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ARTICLE INFO ABSTRACT

Magnetic properties, texture and microstructure of cohenite grains from Morasko iron meteorite have been
investigated using electron backscattered diffraction, Bitter pattern technique, magneto-optical imaging method
and magnetic force microscopy. Cohenite shows much stronger magnetic contrast compared to kamacite
because it is magnetically harder than the Fe-Ni alloy, and thus causes higher stray fields. A surprising result is
the high stability and reversibility of the global stripe-like magnetic domain structure in cohenite when applying
high magnetic fields up to 1.5 T, and exposing it to high temperatures above the Curie temperature of about
220 °C. Heating up to 700 °C under atmosphere conditions has shown that cohenite remains stable and that the
global magnetic domain structures mainly recover to its preheating state. This observation suggests that
magnetic domains are strongly controlled by the crystal anisotropy of cohenite. Branching magnetic domain
structures at the grain boundary to kamacite can be annealed, which indicates that they are very sensitive to
record deformation. EBSD observations clearly demonstrate that increasing deviation from the easy [010]
crystallographic axis and stress localization are the main factors controlling the distortion of Bitter patterns, and
suggest a high sensitivity of the cohenite magnetic domain structure to local microstructural heterogeneities.
The results of this study substantiate the theory that cohenite can be a good recorder of magnetic fields in
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planetary core material.

1. Introduction

Microstructures and physico-chemical properties of iron meteorites
present a window into the thermal and shock history in the early solar
system (e.g [1]). Understanding of exotic magnetic phases like cohenite
([Fe, Ni, Co]3C) provide a unique tool to decipher paleomagnetic
signals and magnetic field records of early solar magnetic fields (e.g
[2,3]). The Morasko iron meteorite, first found in 1914 near Poznan in
Poland [4], contains ferromagnetic cohenite (Fes 95Nig ¢5C) [5] either
along interfaces of troilite and metal [6] or as oriented inclusions in the
metal following the Widmanstitten pattern [7]. The Morasko meteorite
is interpreted as a product of partial melting and impact events and as
such it is classified as non-magmatic ITICD [8], a subgroup of the IAB
group (e.g [9,10]). Neumann lines, which are reported to result from
mechanical twinning at shock pressures >8 GPa [11] are ubiquitous
(e.g [5,6]) and indicate a moderate shock metamorphic overprint.

According to Ringwood [12], the existence of cohenite indicates
high pressure conditions in the meteorite. Lipschutz and Anders [13]
noted that cohenite forms by exsolution from the solid state, during the
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cooling of an iron meteorite from 680 °C. However Brett [14] noted
that cohenite indicates neither high nor low pressures but only a slow
cooling in parent bodies between 650 and 610 °C. According to Wood
[15] the FesC stability field is large at high pressures suggesting
coexistence with metallic liquid. As carbon is one of the light element
candidates for the Earth's core, cohenite is suggested as a major inner
core component [16]. Besides meteorites, cohenite is also described
from inclusions in garnet (together with Fe-Ni and troilite) included in
diamond from kimberlites [17], confirming its existence in the interior
of the Earth.

The metallic ferromagnet cementite (synthetic form of natural
cohenite) crystallizes in the orthorhombic structure with hexagonal
close packed layers of iron with carbon filling the interstitial sites. Gao
et al. [18] describes for a synthetic Fe;C sample a magnetic transition
from a low-pressure magnetic to a high-pressure non-magnetic phase
above about 5.5 GPa similar to what is described for pyrrhotite [19].
Compared to all known meteorite magnetic minerals, cohenite exhibits
very specific magnetic properties with a Curie temperature at 215 °C
[20], which is nearly identical to the one reported for cementite about
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210 °C [21]. Sugiura and Strangway [20] additionally discovered that
cohenite carries the more stable component of natural remanent
magnetization of the Abee meteorite (enstatite chondrite) and, there-
fore may be a good recorder of magnetic fields in the early solar system.
Cohenite is also the main magnetic remanence carrier of lunar Apollo
Mare basalt 14053 [22], suggesting that it may be an interesting
mineral for lunar paleomagnetism.

Cohenite displays very prominent stripe-like magnetic Bitter pat-
terns [6]. It is well known that the Bitter pattern method provides a
quick access to the local magnetic behavior of magnetic minerals and
can also be used to localize internal stress in micrograins (see e.g
[23,24]). Although Bitter patterns in cohenite have been known for a
long time [25], this prominent magnetic behavior was not studied in
detail in relation to crystallographic orientation and microstructure of
cohenite grains in iron meteorites. Magnetic force microscopy (MFM)
combined with electron backscattered diffraction (EBSD) measure-
ments of globular cementite embedded in a ferrite matrix is reported in
a metallurgical study of Batista et al. [26]. These authors found that the
easy direction of magnetization in the orthorhombic cementite is the
long [010] axis (a=5.09 A, b=6.74 A, c=4.52 A). According to measure-
ments of the saturation magnetization and crystallographic anisotropy
of cementite as a function of temperature Blum and Pauthenet [27]
suggested that the [001] axis is the easy axis of magnetization (which,
in this case, is also the long axis of the unit cell). In uniaxial materials
like the orthorhombic cementite/cohenite one axis is favored over the
other two (hard) axis, which produce a strong anisotropy in these
crystals. Blum and Pauthenet [27] report that cementite is a relatively
hard magnetic material with high single crystal anisotropy constants
(K;=118x10% Jm™2 and K, =394x10% Jm™). Thus [010] is the easiest
and [100] the hardest direction of magnetization. In terms of the
nomenclature used in Batista et al. [26] and in our study, this
corresponds to the b and a axis, respectively. To date, no information
is available on the magnetic and thermal stability of the magnetic
structure of natural cohenite.

We present in our study Bitter pattern, magneto-optical imaging
(MOI) and magnetic force microscopy (MFM) results of cohenite from
the Morasko meteorite and correlate this information with the crystal-
lographic orientation and internal stress determined by EBSD mea-
surements. The effect of an external laboratory magnetic field on the
magnetic domain structure is studied using the MOI technique [28,29].
In order to understand the strong magnetic stability of cohenite we
combined thermomagnetic measurements from room temperature to
above the Curie transition with Bitter pattern and magnetic force
microscopy imaging.

2. Sample description and analytical techniques

A description of the different phases of Morasko iron meteorite and
their mineralogical composition is reported in detail elsewhere [6].
Briefly, it consists of a Fe-Ni alloy matrix (about 98 vol%) and troilite
(FeS) nodules occupying about 2 vol%. The matrix is mainly composed
of kamacite with a-Fe cell and less than 6% of Ni, and taenite with y-
Fe-cell and more than 20% Ni. Accessory minerals, mostly occurring in
the margins of the troilite nodules, are schreibersite ([Fe, Ni]sP),
cohenite ([Fe, Ni, Co]3C), sphalerite (ZnS), graphite (C), daubreelite
(FeCr2S4) and silicate minerals (Na-pyroxene and plagioclase) [6].
Similarly to its metallurgical analogue cementite (Fe;C), cohenite
exhibits extraordinary corrosion/etching resistance and exceptionally
high hardness. As a result, cohenite can be easy distinguished from
schreibersite, kamacite, and taenite on polished surfaces [25].

Using a diamond saw, the sample from the interfacial area was cut
in form of a small slab, embedded into epoxy resin and polished using
diamond and alumina pastes. Optical microscopy (Leica Orthoplan
microscope coupled with a Leica DFC 420C CCD camera) in reflected
light was used to study the magnetic domain structure (uniformly
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Fig. 1. An optical micrograph of the studied meteorite piece composed of troilite nodule
surrounded by a Fe-Ni alloy. Two areas of interest are labeled - the interface and edge.
(For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

magnetized region) using Bitter pattern technique. This technique is
useful as it is sensitive to small variation in magnetization. For this
purpose, the polished surfaces were coated with ferrofluid (EMG 807,
Ferrofluidics GmbH) diluted with distilled water in the ratio 1:10.

The crystallographic texture was studied by electron backscattered
diffraction (EBSD) using a Zeiss EVO MA 10 scanning electron
microscope (SEM) (Zeiss AG, Germany) equipped with an EBSD
pattern detecting system and the ESPRIT software (Bruker Nano
GmbH, Germany) for data handling and analysis. The acceleration
voltage was 20 kV, and probe current was 6 nA. The working distance
between specimen and electron gun was 14 mm, and between speci-
men and EBSD detector it was 17 mm.

The effect of an external magnetic field on the magnetic domain
structure of cohenite was investigated using magneto-optical (MO)
imaging technique utilizing a Leica DM2500P microscope and a low-
noise black and white CCD camera (Ikon-M, Andor Technology), as
described in detail in previous studies [28,29]. The acquired MO
images correspond to a saturation isothermal remanent magnetization
state formed after applying a strong magnetic field (1.5 T). The
magnetic field was imparted with a MMPM-9 (Magnetic
Measurements Ltd.) pulse magnetizer.

Magnetic susceptibility as a function of temperature around the
Curie transition of cohenite (~220 °C) was measured using an AGICO
KLY-4S kappabridge (effective field intensity:300 A/m;
frequency:=875 Hz). In order to reveal the effect of temperature cycles
on the evolution of magnetic structures, a mini sample (about
2.5x2.5x4.5 mm®) containing high concentration of cohenite was cut
from the meteorite using a diamond saw. Before and after temperature
cycling, the polished sample surface coated with ferrofluid was studied
with an optical microscope. The heating-cooling cycles were done in an
argon atmosphere (flow rate of 110 mL min~') with a heating rate of
11°min~". The Curie temperature was calculated from the minimum in
the first derivative curves while the transition width corresponds to the
full width at half maximum (FWHM) of the derivative curves.

In-situ high-temperature observation of the magnetic domain
structures was done using an Asylum Research MFP-3D magnetic
force microscope (MFM). The MFM cantilevers are made from silicon
or silicon nitride coated with CoCr. The MFP-3D collects high-pixel-
density images (up to 5kx5k) with high-speed data capture up to
5 MHz. The heating-cooling runs around the Curie point of cohenite
were done in air using temperature interval varying from 20 to 50 °C.
The temperature was maintained to better than 0.2 °C precision with
accuracy to 0.5 °C and temperature overshoots less than 0.2 °C.
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Fig. 2. Morphology and magnetic domain structure of cohenite grains from the edge region, shown in box from Fig. 1. (a) Roughly polished area enriched with mm-sized cohenite grains
(dark grey) revealed by ferrofluid; (b) Magnified region from (a) containing globular-shaped grains; (c) Magnetic domain structure revealed by Bitter pattern method in a well-polished
cohenite grain (s. the dashed box in (b)); (d) Enlarged central part of the area labeled by the box in (c). The horizontal dashed line is an approximate margin between areas containing
low (bottom) and high concentration (top) of branched micromagnetic structures. The arrow points to a weak magnetic contrast near the crack; (e) Hierarchical system of micromagnetic
structures (enlarged bottom part containing no branched bands from (d)) on a surface plane tilted in an angle of about 30° from the easy axis direction [010] (see Fig. 4a); (f) Schematic
illustration of the area labeled by the parallelogram in (e) showing primary structures (i) composed of elongated islands (ii) as secondary structures, and satellites (iii) as ternary
structures. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3. Results location, samples from the troilite-alloy interfacial area and from the
edge area located at some distance from the interface within the Fe-Ni

3.1. Magnetic domain structures observed by Bitter pattern alloy were studied. As it can be recognized in the optical micrograph of
Fig. 1, the surface of the studied meteorite piece is roughly pre-

The studied meteorite piece is composed of a rounded troilite polished. When the piece is covered with a ferrofluid agent, numerous
nodule enclosed in a Fe-Ni alloy matrix (Fig. 1). Relative to the nodule mm-sized cohenite grains can be recognized even using folding lenses
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Fig. 3. Morphology and magnetic domain structure of cohenite grains from the troilite-alloy interface (see also Fig. 1). (a) Cohenite grains observed after 1 min etching with nital. (b)
The same area as in (a) but covered with ferrofluid. Note that in different grains the Bitter patterns exhibit similar global texture indicated by the white dashed line; (c) Magnified image
of the grain labeled by the box in (b) shows that some subgrains do not show Bitter patterns; (d) Enlarged central part of the grain from (c) showing 13 pm wide periodic bands, 2 um-
sized islands and dislocation-like branched structures (see e.g. the circled area). Note that compared to the sample from the edge area (Fig. 2e, f) the ternary structures with satellites are
less developed. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(Fig. 2a). Frequently, the cohenite grains exhibit a conspicuous
flexuous globular-shaped morphology (Fig. 2b).

After polishing, well-developed striped Bitter patterns with bright
dots in a dark (brown) matrix are observed (Fig. 2c—e), typical for
anisotropic uniaxial material. This bright and dark pattern is related to
the micromagnetic structure at the sample surface and the resulting
stray-field distribution. It corresponds to components of magnetization
out of and into the plane of the image. It is important to note that the
same magnetic texture and orientation was observed in all grains
located within the edge area. The local character of Bitter patterns is
however different. Relatively straight, partly branching walls are typical
for the bottom parts of the grain in Fig. 2d. In the upper part of the
grains, the density of the branching subdivisions is significantly higher
(see e.g. the region laying above the dashed line in Fig. 2d) suggesting
higher internal stresses in the cohenite crystal towards this grain
boundary. Furthermore, the patterns frequently disappear in the
vicinity of cracks (see e.g. the area labeled by arrow in Fig. 2d). At a
higher magnification, the magnetic microstructure is hierarchical
(Fig. 2e) and can be represented as a system of different micromagnetic
structural units (Fig. 2f). The primary structure i with a periodic
distance of about 10 pm corresponds to the dark bands, the secondary
structure ii is related to elongated islands with lengths from 2—-8 um,
while the ternary structure iii corresponds to fine satellites (Fig. 2f)
with lengths lying below 2 um.

Fig. 3 shows representative optical micrographs of cohenite grains
located at the troilite-alloy interface shown in Fig. 1. In this sample,
grains composed of pm-sized cohenite (up to a size of about 50 um) in
association with schreibersite, troilite and carbon are observed
(Fig. 3a). Cohenite grains again show striped Bitter patterns
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(Fig. 3b). Due to a subdivision of the grains by cracks into subgrains
they exhibit now heterogeneous magnetic contrasts (Fig. 3¢) and the
stripes are not exactly parallel. For example, in the central part of the
grain shown in Fig. 3¢ the primary domain structure appears in form of
alternating bands containing dislocation-like, branched configuration
(white circle in Fig. 3d). The average periodic distance between bands
is about 13 pm. Each band is composed of elongated islands having a
width of 2 ym. Compared to the cohenite inclusions in the alloy (Fig. 2e
and f), the satellites cannot be recognized in cohenite grains from this
area. Furthermore, this area is also characterized by a larger amount of
magnetic subgrains exhibiting no Bitter pattern (Fig. 3c). This fact
suggests that the crystal orientation and the presence of local structural
distortions have a significant influence on the domain structure and
therefore it was studied in detail by EBSD (Fig. 4).

3.2. Texture analysis by EBSD

Fig. 4a and b show EBSD pole and inverse pole figures (IPF) for the
edge and interface area, where the sample surface Z direction is parallel
to the electron beam. The cohenite grains from the edge area are tilted
in an angle of about 30° from the easy [010] axis (Fig. 4a). The grain
normals are approximately coincident with the [101] direction (Fig. 4a,
inset). Compared to the edge area, the grains from the interface area
exhibit larger ( near 45°) deviation from the magnetic easy axis
(Fig. 4b). This increasing deviation angle between the normal to the
surface plane and the easy [010] axis explains the difference in
magnetic domain pattern, with its more dot-like appearance in the
edge area (Fig. 2) and the more stripe-like one in the interface area
(Fig. 3). According to the IPF data (Fig. 4b, inset), the normals of the
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Fig. 4. EBSD analysis of cohenite grains. (a) Pole figures and an inverse pole figure (inset, right bottom) related to the edge area. (b) Pole figures and an inverse pole figure (inset, right
bottom) related to the interface area. (c) Bitter patterns in a grain (the enlarged area labeled by the dashed box in inset) from the interface area (see also Fig. 3c). Note the different
magnetic contrast in subgrains 1, 2, 3 and 4; (d) Misorientation EBSD map across the subgrains shown in (c). The inverse pole figures are plotted with respect to the sample normal
direction. The black boxes in inverse pole figures symbolize the orientation of the grain lying approximately perpendicular to the electron beam. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

interfacial grains occupy an intermediate position lying between [111]
and [010] directions.

In the subgrains with different magnetic contrast (Fig. 4c), small
but detectable deviations of the crystallographic orientation is illu-
strated by the corresponding misorientation map (Fig. 4d). Illustrated
by the vertical colored strip scale in Fig. 4d, the relative lattice
distortions lie in a narrow range spreading from 0% to 3%. The highest
misorientation of about 1.5% (yellow dots) is measured within subgrain
2 exhibiting no visible Bitter pattern as well as at vicinities of cracks
running around the subgrains 1, 3 and 4. The mosaic areas displaying
the lowest misorientation degree approaching 0% (blue dots) are
localized within subgrain 4. In summary, the results obtained by a
combination of the Bitter pattern method and EBSD clearly demon-
strate an amazing high sensitivity of the cohenite magnetic structure to
local misorientation, which especially developed within the interfacial
troilite-metal area. Cohenite from this area shows a multitude of
intragranular cracks, microfractures and branched Bitter patterns
(Fig. 3), which are less pronounced in the edge area (Fig. 2).

3.3. Magneto-optical imaging of remanent magnetic structures

In order to gain information on the magnetic stability of magnetic
domains in cohenite magnetic field experiments of a sample saturated
at 1.5T were combined with the magneto-optical (MO) imaging
technique (Figs. 5 and 6). This technique maps the stray field of the
magnetization (artificial or natural) of a polished sample [28]. The
initial, natural magnetization state is characterized by a well-contrasted
MO image (Fig. 5a) displaying 180° basic stripe-shaped domain walls
with a strong magnetic contrast and a complex branched pattern in
appearance similar to those observed by the Bitter pattern method
(Fig. 2c—e). To achieve a first magnetic saturation state, the sample was
imparted a saturation isothermal remanent magnetization (SIRM) by
exposure to 1.5 T field oriented perpendicular to the sample surface
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and oriented away from the polished surface (Fig. 5b). Images were
then taken in zero field. Besides cohenite, an elongated taenite grain
can now be recognized inside the kamacite matrix by its strong
magnetic signal. The resulting domain pattern in cohenite changes
from stripe-shaped to mesh-shaped arrays containing interconnected
thinner units (see inset in Fig. 5b). It is interesting to note that the
microstructural sample heterogeneity of the initial state is adopted.
Large elongated domains are formed within areas containing a low
density of branched patterns while the small meshes are formed in
areas having enhanced density of the branched patterns (compare with
Fig. 2d). Using —50 mT backfield demagnetization steps in opposite
direction (perpendicular and oriented into the polished surface),
changes in domain structure development became visible at about
—400 mT (Fig. 5c¢ and d). This observation suggests a quite hard
magnetic behavior of cohenite. The —400 mT state is characterized by a
breakdown of the closure domains (Fig. 5d). With further increasing
field to —1.5T closure domains in combination with a magnetic
moment flip develop again (Fig. 5e and f). In this state, the magnetic
domains are nearly inverted (Fig. 5f) with respect to Fig. 5b, in
agreement with a switched magnetic field.

Applying again a 1.5 T magnetic field perpendicular and out of the
plane of the polished surface, the closure domains appear again
(Fig. 6a) and are very similar to the domain pattern formed after the
first magnetic field application (Fig. 5b). This observation indicates a
good magnetic reversibility of the cohenite magnetic domain structure.
Also similar to the first run (Fig. 5d), the closure domains disappear at
a field of about —300 mT (Fig. 6b) and stripe domains form again
(Fig. 6¢). More stripe-like domains also form when applying an in-
plane field of 1. 5T oriented parallel to the global magnetic texture
(Fig. 6d). This magnetic structure can be transformed again into the
closure-domain structure when the applied in-plane 1.5T field is
oriented perpendicular to the global magnetic texture (Fig. 6e and f).
It can be easily seen that the structure shown in Fig. 6e is nearly
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Fig. 5. Magneto-optical images of magnetic domains in a cohenite grain from the edge region (same grain as in Fig. 2¢) before and after given a saturation isothermal remanent
magnetization (SIRM) at 1.5 T out of the plane followed by successive back-field demagnetization steps (from (c) to (f)) in the opposite direction (into the plane). All images are taken in
zero field after switching off the field. The whitish (blackish) grayscale corresponds to the upward (downward) surface magnetic field. (a) Stripe-like pattern with partly branched regions
in the natural state (compare Fig. 2¢ and d). The dashed line indicates the initial global domain texture. Kamacite, cohenite and taenite are labeled by K, C and T, respectively; (b) and (c)
Development of mesh-shaped arrays (see e.g. the inset in (b)); (d) and (e) Development of broken walls (see e.g. the arrow in (d)); (f) Formation of an oblong structure exhibiting inverse
contrast with respect to the state shown in (b). The magnetic field vector in (b)—(f) is perpendicular to the image plane and in a steep angle with the easy magnetic axis [010] of cohenite.
The scale bar shown in (a) is the same for all images. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

inverted with respect to the structure shown in Fig. 6d and is similar to
the first run (Fig. 5b and f).

3.4. Temperature-dependent magnetic susceptibility and magnetic
domains revealed by Bitter pattern

In earlier experiments from the troilite-alloy interface area of the
Morasko iron meteorite a peak at 176 °C was observed in the
temperature-dependent magnetic susceptibility curve, which was inter-
preted as Curie temperature (Tc) of cohenite [6]. This transition
temperature vanished during a heating-cooling cycle up to 700 °C.
Therefore in our new study, we heated a polished piece from the edge
area (Fig. 1) to maximum temperatures of 230 and 250 °C, respec-
tively, in the furnace of our kappabridge. In a first heating-cooling cycle
a relatively sharp T around 220 °C was observed (Fig. 7), which is in
good agreement with literature data of T of cohenite [31]. During this
first heating, an increase in magnetic susceptibility was observed until
about 160 °C, while during cooling magnetic susceptibility roughly
remains constant below T¢. A second heating-cooling cycle revealed a
better reversibility and a slight increase of the magnetic susceptibility
(red curves in Fig. 7).

Before (a) and after the first (b) and second (c) temperature cycling
the Bitter pattern of the polished surface was studied (Fig. 8). Initial
magnetic domains are characterized by well-resolved stripes containing
branched regions, which are especially developed at the cohenite-Fe-Ni
alloy interface (see circles in Fig. 8a). Similarly to the case presented in
Fig. 2e, islands and satellites are clearly detectable at a high magnifica-
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tion (s. inset in Fig. 8a). After the first heating-cooling cycle (Fig. 7)
some of the branched regions disappeared (see branched region inside
dashed circle in Fig. 8a and b). Furthermore, it appears that the islands
and satellites become broader and sharper, and much smaller details
are visible inside of islands and satellites (inset in Fig. 8b).

After the second heating-cooling cycle (Fig. 8c), some of the
branched bands disappear (see bold circle in Fig. 8c) but simulta-
neously some branched bands appear again (see dashed circle). At
higher magnification, islands and satellites became thinner and the
number of satellites increases (s. inset in Fig. 8c). Now, a big number of
islands are fused together forming ribbon-shaped domains (s. red
arrow in inset of Fig. 8c).

3.5. In-situ high-temperature magnetic domain observation from
magnetic force microscopy

Using a magnetic force microscope (MFM) with a heating stage, we
investigated the evolution of magnetic domains during heating above
the Tc and cooling back to room temperature. MFM images the
magnetic force gradient due to the stray field from the surface of a
sample. MFM images were taken close to the area labeled in Fig. 2c.
Compared to the Bitter pattern (Fig. 2¢) and MO imaging (Figs. 5 and
6), MFM images provide significantly more detailed information on
magnetic domains (Fig. 9a). Small islands have been already resolved
within the black and white stripes of the MO images (e.g. Fig. 6¢ and f)
but in MFM images they are more complex and show up on different
scales. The stripes are full of closure domains now, which cause a more
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Fig. 6. Magneto-optical images of magnetic domains in cohenite from the edge region (see grain shown in Fig. 2) as function of the orientation of the applied magnetic field (H). All
images are taken in zero field after switching off the field. (a) Closure domains with similar features as shown in Fig. 6b. Dashed line indicates the global domain texture. (b) and (c)
shows the partly disappearance of closure domains and formation of stripe-like domains. (c) Enlarged view from area indicated by white rectangle in (b); (¢) and (d) Formation of
pronounced oblong closure domains; (e) and (f) Formation of pronounced closure domains being inverted with respect to (d). (f) Enlarged view from area indicated by white rectangle in
(e). Magnetic field vector is perpendicular to the image plane in (a—c), parallel to the global domain texture in (d), and perpendicular to the global domain texture in (e) and (f). The

image planes are nearly coincident with the [101]-axis of cohenite.
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Fig. 7. Magnetic susceptibility as a function of temperature measured in two successive
heating-cooling cycles (black and red curves) in argon atmosphere. Inset shows first
derivatives around the Curie point. Note the increasing reversibility in susceptibility
during the second run (red curves). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

blurred appearance within the white and black stripes.

After each increase in temperature it was necessary to withdraw
and re-tune the MFM cantilever because the resonant frequency
changes with temperature. Due to minor drift of the cantilever position,
it re-engaged the surface at a slightly different position each time, so
the image areas in Fig. 9 do not match up exactly. The arrows indicate a
fixed location in the image set. Heating up to the Curie point of 220 °C
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Fig. 8. Magnetic domain structures revealed by Bitter pattern method before (a) and
after (b, ¢) two successive susceptibility measurements shown in Fig. 7. (a) Initial state.
Elongated bands containing branched regions (see e.g. two areas labeled by circles).
Islands and satellites are shown in inset by red and yellow arrow, respectively. (b) After
first heating-cooling cycle. Some of branched bands disappear (see e.g. the area within
the dashed circle). Islands and satellites increase in size (inset). (c¢) After second heating-
cooling cycle. Some of branched bands disappear (see e.g. the area within the bold circle)
while others reappear (see e.g. the area within the dashed circle as well as the areas
located at the cohenite-kamacite interface at the left side). Inset: islands and satellites
became thinner and the number of satellites increases. Some islands are fused into
ribbons (arrow). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 9. MFM imaging of magnetic domains in cohenite as a function of temperature at
atmosphere conditions. A cluster containing islands and satellites is labeled by the white
circle in (a). The arrows mark the localization of the same specific branched feature. No
magnetic domains occur above the Curie temperature in (e) indicating the paramagnetic
state. The image planes are in a steep angle to the easy [010] axis of cohenite (compare
with Fig. 4a). Scale bar shown in (e) is the same for all images. Heating and cooling were
done in ambient field conditions in the MFM (~0.25 mT), so the final state in (i) is a 250-
microtesla thermal remanent magnetization. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. MFM imaging of a cohenite-kamacite interface (a) before and (b) after heating
to 700 °C under atmosphere conditions. Branching of magnetic domains (e.g. see arrows)
toward the kamacite (left) disappears after heating and grain boundary migrates into the
cohenite grain. The studied area is shown by the white box in the inset in (b). The image
planes are nearly consistent with the [101] axis of cohenite. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

(e) a successive coarsening and a partial disappearance of bands,
islands and satellites is observed. At a temperature of 220 °C the
magnetic domains are no longer visible indicating paramagnetic
behavior (e). During cooling (Fig. 9f-i), a reversible recovery with
higher contrasts of the magnetic microstructures occurs. Compared to
the initial state (a) the islands and satellites are finer after the cooling
(i). MFM data clearly demonstrate a good thermal reversibility of
cohenite magnetic domains under atmosphere conditions. This high
reversibility of magnetic domains is even observable when the sample
is heated under atmosphere conditions to 700 °C (Fig. 10). The global
magnetic domain structure is still very similar, but the branched region
at the grain boundary to kamacite has been removed. This behavior
clearly verify that the branching indicate higher internal stresses

601

Journal of Magnetism and Magnetic Materials 426 (2017) 594—603

towards the grain boundary, because they can be annealed by
temperature.

4. Discussion and conclusions

In this study we present a relationship between magnetic proper-
ties, texture and microstructure of mm-sized cohenite inclusions in Fe-
Ni alloy from the Morasko meteorite, Poland. Strong magnetic
contrasts are found with all three magnetic domain imaging techni-
ques: Bitter pattern, magneto-optical and magnetic force microscopy.
In contrast to kamacite, cohenite shows much stronger magnetic
contrast because it is magnetically harder than the Fe-Ni alloy, and
thus causes higher stray fields. The [010] easy axis of magnetization lies
at a moderately high angle to the image plane, and there is therefore a
strong out-of-plane component of magnetization in all of the images.
The [001] hard axis of magnetization is approximately perpendicular to
the alternately magnetized parallel stripes (Fig. 4a). The most surpris-
ing result is the high stability and reversibility of the global stripe-like
magnetic domain structure when applying high magnetic fields up to
1.5 T, and exposing it to high temperatures above the Curie tempera-
ture of about 220 °C and up to 700 °C. This observation is surprising
because graphite is the stable form of C at low pressure and
temperature (<ca. 630°C [7]) and cohenite is assumed to be
metastable in iron meteorites.

Heating up to 700 °C under atmosphere conditions revealed that
cohenite remains stable and that the global magnetic domain struc-
tures mainly recover to its preheating state (Fig. 10), but branching
domain structures at the grain boundary to kamacite can be annealed.
This observation indicates that while the main domain pattern is
controlled by the magnetocrystalline anisotropy, the branching of the
domains is additionally controlled by stress and magnetoelastic
anisotropy and is very sensitive for deformation of cohenite. Similar
high sensitivity of branching structures to record deformation is
recently clearly demonstrated in magnetic domains of Fe-3%Si [32].
We also discovered that the magnetic domain structure is significantly
different in the two investigated areas with well-aligned domain walls
in cohenite embedded in the metal (Fig. 2), while grains with a higher
concentration of microcracks at the troilite - metal interface (Fig. 3)
show a more disturbed pattern. This observation suggests a more
elastic deformation of cohenite in the metal and a more brittle
deformation at the metal-troilite interface. EBSD observations
(Fig. 4) clearly demonstrate that the stress localization is a main factor
controlling the distortion of Bitter patters, and suggest a high sensi-
tivity of the cohenite magnetic domain structure to local microstruc-
tural heterogeneities.

In general, magnetic domains are formed to minimize the total
energy of the magnetic mineral, and stray field energy is an important
part of it. Different magnetic imaging techniques allowed us to study
different behavior of magnetic domains in cohenite. The Bitter pattern
method provides an easy and quick access into imaging of magnetic
domains over a broad structural range from micrometers to several
millimeters (Figs. 2 and 7). The derived image contrast and resolution
are however especially sensitive to the sample surface quality control-
ling spreading of liquid ferrofluid. Therefore, the Bitter pattern method
is not very operative for dynamic investigations, particularly at elevated
temperatures. For the high-temperature dynamic imaging of magnetic
domains MFM is an irreplaceable tool (Figs. 9 and 10). Moreover,
magneto-structural details on a micrometer scale can be observed (see
e.g. satellites in Fig. 9). Compared to the Bitter pattern method, MFM
allows analyzing relatively small sample areas, which maximal size is
about 100*100 um?, but this method is extremely sensitive to the
surface quality. Compared to MFM and Bitter pattern method, MOI
provides an exclusive access to investigate the dynamics of magnetic
domains on a broad optical scale (Figs. 5 and 6). Moreover, this
method is not very sensitive to the sample surface quality.

Our magnetic field experiments connected with MOI imaging
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revealed significant aspects of the magnetic behavior of cohenite:

1) The magnetic structure starts to change irreversibly when the
external magnetic field is more than 200-300 mT, indicating a
very high coercivity of remanence (Figs. 5 and 6). This observation
is not in agreement with Batista et al. [26] who reported a change in
magnetic domain wall configuration in ca. 3 um sized globular
cementite grains (the synthetic analogue of natural cohenite)
embedded in steel already in external magnetic fields of
22,000 A/m (27.6 mT), which is one magnitude lower than in our
observations. This discrepancy is probably related to the different
methodological approaches: in our experiment the images were
taken after switching off the field, whereas Batista et al. [26]
observed induced magnetization.

The local structural heterogeneity in form of areas containing high
concentration of branched structures is very stable even after a
strong 1.5 T field is applied and removed. Therefore basic magnetic
domains in cohenite seem to be very stable. Branched magnetic
domains, indicating internal stress in the lattice, can however be
removed by heating the sample up to 700 °C (Fig. 10b).

The change of magnetic domain pattern from stripes to mesh-
shaped arrays within the basic stripes is caused by the minimization
of stray field energy in an external magnetic field.

Independent of external magnetic field direction (in and out of
plane, parallel and perpendicular to global magnetic domain
structure along the surface) the magnetic contrast remains strong,
indicating that magnetic moments remain vertically arranged after
the field of 1.5 T is removed. Either magnetocrystalline anisotropy
or magnetostriction can be sufficient to cause large out-of-plane
magnetization components [24]. The observed satellites (Figs. 8
and 9) look similar to the “spike domains” discovered by Moskowitz
et al. [33] in synthetic Ti-rich titanomagnetite. These authors
explained this observation by a strong uniaxial stress anisotropy,
which overwhelms the cubic crystallographic anisotropy in the
stressed surface layer.

2)

3)

4)

Keh and Johnson [31] reported already that the strip-shaped
domains in cementite are alternately magnetized along the positive
and negative direction of the easy axis of magnetization. According to
Batista et al. [26] magnetic domain pattern in pm-sized (~3 pum)
cementite inclusions are also formed along the long [010] easy
direction of magnetization. These authors also noted an important
relationship between MFM and EBSD data (for details see Fig. 6 in [26]
and its corresponding description): some of the cementite inclusions
are mainly oriented around the (010) plane while the domain structure
of most of the precipitates consists of parallel stripes, and no closure
domains are observed. These observations correlate very well with our
data showing well-resolved stripe-shaped domains with alternating
magnetic contrast (Figs. 2—4) oriented in a moderate to steep angle to
the easy axis of magnetization [010] and approximately perpendicular
to the hard axis of magnetization [001]. In perpendicular view to the
surface shown in Fig. 2, we also observed alternating sharp magnetic
stripe domains (not shown) and therefore the best explanation we can
suggest is that stripe-like magnetic domains occur in a large range of
angles between surface planes and easy magnetic axis. More detailed
investigations are needed in future to better characterize and under-
stand this phenomenon. Furthermore, we found out that a small
misorientation above about 1.5% from the crystallographic axis is
sufficient to erase the prominent stripe-like magnetic domain pattern
indicating the sensitivity of the magnetic domains in relation to the
crystallographic axis. The sensitivity for brittle deformation and stress-
induced deformation in the lattice becomes especially obvious in
cohenite from the interface area (Figs. 1 and 3).

The contribution of cohenite to the magnetic properties and
crystallization conditions of extraterrestrial material is not well con-
strained although some references are given. Sugiura and Strangway
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[20] reported for the first time that the stable part of the natural
remanent magnetization of the Abee meteorite is carried by cohenite
and that “some kind of magnetic interaction might exist” between
kamacite and cohenite. Rochette et al. [34] found for a lunar sample
(Apollo basalt 14053) with high saturation remanence and suscept-
ibility a low NRM unblocking temperature below 300 °C, which they
suggested to be caused by cohenite or schreibersite. Similar unblocking
temperatures of SIRM were found by Gattacceca et al. [22] in this rock,
strengthening the case for cohenite. These phases can either be related
to meteoritic contamination [35] or may occur as pristine phases in
basalt [36]. Furthermore, the presence of mm-sized cohenite inclusions
in the volcanic slags of Tolbachnik volcano (peninsula Kamchatka,
Russia) suggests that cohenite can also have a magmatic origin [37]
and probably is a significant carbon-bearing phase in the Earth mantle
and core as suggested in earlier studies [16]. The results of our study
support the idea that cohenite can be a good recorder of magnetic fields
in planetary core material [2,20,38].
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