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[1] Parameters derived from magnetic hysteresis experiments have been used as granulometric indicators in
paleomagnetism. In practice, discriminating the superparamagnetic (SP) fraction from the coarse grain
magnetites in parameter ratio plots is often inconclusive. To overcome this ambiguity, transient hysteresis
(TH) has been recently proposed. We have carried out micromagnetic simulations to provide a fundamental
rationale for the use of TH for granulometry. We found that magnetic TH results from the difference of
magnetization configuration between ascending and descending hysteresis loops as a result of self-
demagnetization. The descending branch has a tendency to keep a more uniform (e.g., flower-like)
configuration, while the ascending branch prefers a less uniform (e.g., vortex-like) structure. According to
our simulations, TH increases as the grain size increases and as the aspect ratio decreases. We also carried
out TH measurements for well-defined synthetic and natural samples. It is notable that TH from the
simulation for samples with aspect ratio q = 1.5 agrees well with the experimental observations for
annealed magnetites of smaller sizes. In general, small TH is a clear indication for the absence of complex
magnetized structures. Adding TH analysis to the hysteresis loop measurements requires a minor effort yet
provides strong constraint on grain size.
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nient (yet complicated) quantities to estimate do-
main state of the magnetic phases in the rocks.
Despite their common use, hysteresis properties
often provide inconclusive information on average

1. Introduction

[2] In environmental, paleo-, and rock magnetism,
measuring magnetic hysteresis has become a rou-

tine process for characterizing the magnetic prop-
erties of rocks. In general, values of M| (saturation
magnetization), M, (saturation remanence), and B,.
(coercivity) are determined from hysteresis loops
after an appropriate nonferrimagnetic slope correc-
tion (Figure 1a). Values of B, and the ratio M,/M,
(=hereafter squareness) provide the most conve-

Copyright 2005 by the American Geophysical Union

grain size of magnetic minerals because hysteresis
behavior is governed by many factors, such as
composition, initial state, grain-shape and size,
stress, and temperature.

[3] Recently, Fabian [2003] proposed a new rock
magnetic parameter derived from hysteresis experi-
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(a) A typical magnetic hysteresis loop. Definitions of M, M,, and B, are shown. (b) Measuring magnetic

transient hysteresis (TH), which is the area between the descending and ascending loops (shaded area).

ments: transient hysteresis (TH). In empirical form,
TH is the summation of the difference between the
ascending and descending branches of partial hys-
teresis experiment that cycles from saturation to
remanence state, and then back to saturation mag-
netization state (Figure 1b). This is one of a special
form of hysteresis experiments known as “first-
order reversing curves,” or FORCs [Mayergoyz,
1986], in which the turning point is at zero field. In
the present study, these special FORCs are denoted
as zero-FORC or ZFORC. TH is defined as

o Hmax
TH = Z [Mdescendiwzg - Mascending] : AH, (1)

poH=0

where AH is a fixed field-increment (e.g., 1 mT)
used in hysteresis measurements. If we normalize
magnetization to M, TH has a units of induction
field (e.g., mT).

[4] Because the difference between the ascending
and descending branches results from the action of
self-demagnetization, TH represents the degree of
irreversible hysteresis behavior [Fabian, 2003]. In
other words, TH is absent in superparamagnetic
(SP) or ideal single-domain (SD) grains whose
remanent states are uniform or nearly uniform.
Large particles with complex magnetic remanent
states or those that contain domain walls exhibit
transient hysteresis because the formation of these
patterns of magnetization occurs at different fields
on the descending branch than their destruction on
the ascending branch.

[s] Micromagnetism concerns the calculation of
detailed magnetization configurations and the
magnetic reversal process in a magnetic system.
Not only can micromagnetic calculations predict

complex magnetic domain structures, they can
also produce transient pictures of complex domain
configurations [e.g., Schabes and Bertram, 1988].
The general method of micromagnetism involves
considering all the fundamental energies at
near atomic levels. The underlying assumption
is that within a small element of volume,
atomic spins are approximately parallel to one
another, or at least a linear function of position.
Unlike in classical domain theory of ferrimag-
netism, micromagnetism shows that the most
common remanent states are dominated by non-
uniform magnetizations. Micromagnetic modeling
is therefore necessary to decipher the funda-
mental behavior of nonuniform magnetization
structures.

[6] The present study was intended (1) to elucidate
fundamental aspects of TH from micromagnetic
modeling, (2) to compare model predictions with
the experimental observations, and (3) to provide a
quick and useful granulometric indicator in paleo-
magnetism.

2. Micromagnetic Modeling

2.1. Some Preliminaries

[7] On the basis of micromagnetic theory with
adequate descriptions of magnetization directions,
we can model magnetic hysteresis. The total mag-
netic energy of the system is a summation of the
exchange energy that keeps the adjacent spins
parallel to one another, magnetocrystalline energy
that preferentially orients magnetic moments near
the easy axis of the grain, magnetostatic energy due
to the divergence of the magnetization, magnetic
potential energy resulting from the existence of an
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Figure 2. A reference frame for micromagnetic simulation. (a) Relationship of applied field B, easy axis of
magnetic particle, and the magnetization vector M of the particle. ) is the angle of the easy axis of the grain with
respect to the applied field B, and 1 is the angle of the magnetization with respect to the easy axis. (b) Partition of the
particle with width 7, length L, and cell size s. (c) Relationship between applied field and crystallographic axis.
(d) Simulation of magnetic hysteresis of 4 x 4 x 6 40 nm magnetite. Magnetic hysteresis shows strong angular
dependence. We used Euler angle approximation (see section 3.2) to calculate the weighted hysteresis for randomly

oriented grains.

external field, and magnetoelastic energy owing to
lattice distortions of magnetic minerals. The distri-
bution of magnetization orientations in a given
configuration is found by minimizing the total free
energy.

[8] For uniformly magnetized samples, magnetiza-
tion in the remanence state is mostly controlled by
exchange anisotropy. An analytical solution for this
ideal case has long been recognized for noninter-
acting ideal SD grains [see Stoner and Wohlfarth,
1948]:

E =K, Sinz Pdr) - M;B COS(T] - lJr))7 (2)

where E, is the total energy, 7 is the angle of the
easy axis of the grain with respect to the applied
field B, and 1 is the angle of the magnetization
with respect to the easy axis (Figure 2a). Uniaxial
anisotropy originates from the shape of the

magnetic grains and the anisotropy constant is
given by

Ky = (1/2)ug(AN)M, 3)

where AN is a shape factor that ranges from 0 (for
equant particle) to 1 (for an extremely prolate
particle).

[v] For equant grains of magnetite, the anisotropy
is dominated by the crystalline structure

E, =Ki(ofos + o303 + ojad) + Ko (afadad),  (4)

where E, is the magnetocrystalline energy, K; and
K, are the constants of magnetocrystalline anisot-
ropy, and the as are direction cosines between
magnetization and the three major crystallographic
axes [001, 100, 010].
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[10] Fast computer-based micromagnetic models
have successfully revealed complicated magnetiza-
tion structures [e.g., Schabes and Bertram, 1988;
Williams and Dunlop, 1989, 1990; Schabes, 1991].
The most profound discovery from these simula-
tions was the discovery of the evolution of non-
uniform magnetization states from the uniform
magnetization state in SD to distinct domain
walls in MD. Whether it was a 2-dimensional or
3-dimensional investigation, there has been much
progress in modeling of magnetic grains of paleo-
magnetic interests [see Williams and Dunlop,
1995; Fabian et al., 1996; Fukuma and Dunlop,
1997, 1998; Rave and Ramstock, 1997; Winklhofer
et al., 1997; Rave et al., 1998; Williams and
Wright, 1998; Muxworthy and Williams, 1999a,
1999b; Newell and Merrill, 2000a, 2000b; Tauxe et
al., 2002; Carvallo et al., 2003; Muxworthy et al.,
2003a, 2003b].

[11] In particular, modeling magnetic hysteresis
has received special attention due to its practical
importance in paleomagnetism. Williams and
Dunlop [1995] simulated magnetic hysteresis for
0.1-0.7 um magnetite cubes and parallelepipeds
along the easy and hard axes. They concluded that a
vortex remanence state is responsible for the so-
called “pseudo-single-domain (PSD)” behavior of
magnetic hysteresis. Fabian et al. [1996] studied
the remanence states of magnetite grains with
aspect ratios ranging from 1 to 2.74 for 0.05—
0.6 pm magnetite. They determined ranges of the
SD-PSD boundary on the basis of energy differ-
entials between flower and vortex remanence states.
Muxworthy and Williams [1999a, 1999b] incorpo-
rated temperature variations in their simulations.
They investigated the behavior of magnetite near
the Verwey transition and as a function of temper-
ature. Newell and Merrill [2000a] pointed out the
instability of numerical solutions and suggested
strategies to avoid unstable outcomes. In a com-
panion paper, Newell and Merrill [2000b] simulated
magnetic hysteresis of cubic magnetites, expressed
many difficulties of using hysteresis in magnetic
granulometry. In this study, we expand on the
efforts of Tauxe et al. [2002] by simulating the
partial hysteresis experiments to determine transient
hysteresis as proposed by Fabian [2003].

2.2. Micromagnetic Simulation

[12] During the modeling process, we discretize
particles into cubic elements within which magne-
tization is uniform (Figure 2b) [see also Bertram
and Zhu, 1992]. The cell dimension is s. We used a

Fast Multipole Code (FMM) [see Seberino and
Bertram, 2001] that integrates the coupled Landau-
Lifshitz equation. For a given input configuration
of each particle, the sequential FMM decomposes
the data-space in a hierarchy of blocks and com-
putes local neighborhoods. The first pass calculates
the root accumulating the multipole coefficients at
intermediate tree-nodes. When the root is reached,
the second pass starts where exchanging data
between blocks belonging to the neighborhoods
and interaction-lists calculated at tree-construction
is performed. Finally, short- and long-range inter-
actions are accumulated and the total free energies
exerted upon particles are computed. The algo-
rithm repeats the above steps and simulates the
evolution of the system for each successive time
step. This technique reduces the computational cost
of calculating the magnetostatic field and scales
asymptotically linearly with the problem size. All
calculations were obtained using four PCs that are
four-node partitioned. A total of >30,000 hours
were consumed to complete the computations.

[13] Our numerical model considers magnetocrys-
talline anisotropy and attempts to incorporate the
effect of size, shape, and orientation with the
external field. We have neglected the effect of
magnetostriction and thermal fluctuation for sim-
plicity. In the following, we will describe our
modeling procedure of magnetite particles that
range from 40 to 200 nm.

[14] For each grain size, at least ten different aspect
ratios from 1:1 to 2:1 were assigned. For example,
for a 200 nm width grain, the aspect ratios were
1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, and
2.0. Keep the same element size is ideal to mini-
mize errors for exchange anisotropy. However, this
will allow only a limited number of axial ratio
configuration for smaller grains. For grains
<100 nm, we allowed a slight variation of element
size (so does the exchange length) for each grain
(e.g., 9—11 nm) to simulate various aspect ratios.
On the other hand, a uniform element size
(exchange length of 10 nm) was used for grains
larger than 100 nm. We set elongation along the
[001] direction for convenience (Figure 2b). Note
that elongation along [100] or [010] yields an
identical solution due to an existing cylindrical
symmetry (Figure 2¢). In each case, magnetic hys-
teresis was simulated along three different crystal-
lographic axes [001, 100, 111] of magnetite cubes
(Figures 2b and 2c¢). The relationship of the applied
field with respect to the crystallographic axes are
illustrated as 6 and ¢ (Figure 2c).
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[15] For each configuration, we simulated one full
hysteresis loop and the TH. To simulate TH, we
have started with the magnetization that is parallel
to the applied field, then applied a saturation
magnetic field of 0.6 T. After saturation, we
decrease the field in decrements of 6 mT to zero
and evaluate squareness. We then increase the field
to 0.6 T to complete the modeling of TH. To obtain
a full hysteresis curve, simulations were cycled
through from positive to negative saturation, then
back to positive saturation magnetization state.

[16] In order to eliminate possible instability of our
numerical solutions, we repeated all the simulation
with different field increment/decrements of 1, 2,
and 3 mT [Newell and Merrill, 2000b; A. Newell,
personal communication]. Whenever we found
dual solutions, we use the smoother (with less
drastic jumps) hysteresis as the ultimate solution.
The material constants, chosen for room tempera-
ture T = 298 K, were 4 = 1.32 x 10" J/m, M, =
4.80 x 10° A/m, and K; = —1.25 x 10* J/m? [see
Tauxe et al., 2002].

2.3. Angular Dependence of Magnetic
Hysteresis

[17] For an elongated single magnetite grain, mag-
netic hysteresis has a strong angular dependence.
For 40 nm magnetite with 4 x 4 x 6 configuration,
square-type magnetic hysteresis is produced along
the elongation axis [001] but virtually no hysteresis
is observed along [100]. Hysteresis along [111]
falls between them (Figure 2d).

[18] In practice, we are dealing with an assemblage
of uniaxial (or cubic) grains that have random
orientations of their easy axes. How can we deter-
mine the hysteresis produced by a set of randomly
oriented grains? Although carrying out many sim-
ulations along random orientations or mathemati-
cally calculating integrated hysteresis over all
possible angles would be an ultimate solution
[Tauxe et al., 1996, 2002], we found that Euler
angle approximation [see Arfken and Weber, 1995,

Figure 3. Hysteresis parameters for 40 nm grains of
magnetite along different axes. Diamonds are along
[001], squares are along [100], and triangles are along
[111]. The weighted averages (approximation of random
assemblages) are displayed as solid circles. Variation of
(a) squareness (=M,/M;) and (b) coercivity (=B.) as a
function of grain size for 40 nm magnetite. (c) An SC
plot for 40 nm grain. Uniaxial shape anisotropy
dominates over magnetocrystalline anisotropy at higher
elongations of ¢ > 1.3.
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Figure 4. SC plots for (a) 40—100 nm and (b) 120—200 nm magnetites. Squareness and coercivity decrease as the
grain size increases. For 100—200 nm, squareness and coercivity increase as the aspect ratio increases.

Figure 2.6] provides less costly answer. According
to our calculation, hysteresis along [001], [100],
and [111] has corresponding weightings of 0.1123,
0.3022, and 0.5855 in a normalized scale. On the
basis of Euler angle approximation, the weighted
hysteresis loop represents the hysteresis of an
assemblages whose grains are randomly oriented
(Figure 2d).

[19] Is Euler angle approximation necessary in
micromagnetic simulation? The simulated square-
ness of 4 x 6 40 nm grain is 0.995, 0.000, and
0.575 along the [001], [100], and [111], respec-
tively (Figure 2d). In this configuration, both
weighted and arithmetic mean yield a squareness
close to ideal SD value (Figure 2d). The simulated
squareness of 4 x 5 40 nm grain is 0.93, 0.83, and
0.25 along the [001], [100], and [111], respectively.
For this grain, the weighted squareness is 0.498,
well representing the hallmark for the SD grain.
On the other hand, a simple arithmetic mean
(=0.67) yields an overestimation of the squareness,
strongly suggesting that Euler angle approximation
is required.

3. Simulation Results

3.1. Micromagnetic Modeling of Full
Hysteresis

[20] In order to determine conventional rock mag-
netic parameters (M,, M,, and B,.), full hysteresis
loops were simulated. For 40 nm magnetite, values
of squareness along [111] and [100] decrease while
those along [001] increase as the aspect ratio
increases from 1 to 1.33, after which all the results
remain nearly unchanged for ¢ >1.4 (Figure 3a).
When weighted, squareness converges at 0.45 for
higher aspect ratios, which is slightly below the
expected value for ideal SD grain (=0.5), indicating

that averaging process somewhat underestimates
the value of squareness (Figure 3a).

[21] Variation of coercivity as a function of the
aspect ratio for 40 nm magnetite shows similar
behavior as for squareness (Figure 3b). Values of
coercivity along [111] and [100] decrease at
first, then monotonically increase for ¢ > 1.2
(Figure 3b). On the other hand, values of coercivity
along [001] continuously increase over the entire
ranges of ¢. Weighted coercivity shows a minimum
at ¢ = 1.2, then B, continuously increases as ¢
increases. A big difference between the variation of
remanence and that of coercivity is that the turning
point occurs at g = 1.33 for the remanence but at
g = 1.2 for the coercivity (Figures 3a and 3b).
This difference is not uncommon in micromagnetic
simulation, and it poses a difficulties in predicting
granulometry by using magnetic hysteresis [e.g.,
Newell and Merrill, 2000a].

[22] In a squareness-coercivity (SC) plot, hystere-
sis properties of 40 nm grain shows an interesting
migration (Figure 3c). For cubic grains, the dom-
inance of magnetocrystalline anisotropy is demon-
strated from the value of high squareness of 0.823
(see data in Figure 3c). This is again slightly
underestimated compared to the theoretic calcula-
tion of 0.866. As the aspect ratio increases, uniaxial
shape anisotropy is introduced. Uniaxial shape
anisotropy dominates over magnetocrystalline
anisotropy at higher elongations of ¢ > 1.3
(Figure 3c), agreeing well with the analytic
theory [see Tauxe et al., 2002].

[23] On an SC plot, a similar migration path is
observed for 40—80 nm (Figure 4a). In these
grains, squareness remains >0.35 at higher elonga-
tion of ¢ > 1.3. For 100—160 nm grains, squareness
decreases substantially (e.g., from 0.27 at ¢ =2 to
0.07 at ¢ = 1 for 140 nm) as the average aspect
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Figure 5. Micromagnetic simulation of ZFORCs for 40 nm magnetite, which virtually shows no transient

hysteresis: (a) ¢ = 1 and (b) g = 2.

ratio decreases (Figure 4). On the other hand, the
variation of coercivity is confined only to 5—15 mT
for 100-160 nm grains (Figure 4). Weighted
hysteresis for 180—200 nm grains shows square-
ness of 0.04—0.13 and coercivity of 6—17 mT,
typical values for small MD grains (Figure 4b). In
these large grains, the transition zone of dominant
anisotropy swapping is disappeared (Figure 4b).

3.2. Micromagnetic Modeling of Transient
Hysteresis

[24] For a 40 nm particle of magnetite, all the
ZFORC:s (descending to zero from saturation mag-

netization, then again to saturation) are nearly
reversible (Figure 5). As a result, magnetic TH is
virtually absent for 40 nm grains. A very slight TH
is observed along [001] and [100] for some con-
figurations of ¢ = 1 (Figure 5a), but it disappears at
higher q (Figure 5b). For elongated 40 nm grain,
regardless of the aspect ratio, ZFORCs remain
nearly saturated along [001] but vary from near
saturation to zero magnetization along [100]
(Figure 5b). ZFORCs along [111] fall between
them.

[25] Irreversible ZFORCs evolve as the grain size
increases (Figures 6 and 7). TH for the 100 nm

100 nm
19 1A
0.8+ 08 1
— —~
[ -
O 06 0 B
S a) S 06
- ~
= =
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= = 4
024 024/
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Figure 6. Micromagnetic simulation of ZFORCs for 100 nm magnetite. (a) g = 1, (b) ¢ = 1.33, (c) ¢ = 1.5, and
(d) ¢ = 1.8. Transient hysteresis decreases as the aspect ratio increases.
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Figure 7. Micromagnetic simulation of ZFORCs for 180 nm magnetite: (a) ¢ = 1, (b) ¢ = 1.33, (¢) ¢ = 1.44, and
(d) ¢ = 1.89. Transient hysteresis decreases as the aspect ratio increases.

grain shows three aspects worthy of note. First, TH
along [001] occurs largely at q = 1.0-1.33, but
nearly disappears as q increases (Figure 6). Second,
in a given configuration, TH along [111] is the
largest, but it also decreases as q increases
(Figure 6). Third, an irreversible ZFORCs along
[100] was observed both at low (<40 mT) and high
(>120 mT) applied fields (Figure 6).

[26] Results for 180 nm grains are much more
complicated (Figure 7). Irreversibility is observed
in all configurations and occurs over a broad range
of applied fields. In particular, TH along [001]
reaches a maximum at 15-20 mT, despite their
small contribution on a weighted scale (Figures 7b,
7c, and 7d). In general, as in smaller grains, TH
decreases as q increases (Figure 7).

3.3. Properties of Transient Hysteresis

[27] What causes transient hysteresis? In order to
explore the physical basis of TH, we present
snapshots of hysteresis at major turning points
where TH became largest on the hysteresis
curves. For graphical convenience, we will use
the 100 nm grain (Figures 8-10). The first
example is a comparison of magnetization vectors

at poH = 90 mT for 6 x 6 x 8 configuration of
100 nm grain along [001] direction. In the descend-
ing branch, each magnetic vector remains quasi-
parallel to the applied field direction (Figure 8a),
showing a typical flower state of magnetization. On
the ascending loop, magnetic vectors are much
more curled, resulting in a reduced net magnetiza-
tion (Figure 8b). However, the entire magnetization
structure is still flower-like (Figure 8b).

[28] Snapshots of hysteresis along [100] show
quite different behavior. The difference of magne-
tization structure between the descending and as-
cending loops is less significant with both being
curled. For an applied field of poH = 24 mT, there
is only a slight difference of magnetization vectors
near the bottom-right edges (Figure 9).

[29] A distinct contrast between a more flower-like
structure (Figure 10a) and a vortex-like structure
(Figure 10b) is observed for the snapshots of
hysteresis at poH = 42 mT for a 100 nm grain of
6 x 6 x 8 configuration along the [111] direction.
This fundamental difference of magnetic structures
is responsible for the great difference of their
magnetization, hence irreversible ZFORC behav-
ior, or TH.
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Figure 8. Snapshots of magnetization configuration at po = 90 mT along [001] for 6 x 6 x 8 100 nm
magnetite: (a) descending branch and (b) ascending branch. Note that magnetic vectors are more curled in the

ascending branch.

[30] On the basis of these snapshot analyses, we
can conclude that TH results from the difference of
magnetization structures between the ascending
and descending loops. A much more uniform,
higher magnetization state (e.g., flower-like) is
preferred for the descending branch, while a more
complicated, lower magnetization state (e.g., vor-
tex-like) is common for the ascending branch
(Figures 8—10). This contrast is most prominent
along the [111] direction, giving rise to transient
hysteresis.

3.4. Grain Size Dependence of Transient
Hysteresis

[31] Because transient hysteresis in the zero-FORC
experiment originates from the action of self-
demagnetization, it should increase as grain size

increases and as the average aspect ratio decreases.
Indeed, transient hysteresis is nearly absent for
40 nm and 60 nm (e.g., Figure 5). In these grains,
TH is virtually zero for all the configurations of the
simulated aspect ratio. Although there are a few
occasions (particularly for q < 1.3) where minor TH
events occur, TH would be undetectable in practice
due to the small value (<1% difference of saturation
magnetization).

[32] For magnetite particles of 80—140 nm, TH
along the [111] dominates in weighted results,
peaking at 25—65 mT (e.g., Figure 11a). TH for
100 nm magnetite fits well with the prediction,
decreasing as q increases (Figure 11b).

[33] Properties of TH for 180 nm magnetite
particles are complicated. Despite their small
weighting factors, TH along [001] and [100] often
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Figure 9. Snapshots of magnetization configuration at poH = 24 mT along [100] for 5 x 5 x 9 100 nm magnetite:
(a) descending branch and (b) ascending branch. There exists a slight difference of magnetization vectors near the

bottom right edges.

shows peaks at higher applied fields >120 mT
(Figure 11c). As in other grains, TH along [111]
dominates on a weighted scale, being most
prominent at smaller applied fields <120 mT
(Figure 11d). Although not shown, a similar
behavior was observed for 160 and 200 nm
grains. In general, regardless of the size of the
grain, TH decreases as the q increases (Figure 11).

4. Experimental Observations

[34] In order to compare our numerical experi-
ments to “‘real” data, we have carried out a number
of hysteresis experiments on magnetite assemb-

lages of carefully sized powders as well as natural
materials. These are described in the following
sections.

4.1. Samples and Experiments

[35] Six synthetic powders were studied whose
mean grain sizes range from SD (65 nm) to small
MD (18.3 pm). A brief summary of sample prop-
erties is presented in Table 1 (see Yu et al. [2002]
for a detailed sample description). For each grain
size, three sets of powders were prepared. The first
set of powders was 0.5% by volume dispersions of
magnetite in a matrix of CaF,. These were vacuum-
sealed in quartz capsules of 3 cm and annealed
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Table 1. Synthetic Samples®

Powder d, pm q (Axial Ratio) n
4000 0.065 1.48 884
Mapico 0.24 1.29 532
112978 0.44 1.33 1022
3006 1.06 1.62 1471
112982 16.9 1.61 1618
041183 18.3 1.57 870

dPowders 4000, 112978, 3006, 112982, and 041183 are from the
Wright Company. Powder Mapico is the products of Mapico Company.
d is the estimated grain size, q is the average axial ratio, and n is the
number of grains counted. Size distribution was determined by
counting individual grains from at least six different SEM photos per
powder. See Yu et al. [2002] for details.

for 3 hr at 973 K to stabilize the magnetic proper-
ties. After annealing, the samples were slowly
cooled from 973 K because rapid quenching may
result in higher thermal stresses. The quartz cap-
sules were unsealed just prior to the hysteresis
measurements. The second set of powders was
0.5% volume dispersions of unannealed magnetite
in a matrix of CaF,. The third set consists of
undispersed, pure magnetite powders.

[36] Natural samples were also studied: 456H
(lake sediments, Lake Pepin, Minnesota, USA
[Brachfeld and Banerjee, 2000]); EO—ES5 (zero-
age mid-oceanic ridge basalts, from the East
Pacific Rise [Gee and Kent, 1997]); KM3C-F
(Kometsuka basalts, Mt. Aso, Japan [Yu, 1998));
PO—P3 (MORBs, Phoenix expedition, from the
East Pacific Rise [Gee and Kent, 1999]); and
TG2, TG19D (Tudor Gabbro, Ontario, Canada
[Yu and Dunlop, 2001]). On the basis of previous
studies, we selected individual chips whose sister
chips yielded hysteresis ratios falling in various
regions in the Day plot [Day et al., 1977], spanning
the range from SD, PSD, MD, and SP (Table 2). In
particular, EO—E5 represent subsamples spaced
every 5 mm with respect to the outer chilled margin
of a single pillow lava with EO representing a
subsample nearest the chilled margin.

[371] Room temperature hysteresis was measured
by using the alternating gradient force magnetom-
eter (AGFM) at Scripps. ZFORCs and full hyster-
esis loops were monitored in the peak field 0.5 T in
field increments/decrements of 5 mT. The signal
averaging time was usually set to 500 ms, but 1 s
was used for weak samples.

4.2. Synthetic Samples

[33] When we plotted TH as a function of grain
size, submicron magnetites display the expected

grain size dependence; as the grain size increases,
TH increases (Figures 12a and 12b). For each grain
size, TH is largest for the annealed set and smallest
for unannealed bulk magnetites (Figures 12a and
12b). For comparison, we also plotted the pre-
dicted TH from the micromagnetic modeling
(Figure 12a). Because of the high computation
demand, most simulations covered only the lower
end of the grain size range (40—200 nm). The
range of TH wvaries substantially for different
simulations but agrees reasonably well with the
experimental results for ¢ = 1.5 (Figure 3a). Note
that the average aspect ratio of the synthetic
magnetites was about q = 1.5 (Table 1). Substan-
tially higher values of TH from some simulations
belong to near cubic grains (q < 1.3) of magnetite,
which is usually less common in most natural or
synthetic samples.

[39] For comparison, we display our results in a
conventional Day diagram (Figures 12¢ and 12d). In
the Day diagram, the ratio of hysteresis parameters
for each set of grain sizes migrates toward the MD
end as the volume concentration decreases and as
the annealing is performed (Figures 12¢ and 12d).
This trend is universally true regardless of the grain
size of magnetites.

[40] The 65 nm magnetite shows squareness of
0.2—-0.32 (Figure 12c), substantially lower than
expected value 0.5 of ideal SD. However, a rather
small TH is observed compared to other submicron
magnetites (Figures 12a and 12b), indicating that
low squareness results from the unblocking of SP
grains and not from the PSD/MD grains. It is
worthy of note that TH is unexpectedly small for
16.9 and 18.3 pm magnetites (Figure 12b).

[41] For synthetic samples of all grain sizes,
annealed samples yielded the smallest squareness
but the largest TH, suggesting that annealing
encourages a more MD-like nature of the grains
(Figures 12). For the unannealed set of submicron

Table 2. Natural Samples®

Sample References Tus, °C
Kometsuka Basalt 1 500-560
Lake Pepin Sediments 2 580
MORBs, Phoenix expedition 3 160-360
Tudor Gabbro 4 580
Zero-age MORBs, East Pacific 5 80-120

Rise

4T,y is the maximum unblocking temperatures from the thermal
demagnetization of sister specimens. References: 1, Yu [1998]; 2,
Brachfeld and Banerjee [2000]; 3, Gee and Kent [1999]; 4, Yu and
Dunlop [2001]; 5, Gee and Kent [1997].
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100 nm, 6 x 6 x 8, HoH =42 mT along [111]
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Figure 10. Snapshots of magnetization configuration at o/ =42 mT along [111] for 6 x 6 x 8 100 nm magnetite:
(a) descending branch and (b) ascending branch. While the descending branch shows a more uniform (flower-like)
structure, the ascending branch shows a less uniform (vortex-like) configuration.

magnetites, an increase of volume concentration
enhances squareness but reduces TH (Figure 12).
Although a similar trend is observed for 18.3 pm, a
difference in volume concentration makes little
impact on squareness (Figure 12).

4.3. Natural Samples

[42] All the experimental results are displayed on
three separate plots (Figure 13). We examined the
relation between squareness and TH along with a
Day diagram and a squareness-coercivity (SC) plot
for comparison. In Kometsuka basalts, KM3F
shows ideal SD behavior with a squareness of 0.5
(Figures 13a, 13b, and 13c). KM3C shows en-
hancement of TH with smaller squareness, possibly
resulting from increasing grain size of (titano)mag-

netite. The two Tudor gabbros and one lake sedi-
ment sample apparently fall in the so-called PSD-
MD range in Day plot (Figure 13a). However,
they have distinctively different TH (Figure 13c).
T2C shows typical MD characteristics with sub-
stantial TH and a fairly low squareness of 0.05
(Figure 13c). In contrast, T19D shows minimal
TH while having relatively low squareness of
0.24, suggesting the presence of SP as opposed
to MD particles (Figures 13a, 13b, and 13c). The
456H falls between them.

[43] For MORBs, E2 (I mm from the chilled
margin respectively) show SD behavior with high
squareness and minimal TH (Figures 13d, 13e,
and 13f). Apparently, E2 and E3 show similar
squareness, but their THs are quite different,
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(a) Difference of magnetization between descending and ascending magnetization for 100 nm magnetite.

(b) Estimated transient hysteresis as a function of axial ratio. Transient hysteresis decreases as the average aspect ratio
increases. (c) Difference of magnetization between descending and ascending magnetization for 180 nm magnetite.
(d) Estimated transient hysteresis as a function of axial ratio. Transient hysteresis decreases as the average aspect ratio

increases.

indicating the presence of relatively coarse grains
in E3 (Figures 13d, 13e, and 13f).

5. Discussion

[44] Magnetic hysteresis has been used as a stan-
dard procedure in rock and environmental magne-
tism to estimate domain states, by implication,
average grain size of remanence carriers. One of
the most difficult tasks for paleomagnetists is the
clear distinction between SP and PSD/MD when
the results fall in the so-called PSD region in the
Day plot. In ideal SD grains, squareness is high
(0.5 for uniaxial anisotropy). However, low square-
ness occurs for PSD/MD due to both domain wall
formation resulting from self-demagnetization ef-
fect and to SP behavior owing to thermal agitation.
Although SP tends to fall in a somewhat different
region (toward upper right portion in the Day plot
[e.g., Tauxe et al., 1996]), a clear cut distinction of
SP and PSD/MD in the Day plot is often ambig-
uous [e.g., Gee and Kent, 1999; Dunlop, 2002a,
2002b; Tauxe et al., 2002]). The SC plot offers

some advantages over the Day plot in displaying
the temperature dependence of hysteresis and in
recognizing dominant anisotropy of remanence
carriers, yet it requires fewer measurements [ 7auxe
et al., 2002; Yu et al., 2004]. However, the SC plot
also cannot clearly discriminate SP from PSD/MD
(e.g., Figures 13b and 13e). The TH experiment
was designed to better diagnose these ambiguities
[Fabian, 2003].

[45] Inthis study, we have tried to provide a physical
rationale for the use of TH in granulometry by using
micromagnetic simulation. TH results from the
action of self-demagnetization which causes irre-
versible paths in the ZFORCs (Figures 5—7). TH
is largest along [111] but smallest along the
elongation direction [001] (Figures 6 and 7). It
is interesting that TH develops both at low- and
high-field regions along [100] (Figures 6 and 7).
Whenever there is an irreversibility, regardless of
the applied field direction, the magnetization con-
figuration for the descending branch favored a
more uniform (e.g., flower-like) structure while
that for ascending branch preferred less uniform

13 of 20



s 'Geochemistr
Geophysics Y |j
__ |Geosystems  {{ Jr

YU AND TAUXE: MAGNETIC TRANSIENT HYSTERESIS

10.1029/2004GC000839

257
a) Micromagnetic simulation
= 504 =10-
c 0 q=10-20
A7)
g
S 157 Annedled (05% )
£ Unannedled (05% )
+ 10 Unannealed Bulk
.9
°
é I . °
£ 51 e o .
J'ui :
ol , ,
0 0.4 0.8 12
d, uym
057 o
© 9]
047 0.065 um
w 0 5 o 0.24 ym
g 03 0.44 pm
o 1.06 pm
S
X 02 00 [ ]
(-
[
019 open: unannealed bulk
half-solid: unannealed (0.5 % )
solid: annealed (0.5 %)
0 T T T 1
1 2 3 4 5
Ber/Bc

Figure 12.

simulation. TH from the simulation for samples with aspect ratio ¢ =

b)
°
‘e
o 6 °
+ L) L4
5 . . .
5 2 . Aredled (05%) &
[ Unannealed (05% )
Unannealed Bulk
0 T T T 1
0.01 0.1 1 10 100
d, ym

0.5 7
open: unannealed bulk
half-solid: unannealed (0.5 % )
04 -  solid: annealed (0.5 %)

d)
w
$ 031 16.9 pm
g 18.3 uym
& 021
° o
01 °
(-] [ ]
[ ]
0 ; ; \
0 4 8 12
Ber/Bc

(a) Comparison of grain size dependence of TH for synthetic magnetites and for micromagnetic

1.5 agrees well with the experimental

observations for annealed magnetites. (b) Grain size dependence of TH for synthetic magnetites. Day diagrams for
synthetic magnetite: (c) submicron magnetites and (d) small multidomain magnetites.

(e.g., vortex-like) structure (Figures 8—10). This
contrast was most prominent along [111], along
which TH was the largest (Figure 10). Along [001]
and [100] directions for higher aspect ratio q > 1.3,
the magnetization structure was slightly different
while maintaining a similar configuration, resulting
in less significant TH (Figures 8 and 9).

[46] In general, according to our micromagnetic
simulation, TH increases as the grain size increases
(Figure 12a) and as the aspect ratio decreases
(Figure 11). At a given grain size, TH varies
substantially depending on the aspect ratio, but
tends to be fairly large for smaller aspect ratio of
q < 1.3 (Figure 11). In particular, TH from the
simulation for q = 1.5 agrees well with the exper-
imental observations for annealed magnetites that
are relatively stress-free (Figure 12a). Note that our
simulation neglected magnetoelastic effects.

[47] For volcanic rocks and sediments, TH is
minimal for samples containing SP grains (e.g.,
T19D in Figure 13c¢). For most samples, squareness
decreases as TH increases, along with an increase
in the average grain size. The only exception was
the T19D which has SP grains (Figure 13c¢).

[48] Results of oceanic basalts are much more
complicated. As the distance from the chilled
margin increases, hysteresis ratios in the Day
diagram and SC plot migrate in counterclockwise
path (Figures 13d and 13e). In fact, the reduced
remanence ratio near chilled margin was explained
as a result of SP unblocking [Gee and Kent, 1999].
In a plot of squareness versus transient hysteresis
(S-TH), we confirm the earlier interpretation of
Gee and Kent [1999] by showing minimal TH for
EO (Figure 13f). As we penetrate toward the
interior, for the first several mm, the SP fraction
decreases while the average grain size reaches a
stable SD size, apparently increasing squareness
yet not affecting TH much because ideal SD as
well as SP lacks the TH. As the distance from the
margin exceeds 1 cm, the increase of magnetic
grain size is demonstrated from the fact that
squareness decreased and TH increased, as the
grains reached so-called PSD size (Figure 13f).
Of course, a change of mineralogy should be
considered as well [see Gee and Kent, 1999; Wang
and Van der Voo, 2004].

[49] In the original paper, Fabian [2003] used a
ratio of TH/FH, which is the ratio between the area
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Figure 13. Day diagrams, SC plots, and squareness versus TH plots (STH plots) for natural samples. (a—c)
Volcanics/sediments and (d—f) MORBs. Discriminating SP from PSD/MD is clearly diagnosed in STH plots.

of TH and that of full hysteresis (FH). However, this
ratio is mostly controlled by the denominator term.
As a result, the excellent grain size dependence of
TH/FH of Fabian [2003] overshadows the actual
properties of TH. In fact, according to our observa-
tions, TH itself shows a linear grain size dependence
only for submicron magnetites (Figure 12a). It is
somewhat surprising that TH is not the largest for
MD samples (Figure 12b).

[so] How can >10 um magnetite show less TH
than submicron magnetite? Because the TH results
from the action of self-demagnetization, we antic-
ipated that TH would increase as the grain size
increases. However, ‘“‘real” MD grains would
have very little hysteresis because it is nearly
completely demagnetized in the remanent state
(near-zero squareness). In other words, TH would

increase as the grain size increases over certain
grain size ranges but it must decrease once there
are several domain walls. On the basis of our
experimental observation, TH begins to decrease
when the average particle size exceeds 1 pm
(Figure 12b). Nonetheless, it is apparent that TH
is sensitive in detecting 1 pm magnetite, suggesting
that TH can be used as a granulometric proxy in
environmental magnetism.

[s1] Our simulations indicate that the difference
of magnetic structures between ascending and
descending branches is responsible for TH. We
found that the ascending branch always forms less
uniform (vortex-like) structures, thus have lower
magnetizations. Perhaps, TH signals the difference
between the vortex or flower state (descending)
and two domains (ascending) of 1 pm and the
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difference between four domains (descending) and
eight domains (ascending) of 18.3 um, yielding
greater TH for 1 pm magnetite. In this case, the
difference of magnetization for 1 pm would be
much larger than that for 18.3 pm magnetite. Note
that earlier microscopic observations/compilation
for titanomagnetite [e.g., Halgedahl and Fuller,
1983; Appel and Soffel, 1985] and for magnetite
[e.g., Geiss et al., 1996; Ozdemir and Dunlop,
1997] show that 1 pm grains seldom display more
than two domains, while >10 pm grains show
several domains. However, this proposition
requires further testing because the micromagnetic
analysis and microscopic observations cover only a
limited grain size (Figure 12).

[s2] How well can TH distinguish SP from PSD in
practice? Direct comparison of squareness pro-
vides no clear distinction between SP and PSD
(Figures 12 and 13). In fact, results in Figures 12
and 13 clearly show that using squareness alone in
granulometry is risky. In order to better diagnose
the domain state of remanence carrier, we need an
additional parameter. Measuring TH serves the
purpose. For example, magnetic granulometry of
MORBs that are deduced from traditional Day
plots incited much debate [e.g., Gee and Kent,
1997, 1999; Xu et al., 1997; Tauxe et al., 2002].
The trend of increasing grain size as the distance
from the chilled margin increases is best displayed
in STH plot (Figure 13f). The presence of SP is
best diagnosed in an STH plot, where TH is zero
for SP. In conclusion, a very small TH is a clear
indication for the SP or ideal SD particles
(Figures 13c and 13f).

[s3] However, a true MD also shows a negligible
MD due to its near zero magnetic remanence.
Hence we need additional rock magnetic informa-
tion (e.g., frequency-dependence of magnetic sus-
ceptibility) or microscopic observation to fully
distinguish SP from MD.

6. A Preisach Formalism

6.1. A Classical Preisach Model

[s4] In a classical Preisach model [Preisach, 1935],
the magnetic material is composed of elementary
domains that independently switch magnetic
moments from M to M, or vice versa. The
Preisach model can be decomposed into the
switching fields which set the magnetization up
(H" for M") or down (H~ for M) depending on
the direction of the magnetic field H. In a given
state, by increasing H, the elementary domains that

have magnetizations along H~ (whose critical
switching field (H.,;;) is <H) reverse their direc-
tions to /". Conversely, with decreasing magnetic
field, domains whose H,,; > H also reverse their
direction of magnetization. A fundamental under-
lying assumption is that each domain possesses
two switching fields (" and H ). If so, the same
set of domains will be magnetically activated
between any pair of switching fields. This interest-
ing assumption has been validated in various
magnetic systems, known as the properties of
congruency and wiping-out return memory [e.g.,
Bertotti, 1998].

[ss] In a classical Preisach model, the distribution
of switching fields AH", H) is defined so as to
incorporate the changes of the switching fields. For
example, AH ", H )AH'AH is proportional to the
number of domains that have A" in an infinitesimal
range around /7" and a M~ in an infinitesimal range
around H~ [e.g., Bertotti, 1998].

[se] This description of the magnetization process
is equivalent to the concept of Barkhausen jumps
where the magnetization of domains abruptly
switch their polarity at the threshold fields. The
Preisach diagrams are a convenient tool to display
such a process and switching fields involved in a
magnetic system. The fundamental drawback of
the Preisach approach is the need for a distribution
function to describe the hysteresis loop. In fact, the
exact distribution function is available only from
the experimental determination [e.g., Dunlop and
West, 1969].

6.2. A Modern Preisach Model

[571 A modern Preisach model [e.g., Boots and
Schep, 2000; Metlov, 2000; Song and Roshko,
2000; Song et al., 2001; Borcia et al., 2002]
includes a free energy landscape (regardless of
the complexity) that is an ensemble of bistable
subsystem components. Each bistable component
has two stable states with a corresponding pair of
energy barriers, W' and W . For example, we
present a simple model of a bistable system whose
energy barriers are equivalent to W' = —Mb and
W~ = Ma (Figure 14a). These energy barriers
inhibit transitions from one energy minimum state
to the other, or vice versa. In a given relation, the
coercivity and asymmetry field can be represented
as h, = (W™ + W)2M and h; = (W' — W )/2M,
respectively (Figure 14a).

[ss] On the basis of a bistable decomposition, any
given magnetic system can be characterized by a
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particular distribution AW', W) of free energy
barriers, or equivalently by a distribution of the
switching fields, f(4., h;) or fla, b). In principle, the
Preisach diagrams represent the distribution of
Aa, b) while the first-order reversing curve (FORC)
diagrams [e.g., Pike et al., 1999] represent the
distribution of f{#A,., &;).

[s9] Transitions between different energy minima
states occur when enough energies (whether exter-
nal field or thermal excitation) are supplied. For
instance, the presence of the external field H,, shifts
the energy state of the M, by —MH,, and the
energy state of M~ by +MH, (Figure 14b). As a
result, the external field H, modifies the entire
system by amount of MH,, (Figure 14b).

[60] Each subsystem and its instabilities can be
graphically displayed in the Preisach plane
(Figure 14c), which uses the characteristic fields
(a, b) and (h,, h;) to define rectangular coordinates
axes. Each subsystem is represented by a point in
this plane, and the distribution of subsystem is
described by a probability density p(h., h;) or
p(a, b) (Figure 14d). In a physical sense, a change
in a magnetic system can be represented as the

shaded area confined by an increment/decrement
of a and b (Figure 14d):

A(AJ) = [-2MAaAblp(a, b). (5)
This area is equivalent to the energy dissipated or
stored in a system (Figure 14d) in a subsequent
irreversible changes (Barkhausen jumps). Inversely,
the probability density p(a, b) is equivalent to

pla,b) = —9°J /[-2MBadb). (6)
The Preisach description has been often simplified
by factorizing all the contributing factors into an
independent variable [e.g., Dunlop and West, 1969;
Bertotti, 1998; Song and Roshko, 2000; Song et al.,
2001]. This type of factorization is valid when we
are dealing with individual physical entities, such as
magnetic particles or domains.

6.3. First-Order Reversal Curves

[61] It has been demonstrated that FORC diagrams
are a useful diagnostic tool in interpreting the
hysteresis properties of magnetic materials [e.g.,
Pike et al., 1999; Roberts et al., 2000]. In order to
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obtain a given FORC, samples are first saturated in
a positive field (+H), then they are ramped down to
a reversal field H,. The FORC consists of a series
of magnetic measurements as the field is increased
from H, to the saturation. In a given specific
magnetic field of H, (H, > H,), the FORC with a
reversal point H,, is denoted as J(H,,, H;,). A FORC
distribution is defined as

p(Ha, Hy) = ~0%J (Ha, Hy) /[OH,OHy). ()

In order to construct a FORC distribution p(H,,
Hy), a polynomial best-fit is calculated from the
sequential data points in an arbitrary array of
the measured reversal curves. In other words, the
FORC distribution is not unique, and is strongly
subjective as to the choice number of data points
(which is proportional to the smoothing factor).

[62] In a physical sense, the FORC density repre-
sents the difference of the slope at each magnetic
field (H,) along the different reversing curves. As a
result, the FORC diagram illustrates the probability
of the irreversible changes in a magnetic system.
As Néel [1954] supposed, only two physical sit-
uations are compatible with the Preisach approach:
interacting SD particles and a planar domain wall
in a randomly distributing dislocations. In these
ideal situations, the Preisach density truly repre-
sents the distribution of microcoercivity and inter-
action fields. On the basis of the analogy between
the Preisach and FORC diagrams, it has been
traditionally suggested that FORCs represent the
distribution of microcoercivity and interaction.
Unfortunately, most useful magnetic grains in
rocks are not interacting SD or MD with domain
walls. Instead they contain grains whose magneti-
zation states are so-called “PSD”, vortex, and/or
flower structures. In a FORC analysis, the FORC
diagram displays the distribution of Barkhausen
jumps (microcoercivities), or other changes in
magnetic states (e.g., change from vortex to
flower). In other words, the FORC diagrams can
reasonably represent the distribution of micro-
coercivity along (H,), but a distribution along
(Hp) may result from a true interaction or from
a simple change of magnetization state (e.g., vortex
to flower), suggesting that labeling (H,) as to
“interaction” in FORC diagrams is a misleading
simplification.

6.4. Magnetic Transient Hysteresis:
ZFORC

[63] Magnetic hysteresis has been commonly used
to characterize magnetic mineralogy and domain

state in paleomagnetic research. In rock and
environmental magnetism, an SC plot uses
squareness and coercivity from the hysteresis
loops and the Day plot requires an extra back-
field measurements for B, determination. Con-
ventional hysteresis measurements have recently
been extended to include FORCs [e.g., Pike et al.,
1999; Roberts et al., 2000]. Although FORC
analysis offers some advantages in deciphering
grain interactions, their universal application is
still far from straightforward.

[¢4] The TH is equivalent to a single FORC, what
we have denoted as ZFORC or zero FORC. Be-
cause TH measures only one reversing curve, the
FORC density (or the Preisach density by implica-
tion) cannot be determined. According to our
numerical simulation, the difference of magnetic
structures between ascending (vortex-like) and
descending (flower-like) loops is responsible for
TH (Figures 8—10). The observed properties of
magnetic TH can be understood by a Preisach-
analog formalism as follows. It is feasible that the
two different magnetization configurations consti-
tute the bistable systems. Depending on the initial
states, whether the field was increased or de-
creased, the entire free energy of the magnetic
system falls into two different energy minima
(e.g., Figure 14a). When the external field energy
(—poM H) is larger than W, the system is entirely
reversible (or at least it stays in one configuration
throughout the entire FORC) yielding zero TH. On
the other hand, for the intervals where the external
field energy (—poM H) is less than W, the energy
barriers inhibit free transformation. In this frozen
bistable configuration, TH evolves due to an irre-
versible jump.

[6s] In terms of experimental loads, the conven-
tional Day diagram and FORC analysis require
about 10 min. and several hours, respectively.
Measuring TH can easily be added to the tradi-
tional hysteresis loop measurements and requires
only 1-2 minutes, yet it clearly provides more
useful information than what the Day plot and
FORC analysis offer, an SC plot with TH analysis
(combined work load of 3—5 min.) seems to be a
plausible combination in the future paleomagnetic
granulometry.

7. Conclusions

[66] 1. In order to provide a fundamental rationale
for the use of TH in paleomagnetism as a granulo-
metric indicator, we have carried out micromag-

18 of 20



r & Geochemistry 73
% Geophysics Y(M
__ |Geosystems  {{ Jr

YU AND TAUXE: MAGNETIC TRANSIENT HYSTERESIS

10.1029/2004GC000839

netic simulations. We observed that magnetic TH
results from the difference of magnetization con-
figuration between ascending and descending hys-
teresis loops as a result of self-demagnetization.

[67] 2. The descending branch has a tendency to
keep a more uniform (e.g., flower-like) configura-
tion while ascending branch prefers a less uniform
(e.g., vortex-like) structure.

[6s] 3. We found that the TH increases as the grain
size increases and as the aspect ratio decreases.

[69] 4. Results from TH simulation for samples
with aspect ratio q = 1.5 agrees well with the
experimental observations for annealed synthetic
magnetites of smaller sizes.

[70] 5. The trend of increasing grain size as the
distance from the chilled margin increase in
MORBs is confirmed from the TH measurements.

[71] 6. In general, small TH is a clear indication for
the absence of complex magnetized structures.
Adding TH analysis to conventional hysteresis
analysis requires a minor effort, yet provides a
powerful constraint on grain size.
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