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[1] The magnetic hysteresis properties for well-defmed micron-sized magmetite samples produced by
electron beam lithography (EBL) are presented. In addition to measuring standard hysteresis parameters,
first-order reversal curve (FORC) diagrams are also reported. EBL produces samples that consist of
particles with very tightly constrained size distributions, and spatial distributions that govern the degree of
mtergrain magnetostatic interactions are accurately controlled and known, Thus EBL samples are
significantly better charactenzed compared to powdered samples, which are conventionally used to
characterize the size dependency of magnetic hysteresis properties of naturally occurring magnetic
minerals. Compared with the hysteresis properties of powdered samples of the same nominal sizes, EBL
samples display more multidomam-like (MD) behavior. The influence of magnetostatic interactions fields
on hysteresis properties is analvzed. When magnetostatic interactions are effectively in only one direction,
the hysteresis properties become more single domain-like, and if the mteractions are in more than one
direction, hysteresis becomes more MD-like, in agreement with numerical models.
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1. Introduction

[z] There is a growing requirement in paleo- and
environmental magnetism to understand the rela-
tionship between the magnetic signal of a mineral
and its grain-size propertics. For example, paleo-
climatic information is often revealed by subtle
changes in grain-size distibution, while the same
grain-size vanations can complicate determination
of the relative paleofield intensity from the same
sediments.

[3] The relationship between grain size and mag-
netic signature s highly complex, particularly near
size-dependent transitions between different types
of magnetic domain state, e.g.. single domain (SD)
to multidomain (MD), where there is an abrupt
change m the magnetic propertics. Charactenzing
the magnetic behavior near these cntical sizes has
historically been achieved both numerically and
experimentally, however, both approaches have
their limitations. Numerical models can often be
over simplified and limited by avalable computing
capacity. Expenmental studies are strongly depen-
dent on the quality and character of the samples.
Features which can strongly affect sample behavior
are (1) stoichiometry, (2) shape and width of grain-
size distributions, and (3) spatial distnibutions of
the magnetic particles. Closely spaced grains can
give rise to intergrain magnetostatic interactions,
which are known to swongly affect behavior [e.g.,
Dunlop et al, 1990; Muwxworthy et al, 2003].

[¢] Most previous expenmental rock-magnetic
studies have used powdered samples to nvestigate
grain-size dependencies [e.g.. Day ef al, 1977; Fu
et al, 2004]. Powdered samples commonly have
wide gram-size distributions, and are difficult to
disperse giving nise to high-levels of magnetostatic
mteractions even when distributed in a nonmagmetic
matrix. This dispersion problem is particularly com-
mon for small 5D or pseudo-single domain (PSD)
grams, which have a tendency to “clump.” The
wide gram-size distributions and magnetostatic
mteractions associated with powder samples make
it difficult to quantify the *true”™ gram-size depen-
dency for noninteracting grains.

[5] In the last 10-15 years it has been possible to
produce samples with two dimensional arrays of
identically sized particles and controlled spatial
distributions using varous electron beam litho-
graphic (EBL) techniques [e.g., King ef al, 1996;
Fernandez et al, 1998]. EBL uses an electron
beam writer to create patterns on thin films, and
produces samples with very tight grain-size distri-

bution and controlled/known spatial distributions.
Although many EBL studies have been made, only
one sudy has produced magnetite [King, 1996;
King ef al., 1996; King and Williams, 2000],
arguably the most important geologieal magnetic
mineral.

[6] In this paper we report the magnetic hysteresis
behavior of six micron magnetite particle arrays
produced using EBL by King [1996]. In addition to
standard magnetic hysteresis parameters coercive
force He remanent coercive force Hyg, saturation
magnetization Ms and the saturation remanence
Mps needed to produce “*Day plots™ [Day erf al.,
1977], we report first-order-reversal-curve (FORC)
diagrams for these well-defined samples.

[7] By measuring samples produced by EBL we
remove the problem of gram-size distibution and
unquantified magnetostatic-interaction effects as-
sociated with powdered samples. Such constramed
samples are 1deal for testing theoretical and numer-
ical models, though the EBL samples can some-
times suffer from crystallographic interactions
between the magnetic matenial and the substrate
[Par et al., 2002], and the magnetic grams them-
selves can be polyerystalline. Annealing reduces
the degree of polyerystallimty. The samples dis-
cussed in this paper were mitially amealed on
production, and then reannealed as part of this
study.

2, Sample Description

[¢] The six EBL samples were manufactured by
King [1996]. Although stored i alcohol, 1t s
possible that the samples had been partially oxi-
dized by atmospheric oxygen. To ensure magnetite
stoichiometry, the samples were annealed in a
C05-5%H; atmosphere at 600°C for & hours. The
state of the samples was then checked using
scanning clectron microscopy (SEM). SEM obser-
vations found ~35-10% of grains had lifted off
from the substrate during the reduction process,
leaving a few random gaps in the armys and
breaking the symmetries of the gram distributions.
The remaining grains were in good condition after
reduction.

[s] Ther physical properties are summanzed in
Table 1. All the samples were greater than one
micron in size, e, a order of magnitude above
the critical 8D to MD transition size. Such grain
sizes are typically thought to display pseudo-single
domain (PSD) behavior [e.g., Day et al., 1977; Yu
et al., 2004].
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Physical and Magnetic Hysteresis Properties of the Six Samples®
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[10] Samples S, 82 and 53 were symmetrical both
in grain shape and spatial distribution. The grains
on each sample were regular 1 pm cubes, and each
sample had a different intergrain spacing (Table 1).
Images of these samples are depicted by King
[1996] and King et al [1996]. Numerical hysteresis
simulations for PSD grains suggest that sample
51 should have been effectively noninteracting,
and §3 subject to moderate interaction fields
[Muxworthy et al, 2003]. Samples A1, A2 and
A3 were asymmetrical both in terms of grain shape
and spatial distribution. Samples A7 and A2 have
identically shaped grains, ie.3 = 1 = | pm. The
grains in A/ were effectively nominteracting,
while in A2 strongly mteracting, but only n one
direction; the direction of the grain elongation
Plate-like sample 43 was a little larger in size than
the other five samples (4 x 3 x 1 pm)., and
although asymmetrical in terms of both grain
shape and spacing, the asymmetry in the plane
of measurement, 1.2, 4 X 3 pm, was quite small.
This larger sample was thought to be effectively
noninteracting.

[11] From the spatial distributions, samples §3 and
A2 were the most hkely to be influenced by
magnetostatic nteractions, however, there is fun-
damental difference in the effect of the interactions
fields in the two systems. In sample 53, the
interaction ficlds were symmetrical in the plane
of measurement, 1.e., a two-dimensional (planar)
mteraction field, whereas in A2 the mteraction ficld
was predommantly in the direction of the particle
elongation, iec., lincar interaction field. Planar
mteraction fields have been shown numencally to
make SD assemblages more MD-like, while linear
interactions fields more SD-like [Muxworthy and
Williams, 2004].

3. Hysteresis Behavior and the Day Plot

[1z2] The magnetic hysteresis behavior of the sam-
ples was measured using a Pronceton Measure-
ments alternating gradient magnetometer. This
mstrument 1s of sufficient sensiivity to measure
the magnetic characteristics of the small number of
magnetic particles (30,000 w 100,000) on each
sample. All the hysteresis measurements were
made in the plane of the thin films. Samples with
asymmetrical particles and spatial distributions
were measured in three directions, i.e., both paral-
lel and perpendicular to the long grain axis and at
~45°, This procedure was repeated for the sym-
metrical samples, but no significant difference was
found between the parallel and perpendicular
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A Day plot of Mys/ Mg versus Heg/He for the six samples in this study, The asymmetric samples 47, 42,

and A3 have been measured parallel {0°), at 457, and perpendicular (907} to their elongated grain axis (Table 1). The
symmelric samples were measured both parallel and pempendicular to the field (Table 1). Only their pamlilel data are

shown in this figure.

measurements. Standard hysteresis parameters are
displayed in Table 1.

3.1. “Noninteracting” Samples

[13] It s difficult tov compare directly the three
(weakly or) noninteracting samples, i.e., SI, A1
and A3, due to their different gram shapes, i.e.,
respectively cube, rod and plate, however. the
coercivity and the Mpg/M; ratio are seen to de-
crease with increasing gram volume (Table 1)

[14] Both the asymmemric samples display hystere-
sis parameters that are dependent on orentation.
Both display increased coercive force and Mpg/My
values for the field applied along the long axis,
compared to measurements perpendicular to the
long axis, e.g., for A7 the coercive force mereases
from 58 mT to 6.9 mT. The effect is far more
pronounced in A7 compared to 43, which reflects
both the size difference between the samples and
the relative elongation. 43 has only an elongation
ratin g (long-axis/short-axis) of 1.3, compared to

= 3.0 m sample A/. Both grams are above the
’iD.I’MD threshold. The effects of shape are more
mportant m SD systems.

[15] When the hysteresis parameters are plotted on
the Day plot Le. MpsMs versus Hep/Hp, the

three noninteracting samples plot near the PSDY
MD boundary (Figure 1). In samples A7 and A3
measurement of the hysteresis perpendicular to the
direction of elongation produces a more MD-like
signal compared o the measurements parallel to
the elongation. The hysteresis data measured at 45°
are approximately intermediate to the measure-
ments at 0% and 90%, though the intermediate
measurement for 47 15 more SD-like.

3.2, Influence of Magnetostatic
Interactions

[15] The role of interactions is clearly demonstrated
in the samples. In the sample sequence 87, 82 and
83, the spacing between identical 1 pm cubic
grains decreases. There 1s a change m the hyster-
es1s parameters between 82 and 53, wiath a sigmi-
icant drop in ppHe from B2 to 3.9 mT and a
corresponding decrease in Mps/Mg (Table 1)
Hep also decreases with interactions, such that
the ratio Hep/H- does not increase significantly
between 57 and 53, Whereas there is little change
in M- between §7 and 82, Mpg/My is slightly lower
for 820 From this we conclude that interactions are
mportant even at guite larpe spacings, m confra-
diction to numencal fmdmgs that the contnbution
of interactions 15 negligible in magnetite for spac-

4 of §



h, {mT)

0 10 20 30 40 50
h, (mT)

Figure 2, A FORC diagram for sample A3, The FORC
diagram was measured parallel 1o grain elongation (see
Table 1). The smoothing factor SF 5, and the
avermpging time was 0.2 5. A7 perpendicular was very
similar in appeamnce to A7 parallel and is not shown,

ngs greater than approximately two times the grain
size [Muxworthy a al, 2003]. This difference may
be due to a number of small differences between
the model and the expermment: (1) lack of thermal
fluctuations in the micromagnetic model, (2) a
“guast-static” numerical algorithm was used by
Muxworthy et al. [2003] rather than a true dynamic
model [e.g. Muxworthy and Williams, 2004], and
(3) the model considered both smaller grains sizes
and smaller arrays.

[17] Hpp'He1s relatively unaffected by interactions
while Mpe/Ms decreases resulting in a wvertical
dowmward shift on the Day plot with increasing
mteractions (Figure 1. This 5 m agreement with
numerical models of cubic 0.15 pm magnetic
grams [Muxworthy e al., 2003].

[18] In contrast to the two-dimensional mteraction
field in sample sequence 57, 52 and 53, the one-
dimensional “positive” mteraction field in sample
A2 increases both He and Mpo/Mg compared to
sample A7, which has identical noninteracting
grams. When measured parallel to both the grain
elongation and the interaction field Ay almost
doubles in size. The mteraction field also enhances
the asymmetry of the hysteresis behavior of the 3 %
I % | pm grains; He parallel to the elongation is
~60% bigger for 42, compared to only a ~20%
merease in the noninteracting A7, The ratio Hep/

He also increases, causing both the perpendicular
and parallel measurements of A2 to plot on the
upper right-hand-side of the respective 47 meas-
urements on the Day plot (Figure 1), The ponts
measured at 457 are approximately intermediate to
the measurements at 0% and 907 for sample A2,

4. FORC Diagrams

[19] In recenmt wyears it has become common to
construct FORC diagrams to characterize and un-

(a) S1

h, (mT)

(b) 53 h (mT)

h, (mT)

0 10 20 30 40 50
h. (mT)

Figure 3. FORC diagrams for samples {2) §7 and
(b} 53, In both figures SF = 4, and the averaging time
was 0.2 5
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Figure 4. FORC diagrams for samples (2) Al parallel
(to grain elongation ), (b) 42 parallel (0°), (c) A2 at 457,
and (d) 42 perpendicular (907). In the figures, SF = 4,
and the averaging time was 0.2 5. AT perpendicular was
very similar in appearance to AJ parallel and is not
depictad.

derstand the magmetic signature of samples. A
complete description of the measurement method,
analysis and mterpretations of FORC diagrams s
given by Roberts et al [2000] and Muxworthy and
Roberts [2006]. As a first approximation, FORC
distributions can be interpreted as the coercivity
distribution along the horizontal axis () and the
interaction field distribution, along the vertical axis
(hy). There is currently very litle FORC data for
wellcharacterized PSD magnetite samples. The
EBL samples in this study provide a unique op-
portunity to assess FORC diagrams for small
micron-sized magnetite grains and the contribution
of interactions.

[w] The FORC diagram for 43 with the field
parallel to the elongation is shown in Figure 2.
The FORC distmbution les very close to and 1
spread-out along the By oaxis, with a small tail
extendmg along fic axis. The FORC diagram for
the field perpendicular to the elongation of A3
very similar m appearance to Figure 2 and s not
depicted.

[#] By companng the FORC diagrams for sam-
ples 51 and 53 (Figure 3), it is seen that the effect
of two-dimensional mteractions 15 to shift the
FORC distribution closer to the fiyy axis, and cause
it to spread in the fy; direction. This general trend is
in agreement with numerical models for SD
assemblages [Muxworthy et al, 2004].

[zz] The contribution of linear/positive interactions
15 demonstrated in samples A7 and A2 (Figure 4).
Figure 4a show the FORC diagram for 4] mea-
sured parallel to grain elongation. The
corresponding FORC diagram for 42 is shown in
Figure 4b, and the FORC diagram for A2 measured
at 45% and perpendicular to elongation in Figures 4¢
and 4d. The FORC diagram for A7 with the field
perpendicular to the elongation s very smmilar in
appearance to Figure 4a and is not depicted. There
s a much greater contrast between Figures 4b-—44d.
First, the later three FORC diagrams are extended
further along the he axis compared to Figure da.
Second, Figure 4b is extended noticeably further
along the fi- axis than Figures 4¢ and 4d. Third, the
FORC distnbution in Figure 4b contans a second
distmet peak/lobe at ~40- 50 mT. That this peak =
observed only in the parallel direction and not the
perpendicular direction, suggests that this feature s
due to interactions rather than undetected incom-
plete reduction to magnetite. Figure 4¢ 1s very
similar in appearance to Figure 4d. Measurement
of second-order reversals curves (SORCs) [Newell,
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Figure 5. The W(1.7 pm) is a powderad magnetite
from Wright Industries and has 2 lognormal distribution
with a mean grain size of 1.7 pm. In this FORC
diagmm, 5F = 3, and the averaging time was 0.15 s,
Redrawn from Mucworthy and Dunlog [2002].

2003] did not reveal any significant findings with
respect to the switching mechanisms.

3. Discussion and Conclusions

[z2] The role of planartwo-dimensional mterac-
tions 15 to make the hysteresis parameters M and
Mps'Ms decrease, and the FORC diagrams become
more MD-like, however, Heg does not correspond-
mgly decrease, resulting n a vertical shift on the
Day plot (Figure 1) This behavior was predicted
for smaller 0.15 pm interacting cubic grains from
micromagnetic models [Muxworthy et al . 2003].

[24] Measuring noninteracting asymmetric grains
perpendicular to their elongation axis compared to
parallel, produces more MD-like signals on both
the Day and FORC diagrams (Figures | and 4).
This is to be expected as both He and the Mps/Ms
ratio will decrease when measuring perpendicular
to elongation. This effect 1 enhanced by mterpar-
ticle interactioms aligned with gram elongation
(Figures | and 4).

[2s] Tt is suggested that the second peak in
Figure 4b s due to the uniform nature of the
sample, and would not be observed n natural
samples with wider distnbutions of nteraction
fields, grain sizes and coercive forces. Sample 42
15 effectively made up of chains (~260 in number)

of mteracting grains, which due to interactions can
be thought of mdividual magnetic systems. The
switching distribution for the chains appears to be
split m two. There are two mechanisms which
could contribute to this effect. First, some chains
switch at low-fields while others become trapped in
meta-stable states until high fields are applied. The
ability for a cham to reverse at low-fields may be
due to an imperfection in the chain, e.g., a missing
grain n the middle of the cham. In addition, it is
probable that the small negative fields applied
during the FORC measurement are insufficient to
saturate the chains; instead “*buckling” configura-
tions in the chains will occur. On applying positive
fields, these buckling configurations will switch at
low fields giving nse to low coercivities. When
larger negative ficlds are applied the magnetization
of chains will reverse, giving rise to much higher
switching fields.

[2] Compared to published FORC diagrams for
powdered magnetite containing PSD grains, eg.,
the (1.7 pm) sample shown in Figure 5. the
general appearance of the EBL samples are more
MD-like than the powdered sample with similar
grain sizes, e.g., 57 and A3 (Figures 2 and 3). This
15 initially surprising as Wi1.7 pm) would be
expected to be highly mteracting being a powder,
e, its FORC diagrams should spread i the fy,
direction. In contrast, noninteracting samples 87 and
A3, appear more MD-like, even though in the case of
&1 it has a smaller mean grain size. It appears that in
powdered samples such as W17 pm) the magnetic
properties are dominated by the smaller particles in
the gram-size distribution.

[z7] Future studies will require a more complete set
of electron beam lithography samples, which com-
prehensively covers the SD to PSD size range for
symmetric and asymmetric grains, with various
degrees of interaction fields.
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