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Nanofabrication of two-dimensional arrays of magnetite particles for
fundamental rock magnetic studies
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Received 15 August 2008; revised 3 December 2008; accepted 18 December 2008; published 17 February 2009.

[1] Magnetic measurements of samples with precisely controlled magnetic mineralogy,
grain size, and interparticle spacing are needed to provide crucial experimental rock
magnetic underpinning for paleomagnetic studies. We report a novel nanofabrication
method for producing two-dimensional arrays of cylindrical synthetic magnetite particles
with well-defined composition, particle size, and interparticle spacing. The samples are
fabricated by writing dot arrays with electron beam lithography, transferring these patterns
into sputtered Fe thin films by reactive ion etching in a CO/NH; plasma, and oxidizing the

resulting Fe particles in a controlled atmosphere to form magnetite. Scanning electron
microscopy and transmission electron microscopy have been used to monitor the
fabrication process and to determine the particle geometry. The particle sizes of our
samples range between 100 nm and 265 nm with center-to-center spacings between

180 nm and 310 nm. Low-temperature magnetic remanence data confirm the
stoichiometry of the magnetite. We present magnetic hysteresis data and first-order
reversal curve diagrams for our samples and compare these with previously published data
from other synthetic and natural magnetite samples. The ability to independently control
particle size and interparticle spacing of magnetite grains makes our synthetic samples
ideal for studying the influence of magnetostatic interactions on the paleomagnetic
recording fidelity of naturally occurring magnetite in rocks.
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1. Introduction

[2] Particle size, shape, interparticle spacing, and compo-
sition are important parameters that influence the magnetic
properties of a given particulate magnetic material. In tech-
nological magnetic memory applications, these parameters
are important because they control the stability and density of
magnetic recording. However, understanding the properties
of finely dispersed magnetic particles is also important in
geophysics, where the properties of naturally occurring
magnetic minerals affect the fidelity and stability of the
paleomagnetic record contained in geological materials.

[3] In rocks, the most common ferrimagnetic or antifer-
romagnetic minerals are Fe oxides or Fe-Ti oxides, which
have broad variations in particle size, shape and spacing.
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Generally, particles in the single domain (SD) grain size
range are regarded as ideal paleomagnetic recorders because
of their strong remanence and high magnetic stability, with
relaxation times on the order of the age of the Earth (>10°
years) [e.g., Dunlop and Ozdemir, 1997]. Additionally, a
thermoremanent magnetization carried by SD particles
meets a number of conditions such as independence, addi-
tivity and linearity with applied field, that allow paleomag-
netists to determine the absolute paleointensity of the
Earth’s past geomagnetic field [e.g., Néel, 1949; Thellier
and Thellier, 1959; Coe, 1967]. However, rocks rarely
contain ideal assemblages of monodisperse SD particles.
Techniques used to determine the magnetic domain state of
remanence carriers, such as plotting the ratio of saturation
remanence over saturation magnetization (Mrs/Ms) versus
the ratio of coercivity of remanence over coercive force
(Bcr/Be) [Day et al., 1977], or determining first-order
reversal curve (FORC) diagrams [Pike et al., 1999; Roberts
et al., 2000], often reveal the presence of a mixture of SD
and multidomain (MD) particles, or of pseudosingle-domain
(PSD) particles [e.g., Dunlop, 2002; Carvallo et al., 2006].
These larger particles generally have a lower magnetic
stability than SD particles and can lead to erroneous
determinations of absolute paleointensity [e.g., Krdsa et
al., 2003; Leonhardt et al., 2004].
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[4] Natural magnetic minerals also often occur as dense
intergrowths or as exsolution structures with narrow particle
spacing, which give rise to magnetostatic interactions
among particles [e.g., Harrison et al., 2002; Feinberg et
al., 2005; Evans et al., 2006]. These interactions affect the
stability of magnetic remanence as well as determinations of
magnetic domain state. However, quantifying the influence
of magnetostatic interactions on paleomagnetic data is
notoriously difficult because of the complex interplay
between particle size, shape and spacing and because of
the wide variation of these parameters in natural samples.

[5] In order to study systematically the influence of these
parameters on magnetic properties, we describe a nano-
fabrication method using electron beam lithography (EBL)
that enables production of magnetic particle assemblages
with well-defined composition and particle geometry. EBL
is widely used in microelectronics to produce integrated
circuits, and is increasingly being used in interdisciplinary
research such as nanobiology and nanochemistry. In partic-
ular, we focus on magnetite because it is one of the most
common and best studied terrestrial magnetic minerals, with
a strong specific saturation magnetization of 92 A m”* kg .
Interparticle spacing is an important factor for strongly
magnetic minerals such as magnetite because close spacing
can give rise to magnetostatic interactions among particles.
This will, in turn, influence the magnetic recording fidelity
of magnetic particle assemblages.

[6] Fabrication of patterned magnetic mineral samples by
EBL was previously employed to study iron oxides by King
et al. [1996]. The EBL tool used in that study limited the
writing area to less than 1 mm?. Consequently, the magnetic
signal measured in bulk magnetic measurements for these
samples was relatively weak. For the present work, two
dedicated EBL tools were available, allowing writing of
sample areas of 25 mm?” and above. King et al. [1996] used
the additive technique and liftoff to transfer the pattern into
the magnetic layer. This was adequate for the small square
areas fabricated then: however, this process makes it diffi-
cult to produce large patterned areas of small particles
without defective areas.

[7] In this study, we chose to develop a reactive ion
etching (RIE) process for pattern transfer to fabricate large
two-dimensional arrays of magnetite (Fe30,4) particles with
grain sizes in the range of tens to hundreds of nanometers.
In addition to the large patterned areas that can be reliably
transferred into the magnetic material, RIE has the advan-
tage over the liftoff process of a better sidewall profile; that
is, the individual particles ideally have almost vertical
sidewalls. With the liftoff process, particles are more cone
shaped. Our aim is to produce samples with a range of well-
defined particle sizes and interparticle spacings to system-
atically study the influence of magnetostatic interactions on
the micromagnetic structure and bulk magnetic properties.
We report here the fabrication process and magnetic prop-
erties of the first samples fabricated using this process.

2. Fabrication Process

[8] The basic principle of EBL particle array fabrication
as described here is to write the desired particle pattern (in
this case a dot pattern) with an electron beam into a layer of
electron sensitive material (the resist) on top of a thin film of
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magnetic material that will later form the particle array. The
resist layer is then developed, similar to a photographic
film. Depending on the type of resist (negative or positive),
either the parts exposed to electrons or the ones not exposed
to electrons, remain to form a mask layer. In the following
transfer process, this mask pattern serves to protect the
underlying magnetic thin film so that an etching process can
be used to selectively remove parts of the thin film that are
not covered by resist. Depending on the etch resistance of
the resist, an intermediate layer of a sacrificial material
(hard mask) can be deposited on top of the magnetic thin
film, which serves to increase the durability of the mask
during the etching process. The complete fabrication pro-
cess used in this study is schematically shown in Figure 1.

2.1. Sputtering

[v] The starting materials for the fabrication process are
radio frequency (RF) sputtered Fe thin films (Figure 1a). We
used 99.99% pure Fe targets under the following sputtering
conditions: Ar flow rate of 34 mPa m® s~' (20 sccm), power
of 250 W, and a DC bias voltage of 1000 V. Si wafers with
(100) orientation were used as substrates, with Fe deposition
at a rate of 10 nm min~". The deposited Fe film is polycrys-
talline, with a typical crystallite size of around 10—20 nm.
The thickness and quality of the deposited Fe film were
monitored with a Dektak profilometer, by measuring the
sheet resistance, and by acquiring cross-sectional SEM
images (Figure 1g). The sheet resistance generally varies
by +£5% of the total value over the area of a wafer with 10 cm
diameter. On the length scale of individual samples (edge
length typically less than 5 mm), the Fe films are essentially
homogeneous in terms of thickness and composition.

2.2. EBL Resist

[10] In order to reach the ideal SD grain size range of
magnetite (tens of nanometers), a high-resolution EBL resist
is required. We used hydrogen silsesquioxane (HSQ)
[Namatsu et al., 1998], a negative tone inorganic electron
beam resist, because of its high-resolution and etch resis-
tance. Depending on the required grain size, the samples
were spin coated with HSQ films to a thickness of between
80 and 140 nm (Figures la and 1g). The samples were then
prebaked at 77°C for 2 min on a hot plate and the desired
dot pattern was written with either a Leica EBPG5 beam
writer or a VB6 EBL tool at the James Watt Nanofabrication
Centre at Glasgow University (Figure 1b). The HSQ resist
was developed in 25% tetramethylammonium hydroxide
(TMAH) at 23°C for 4 min followed by rinsing in water and
isopropanol (Figures 1c and 1h).

2.3. Pattern Design and Exposure

[11] In order to reduce the writing time for the required
large area dot patterns, we used a single spot electron beam
writing technique [Gadegaard et al., 2003] in which a
single exposure with a focused Gaussian beam defines the
shape of the desired circular dots. The whole dot pattern is
designed as a rectangle, the spot size is chosen according to
the desired dot size, and, in contrast to conventional EBL,
the beam step size is larger than the spot size and so
defines the distance between the dots. In this study, we
only produced rectangular dot arrays, but, in principle, any
pattern design is feasible. In particular, methods for the
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Figure 1.

Processing steps in the fabrication of two-dimensional arrays of magnetite particles with (a—f)

schematic drawings of the various steps and (g—j) cross-sectional SEM images after selected processing
steps. The process as shown here involves the use of a SiN hard mask layer between the Fe thin film and

the HSQ resist layer (see text).

generation of hexagonal dot arrays and randomly posi-
tioned dots have been developed [Curtis et al., 2004; Dalby
et al., 2007; Gadegaard et al., 2008].

[12] Typical examples of HSQ dot patterns on Fe film are
shown in Figure 2. The dot size can be controlled both by
the electron spot size as well as by electron dose. The ideal

doses for each spot size were determined by varying the
exposure dose and measuring the resulting dot size.

2.4. Pattern Transfer by Dry Etching

[13] The dot patterns in HSQ were transferred into the Fe
layer by RIE in CO/NHj; plasma using an Electrotech
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b)

a)

Figure 2. Dot patterns in HSQ after electron beam
exposure and development. All four patterns were written
with a Leica EBPG5 beam writer with the same electron
spot size (diameter of Gaussian beam) of 56 nm and a beam
step size of 312 nm but with varying electron doses. The
polycrystalline nature of the Fe thin film beneath the HSQ
pattern is clearly visible in Figures 2a—2c. The average
grain size of Fe crystallites is approximately 20 nm. For
comparison, Figure 2d is an HSQ pattern on a sample with
an additional SiN hard mask layer between the Fe thin film
and the HSQ layer. Electron doses in C cm ™2 were (a) 200,
(b) 346, (c) 600, and (d) 397.

ET340 RIE tool (Figures le and 1j). The CO/NHj; fabrica-
tion route was introduced to etch Fe-Ni alloys and Co for
magnetic memory applications [Nakatani, 1996; Matsui et
al., 2002]. The process is believed to combine physical
sputtering with the formation of volatile Fe-carbonyl com-
pounds. We employed a similar process for Fe as well as Fe-
Ni etching [Kong et al., 2008]. The CO/NH; flow ratio
amounts to 13.5 mPa m® s~ '/20.3 mPa m® s™' (8 sccm/12

a)
60 T T T T T T T T T

55

)]
o

reflectance (%)

30 1 | 1 | 1 | 1 | 1
40 60 80
etch depth (nm)

100
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sccm) at an RF power of 100 W. The process pressure
varied between 1.7 and 3.7 Pa (13—-28 mtorr). Etching was
carried out at room temperature. We found that the etching
rate is highly variable. The etching progress was therefore
always monitored by laser reflectometry [Khamsehpour et
al., 1997] to ensure that the Fe layer was fully etched. A
theoretical reflectance profile was calculated on the basis of
the model of Hicks et al. [1994]. There is good agreement
between the calculated and measured development of re-
flectance in the course of the etching process (Figure 3). The
initially low reflectance in the experimental data is probably
due to an oxidized Fe surface layer. Fe etch rates vary
between 1 and 6 nm min~ ", and the HSQ resist etch rate is
4 nm min~".

[14] Because of this low selectivity (i.e., low ratio of Fe
etch rate over resist etch rate), we also studied an alternative
pattern transfer route, that of adding an additional SiN hard
mask layer between the Fe thin film and HSQ resist layer
(Figures la, 1g, and 2d). The SiN layer was deposited at
room temperature by inductively coupled plasma enhanced
chemical vapor deposition (ICP-CVD) in an Oxford System
100 deposition machine [Zhou et al., 2006]. After HSQ
development, the SiN layer was etched in SF¢/N, plasma at
flow rates of 8.4 mPam® s~ ' (5 sccm) and 92.9 mPa m® s~
(55 scem), respectively, RF power of 20 W and a process
pressure of 2.0 Pa (15 mtorr) (Figures 1d and 1i). This etch
was done in an Oxford System 100 RIE tool. The sample
was then transferred to the ET340 RIE tool to proceed with
the CO/NHj3; process as detailed above. The etch rate of SiN
in SF¢/N, is 16 nm min~' and the etch rate of SiN in CO/
NH; is 1.3 nm min~'. Comparing this latter value with the
etch rate of Fe in CO/NHj; yields a selectivity of between
0.8 and 4.6 with respect to Fe. An example of a successful
pattern transfer into the Fe thin film is shown in Figure 4a.
The starting material for this sample was an 80-nm-thick Fe
film with a 60 nm SiN hard mask layer and 140 nm of HSQ
resist. The pattern was written with the 56 nm spot of the
EBPGS5 beam writer and a beam step size of 312 nm.

2.5. Ocxidation

[15] The final fabrication step involved oxidation of the
patterned Fe thin film under controlled oxygen fugacity to

b)

1.5 T T T T T T T T

1.4

N -
N w

N
N

reflectance (rel. units)

0.9 1 | 1 | 1 | 1 |
500 1000 1500 2000
etch time (s)

Figure 3. Plots of (a) modeled reflectance versus etch depth and (b) measured reflectance versus etch
time for a 80 nm Fe layer on Si etched in a CO/NH; plasma.
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a) b)

Figure 4. SEM images of sample DKO0O11 after Fe etching
in a CO/NH; plasma at (a) low and (c) high magnification
viewed at an oblique angle, and SEM images of the same
sample after oxidation at 600°C in a controlled CO,/H,
atmosphere at (b) low and (d) high magnification. The
irregular structures on top of the oxidized particles are
residuals of the HSQ resist layer (Figure 4d).

convert it to stoichiometric magnetite (Figure 1f). Oxidation
was carried out at 600°C in a H,/CO, atmosphere with a
concentration of 6% H, (by mass). An example of a final
oxidized sample is shown in Figure 4b. Oxidation changes
the crystal structure and increases the volume of the final
magnetite particles by a factor of about 2.1 with respect to
the unoxidized iron particles, thus increasing the diameter of
particles by about 1.3. This, on the one hand, limits the
minimum attainable grain size, but, on the other hand,
allows production of samples with small intergrain spacing.

S4700 5.0kV 13.1mm x100k SE(U) 11/7/06
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After controlled oxidation, the samples were stored in
isopropanol to minimize chemical alteration.

3. Microscopic and Microanalytical
Characterization

[16] After each fabrication step, the samples where
inspected with a Hitachi S4700 scanning electron micro-
scope (SEM) with attached energy dispersive X-ray analysis
(EDX) detector. Images acquired after each fabrication step
are shown in Figures 1, 2, 4, and 5. Complete etching of the
Fe film was ensured by inspecting cross sections of the
samples and identifying the Si substrate, Fe layer and resist
using the SEM (Figure 5). The success of the etching
process was also checked by acquiring EDX spectra within
and outside the patterned area. The absence of Fe peaks
outside the patterned area was judged to be a positive test of
the etching process (Figure 6). SEM images of the final
magnetite particle arrays were used to determine the average
volume of the particles and the total mass of magnetite for
each sample. This was done with the image processing
software package Imagel [Abramoff et al., 2004].

[17] A bright field cross-sectional TEM image of one of
the nanofabricated Fe particles is shown in Figure 7a
(before oxidation). It is clearly visible that the Fe film
surrounding the desired particle was completely etched
down to the Si substrate. A slight over-etch is visible with
the Si substrate surface being slightly lower in the area
around the particle than directly below it. The dark patches
directly below the Si surface indicate diffraction contrast in
these areas, which is most likely caused by radiation
damage of, or ion implantation into, the Si substrate. This
will not affect the magnetic properties of the samples.
Figure 7b is a high-resolution close-up of the same particle
in which individual atom columns can be seen in the Si
substrate. No direct alignment between the crystallographic
axes of the Fe particles and the Si substrate can be identified
in this image. On the basis of this observation, and because

layer

Si substrate

500nm

Figure 5. SEM image of a cross section of sample DK0011 after Fe etching in a CO/NH; plasma. The
Si substrate can be distinguished from the Fe film by the staggered cleavage planes that are present in the
substrate but that are not present in the Fe film. At the interface between the Fe film and the HSQ resist, a
change in etching profile is evident as a more vertical etch in the Fe.
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Figure 6. EDX spectra and measurement locations within
and outside the patterned area demonstrate complete etching
of the Fe film.

the particles recrystallize during oxidation, we assume that
the resulting magnetite particles are randomly oriented.

4. Magnetic Characterization

[18] Three nanofabricated samples with grain sizes be-
tween 100 nm and 265 nm and with center-to-center particle
spacings between 180 nm and 310 nm have been studied
with a range of magnetic methods. The results of these
measurements are summarized in Table 1.

4.1. Low-Temperature Magnetic Remanence Curves
[19] Low-temperature magnetic remanence measurements
were carried out to confirm the stoichiometry of the final
magnetite particles. Magnetite has a prominent low-temper-
ature crystallographic phase transition where the crystal
symmetry changes from cubic above the Verwey transition
(T, [Verwey, 1939]) to monoclinic below Ty. The temper-
ature of this transition is 125 K for “perfect” magnetite
[Walz, 2002]. However, the magnitude of the transition, and
the temperature at which it occurs, are sensitive to the
presence of lattice vacancies, oxidation, or substitution of
Fe by other cations such as Al or Ti. Generally, minor lattice
vacancies or cation substitution will decrease 7v. With
higher degrees of nonstoichiometry or surficial oxidation,
the transition disappears altogether. Low-temperature satu-
ration isothermal remanent magnetization (LT-SIRM) heat-
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ing curves after cooling in a 2.5 T magnetic field (i.e., a
field-cooled (FC) LT-SIRM) for our patterned magnetite
samples (Figure 8) were measured on a Quantum Design
Magnetic Properties Measurement System (MPMS). Ty, was
estimated by determining the maximum of d*m/d7° from
these curves (Table 1). Ty for the three samples lies between
114 and 115 K (Table 1). These temperatures agree well
with previously published data from similarly sized stoi-
chiometric magnetite [Ozdemir et al., 1993; Smirnov, 2006].
This confirms the near stoichiometric composition of the
nanofabricated magnetite particles. FC LT-SIRM curves for
sample DK0023 were repeatedly measured over the course
of 7 days after oxidizing the sample to monitor for possible
sample alteration due to surface maghemitization. The m(T)
curves and 7y did not change and we therefore rule out any
significant magnetic mineral alteration of our samples after
oxidizing them in a controlled atmosphere.

4.2. Magnetic Hysteresis Measurements

[20] Magnetic hysteresis loops and backfield demagneti-
zation curves for the three samples were measured on a
Princeton Measurements Corporation alternating gradient
magnetometer (AGM) up to a maximum field of 1 T. The
samples were mounted so that the external field was applied
in the plane of the samples, and Bcr, Mrs/Ms, and Bc were
determined (Figure 9 and Table 1). The mass of magnetite
in each sample was calculated using the total volume of
magnetite particles from the sample geometry and multi-
plying that with the density of magnetite. Measured Mg
values range from 91 to 96 A m* kg~ ', which agrees well
within error margins with the expected value of 92.4 A m?
kg™ ' [e.g., Dunlop and Ozdemir, 1997]. Parameters affected
by magnetite grain size, such as Mrs/Ms, and Bcr/Bc, lie
within the expected range for PSD magnetite particles
(Figure 10) [cf. Day et al, 1977]). Note, however, that
these parameters are expected to be strongly dependent on
the field orientation with regard to the sample. Strictly
speaking, the plot of Day et al. [1977] assumes isotropic
samples, whereas our samples are highly anisotropic due to
their two-dimensional nature.

4.3. First-Order Reversal Curve Diagrams

[21] The coercivity distribution and magnetostatic inter-
action fields of the samples were further characterized using
FORC diagrams [Pike et al., 1999; Roberts et al., 2000] at
room temperature on the same AGM used for hysteresis
measurements (Figure 11). The FORC diagrams were

Figure 7. (a) Cross-sectional bright field TEM image of a
nanofabricated Fe particle. (b) Enlargement of the area
indicated by the white square in Figure 7a.
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Table 1. Bulk Magnetic Parameters for Magnetite Samples Produced in This Study®
Dot Dot Pattern
Diameter ~Separation Height Mg Be Bcr Eys Bint Area
Sample (nm) (nm) (mm) (Am’kg) Mpgy/Ms (mT) (mT) Bep/Be  onys (Am*Tkg™) (mT) 7y (K)  (mmd)
DKO0011 265 + 13 310 192 922+ 10 0.28 17.1 394 23 —0.21 5.12 353 115 1.3 x 2.0
DKO0023 100 £ 6 310 102 91.0 £ 12 0.30 15.9 321 2.0 —0.33 4.18 14.5 115 4.0 x 4.0
DK0024-2 120 + 15 180 102 96.0 + 27 0.50 29.9 40.2 1.3 —0.37 7.95 13.2 114 3.5 x35

“The dot separation is given as the center-to-center distance between adjacent particles. The shape parameter oy,ys and total hysteresis area Eyys are as
defined by Fabian [2003]. The interaction field B;,, is based on the full width at half maximum (FWHM) of a vertical profile through the FORC distribution

as detailed in the text.

processed using the FORCObello software [Winklhofer and
Zimanyi, 2006]. A first-order interpretation states that the
horizontal spread in FORC diagrams provides a measure of
the coercivity distribution of the sample, whereas the
vertical spread is a measure of the interaction field strength
[Muxworthy and Roberts, 2007].

[22] The measurements were carried out with the mag-
netic field applied in the plane of the samples. Sample
DK0024-2 has an isolated maximum at Bc = 37 mT
(Figure 11). The data for sample DK0023 are much noisier
and the coercivity distribution is broader with a maximum at
Bc =30 mT. The full width at half maximum (FWHM) of a
vertical profile through the maximum of the coercivity
distribution is commonly chosen to quantify the interaction
field Bj,. To estimate the interaction field for sample
DKO0011, whose FORC distribution does not have an
isolated peak, we took a vertical profile through the B¢
value determined from the hysteresis loop. B, values for
the three samples are given in Table 1. Sample DKO0O11 has
the largest Bj, value of 35.3 mT, with samples DK0023
(Bint = 14.5 mT) and DK0024-2 (B;,; = 13.2 mT) having Bj,
values that are less than half that for sample DKOO11.
Relatively strong magnetostatic interactions are expected
for the geometry of sample DKO0011 with its narrow particle
spacing. The difference in B, between samples DK0023 and
DK0024-2 is relatively small, which was unexpected given
the large difference in interparticle spacing for the two
samples and their similar particle size. This is further dis-
cussed below. Only sample DK0024-2 has a pronounced
negative area in the FORC distribution at negative By, values.

This negative area and the positive peak along the coercivity
axis are approximately antisymmetrical about B, = —Bc, as
predicted by Newell [2005] for noninteracting SD grains
dominated by uniaxial anisotropy and as explained by
Muxworthy and Roberts [2007]. Numerical models for non-
interacting SD grains dominated by cubic anisotropy do not
produce this negative region [Muxworthy et al., 2004].

5. Discussion

[23] While the initial steps of our fabrication route up to
the etching of the SiN hard mask consist of standard
nanofabrication procedures, the use of CO/NHj for etching
of pure Fe thin films has not, to our knowledge, been
studied previously. The general problem in etching magnet-
ic thin films involving Fe, Ni, and Co is that there are not
many volatile transition metal compounds. This is an
essential condition for successful dry etching because the
resulting products formed from the chemical reactions in the
etching chamber must be removed by a vacuum pump. In
the case of Fe in particular, Fe-pentacarbonyl (Fe(CO)s) is
likely to form during CO/NH; dry etching, which has a
boiling point of 103°C. The process pressure reached during
etching may therefore be an important parameter. Our
records of dry etching runs indicate that the varying etch
rate (1—6 nm min ') encountered in the fabrication process
is mainly due to the varying process pressure of 1.7—-3.7 Pa
(13—28 mtorr). Successful etch runs (i.e., those in which the
selectivity of the etching process was high enough to
completely etch through the Fe film before the mask layer
was fully eroded) were carried out at process pressures
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Figure 8. Remanent magnetization versus temperature during warming of a saturation isothermal
remanent magnetization acquired at 10 K (FC LT-SIRM) acquired after cooling in a magnetic field of
2.5 T for the three samples produced for this study (left-hand axis, filled circles). The decrease in
magnetization at around 115 K marks the Verwey transition. The second derivative d°m/dT” is shown on

the right-hand axis (open circles).
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below 2.3 Pa (17 mtorr). This is confirmed by previous
studies where a steep decrease in Fe-Ni etch rates was
observed with increasing pressure [Nakatani, 1996].

[24] Better patterning results are obtained with a SiN hard
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Figure 9. Hysteresis loops for the three studied nanofabricated samples measured in a maximum field
of 1 T. Results are only shown for £0.5 T (for greater detail).

mask layer between the Fe film and HSQ resist layer. The makes smaller particle sizes achievable.

D
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Figure 10. Plot of Myrs/Mg versus Bcr/Bc [cf. Day et al., 1977] for nanofabricated samples from this
study (solid triangles) compared with published data for previously nanofabricated magnetites [King,
1996], for magnetites precipitated from aqueous solution [Dunlop, 1986], for magnetites prepared by
reducing hematite [Argyle and Dunlop, 1990], and for magnetites synthesized chemically by
decomposition of oxalates followed by reduction [Schmidbauer and Schembera, 1987; Schmidbauer
and Keller, 1996]. Grain sizes are shown in nm next to each data point. For data from this study, the first
number indicates the grain size, the second number is the particle spacing (center to center), while the
sample name is given in parentheses. SD-MD mixing curves and subdivision into SD, PSD, and MD
regions are drawn after Dunlop [2002].
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SiN layer increases the selectivity of the CO/NHj; dry
etching process and provides a smoother interface for
spinning on the HSQ resist than the underlying Fe thin film
alone (see Figure 2d). This improves resist adhesion and
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Figure 11. FORC distributions p(By, Bc) for the three studied samples. The following smoothing
factors (SF) were used to process the data: DK0O11 (SF = 5), DK0023 (SF = 3), and DK0024-2 (SF = 3).
The averaging time was 100 ms for all three samples. The choice of smoothing factor does not

significantly affect Bjy,.

[25] MRrs/Mg versus Ber/Bce values from our samples are
compared to data for samples with a similar size range from
other studies in Figure 10. Data for our nanofabricated
samples generally fall into the field for small PSD particles.
Our data are shifted toward higher Myrg/Mg values com-
pared to similarly sized magnetites that were precipitated
from aqueous solution [Dunlop, 1986]. The same trend is
visible for the nanofabricated magnetites of King [1996] and
for magnetites prepared by oxalate decomposition and
reduction [Schmidbauer and Schembera, 1987]. For the
latter samples, Dunlop [2002] mentioned three possible
reasons for this shift: a distribution of grain sizes rather
than a consistent single particle size, irregular particle
shapes, and higher strains. The first two can be ruled out
for the nanofabricated magnetite arrays, which leaves a
higher level of strain as a possible cause, which is probably
brought about by a higher lattice defect density than in
samples produced via aqueous precipitation. The higher
defect density and associated strains may also be the reason
for the slight deviation of 7y, from the expected value. A
definitive reason for the relatively high Mys/Mg values of
our samples can only be given once the hysteresis param-
eters are measured in different directions with respect to the
sample plane. However, regarding the mineralogical pro-
cesses during fabrication, our samples are more similar to
those of Schmidbauer and Schembera [1987] than to those
formed by aqueous precipitation.

[26] The Mgs/Mg value of 0.5 for sample DK0024-2,
which has a grain size of 120 nm and an interparticle
spacing of 180 nm, is considerably higher than that of
sample DK0023, which has a smaller grain size of 100 nm
and a wider spacing of 310 nm. On the basis of micro-
magnetic models, we expect that noninteracting magnetite
particles with grain sizes between 100 and 300 nm have a
vortex-like micromagnetic structure; that is, they have PSD-
like hysteresis behavior with Mys/Mg values significantly
below 0.5 [Williams and Dunlop, 1995]. However, in the
case of sample DK0024-2, with its narrowly spaced par-
ticles, hysteresis properties are likely to be influenced by
magnetostatic interactions in addition to the effects of
higher defect density as discussed above. Interactions have
been shown to increase the SD-MD threshold size for one-
dimensional arrays (chains) of magnetite particles in this

size range, thus increasing the Mrs/My ratio [Muxworthy
and Williams, 2006a]. Models of magnetostatically interact-
ing, three-dimensional array assemblages of 100 nm and
150 nm magnetite particles produce a similar result due to
the formation of supervortex states [Muxworthy et al.,
2003]. Again, these interaction effects will strongly depend
on measurement direction for our two-dimensional array
samples.

[27] As mentioned above, FORC diagrams for samples
DKO0023 and DK0024-2, which have similarly sized par-
ticles but different interparticle spacings, do not have
significantly different Bj,, values and thus do not seem to
confirm magnetostatic interaction as the likely cause for the
high Mgs/Mg values of sample DK0024-2. Decreasing
interparticle spacing in systems of 1-um PSD particles
was shown to cause a shift of the peak in FORC distribu-
tions to lower coercivities and a widening of the distribution
along the vertical axis [Muxworthy et al., 2006]. The less
densely spaced particles of sample DK0023 (diameter
100 nm, center-to-center spacing 310 nm) have a lower
coercivity and a similar B;,, compared to sample DK0024-2
(diameter 120 nm, center-to-center spacing 180 nm). One
possible explanation for this apparent contradiction might
be that the particles in sample DK0024-2 are in a grain size
range where, in the absence of interactions, the vortex
configuration is the energetically favorable micromagnetic
state. However, because of the relatively narrow particle
spacing, a supervortex state, as described by Harrison et al.
[2002] and Evans et al. [2006] for a natural magnetite-
ulvospinel intergrowth might be the more favorable config-
uration when magnetostatic interactions are taken into
account. In this case, the individual particles have a uniform
micromagnetic structure similar to SD particles although
their grain size is above the SD/PSD threshold, but together
they form larger vortices with the vortex core outside the
individual particles. Evans et al. [2006] showed that such a
configuration will give rise to FORC distributions with an
isolated SD peak. They also documented a higher B;, value
of 30 mT, but the average width of the paramagnetic
ulvéspinel matrix between magnetite particles is only
30 nm, i.e., about half of the particle separation for sample
DK0024-2. If this supervortex hypothesis is a valid expla-
nation for the hysteresis behavior of sample DK0023, then
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one would expect a much lower B, for the less densely
spaced particles. However, because the particles in this
sample have a slightly smaller mean diameter of 100 nm
but a much larger spacing, they are likely to straddle the
threshold between a uniform SD and a vortex micromag-
netic state. The presence of both SD as well as PSD
magnetizations will give rise to a wide range of coercivities
as observed in Figure 11. It is likely that the large spread in
the vertical axis, giving rise to the high B, value, is a
product of SD and vortex structures being constantly
nucleated and denucleated throughout the FORC measure-
ment procedure, and of internal grain interactions in vortex
states. For larger grains in PSD or MD states, the spread in
the vertical direction is not necessarily representative of
intergrain interaction but is instead due to interactions
among domains inside a grain [Pike et al., 2001].

[28] Sample DKOO11 has the largest Bj, of the three
samples, suggesting a supervortex state. However, because
the particle size of this sample (265 nm) is larger than that
of the natural sample of Evans et al. [2006] (~200 nm) and
much larger than sample DK0024-2, the coercivity peak is
located further toward the origin of the FORC diagram and
the peak does not have isolated concentric SD contours. It is
likely that, in this sample, the vertical spread of the FORC
distribution is due to a combination of supervortex state
formation and internal interdomain interactions.

[29] The sharp Ty at temperatures close to the expected
value for all samples indicates that the magnetite is close to
stoichiometric. This is corroborated by Mg values of be-
tween 91 and 96 A m? kg~ that are also close to expected
literature values. Mg data were determined on the basis of
the total mass of magnetite in each sample as determined
from SEM observations. The Mg data therefore provide
confirmation that the dry etching process was successful in
transferring the desired pattern into the Fe thin film.

[30] The low-temperature remanent magnetization gradu-
ally decreases upon warming between 10 K and 7+, (Figure
8). This is likely due to a thermal relaxation process. There
are several possible mechanisms for this process, for exam-
ple, thermal relaxation of superparamagnetic (SP) particles,
“regular” unpinning and domain reordering associated with
heating, i.e., thermal demagnetization, and relaxation of
domain walls due to disaccommodation and dislocation
creep [Walz, 2002; Muxworthy and Williams, 2006b]. Inter-
pretation is further complicated in that samples DK0023 and
DKO0024-2 are above the theoretical SD grain size threshold
limit (~70 nm) for stress-free cubic grains above Ty but are
below the SD threshold limit for the monoclinic phase
(~140 nm) [Muxworthy and Williams, 1999]. This suggests
that vortex nucleation would be expected at or near 7y in
these two samples, which could also contribute to the
decrease in remanence below T7y. We exclude thermal
relaxation of SP particles as the cause of the remanence
decrease for the following reasons. The nominal particle
sizes in our samples are significantly above the SP grain
size range, so that only contamination by nanoparticulate
debris produced by the fabrication process could result in
SP behavior. Contamination by SP particles would affect
magnetic hysteresis in two ways: the Mg value would
increase above the expected literature value and wasp-
waisted hysteresis loops would be expected if significant
SP behavior is present [Roberts et al., 1995]. Mg is close to
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the expected value, while we can exclude wasp-waisted
hysteresis loops on the basis of the shape parameter oy
[Fabian, 2003], which ranges between —0.21 and —0.37 for
our samples (onys Will have positive values for wasp-
waisted hysteresis loops).

6. Conclusions

[31] We have produced a set of nanofabricated two-
dimensional magnetite particle arrays with precisely con-
trolled particle sizes between 100 and 265 nm and well-
defined interparticle spacings. We have shown how the size
and spacing of these particles influence hysteresis parame-
ters and the strength of magnetostatic interactions in relation
to magnetic parameters for previously published data from
natural and synthetic magnetites. Overall, the stoichiometry
of our samples and the ability to precisely control grain size
and grain separation make these magnetite particle arrays an
ideal material for studying the effects of intergrain magne-
tostatic interactions in geological materials. Future system-
atic studies of such nanofabricated samples should enable
decoupling of the effects of variations of the key parameters
(particle size, particle shape and interparticle spacing) on the
recording fidelity of magnetite, and other key rock magnetic
minerals.
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