1987], which determined the properties of PSD
grains dominated by domain wall moments. In three-
dimensional solutions, lamellar domain structures are
not favored in the grain size ranges examined so far
(up to 1.0 pm); instead, vortexlike structures are the
equilibrium or lowest energy states.

The third theory assumes that there are no PSD
grains as such but rather that samples are made up
of a mixture of MD and SD grains, where grains in
the SD state above the critical SD grain size have
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failed to nucleate domain walls. Experiments demon-
strate that the fraction of PSD magnetite grains remain-
ing magnetized after low-temperature demagnetization
have alternating-field demagnetization spectra indica-
tive of SD grains [Dunlop and Argyle, 1991], so that
the grains demagnetized at low temperatures had re-
manences that were controlled by domain walls pinned
at dislocations. These walls become unpinned as the
wall widths increase in response to the magnetocrys-
talline anisotropy (K7) vanishing at the isotropic point
(130 K) [see Dunlop, 1990], effectively removing the MD
component of the magnetization.

The magnetic structures described in this paper do
not support the idea of grains of size 0.1 ym to 1.0 um
having their domain structure strongly controlled by
crystalline anisotropy. It can be seen from Figures 9a
and 9b that the coercivity and saturation remanence
are relatively independent of whether the external field
is applied parallel to the hard or easy directions. Fur-
thermore, the zero-field structures are not significantly
altered when the magnetocrystalline, exchange and sat-
uration magnetization constants are changed to values
appropriate to the isotropic point of magnetite (deter-
mined by extrapolation of measurements of exchange
constant [Heider and Williams, 1988] and magnetocrys-
talline anisotropy constant [Flecher and O’Reilly, 1974]
between room temperature and the Curie point), i.e.,
0.0 Jm—3, 1.47x10711 Jm~!, and 5.1 x 10> Am™! re-
spectively. However, the saturation remanences are
somewhat lower than those found experimentally (see
Figure 9b), indicating that a substantial fraction of
grains may be in metastable SD states. If this is the
case, it is not clear why low-temperature demagnetiza-
tion should cause the nucleation of vortex states, unless
the domain structures are influenced by factors such as
magnetostrictive energies which have not been included
in the present model.

Conclusions

Our simulations of hysteresis in submicron magnetite
give values of H, which are in good agreement with
measurements on bulk samples, but values of saturation
remanence are significantly lower than those observed.
This indicates that the SD state is stable to larger sizes
than predicted by our numerical models, but domain
stability does not appear to be substantially influenced
by magnetocrystalline anisotropy at room temperature
or below.

The general features of experimentally observed hys-
teresis loops are reproduced by our simulations. Irre-
versible Barkhausen jumps occur in small PSD grains,
and a combination of continuous and discontinuous
changes occur in larger grains. The number of Bark-
hausen jumps increases and the size of the jumps de-
creases, as the grain size increases. Smooth movements
of domain walls begin to appear in grains of ~ 0.7 pm
in size.

The dominant zero-field domain structure in both cu-
bic and elongated grains is a vortex state. The relatively
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close agreement of our theory with experiment indi-
cates that such structures are probably the dominant
states in small PSD magnetite grains. The magneti-
zation reversal mechanism is by vortex nucleation and
propagation, similar to that already predicted in zero-
field states where reversals would occur with the help
of thermal fluctuations [Enkin and Williams, 1994].
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