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In this paper, we report Lorentz Transmission Electron Microscopy (LTEM) observations of magnetic domain
structures in a near-eutectoid CosPtey alloy. The crystallographic microstructure is characterized using con-
ventional bright field/dark field TEM imaging. The magnetic induction orientation inside magnetic domains is
extracted from Fresnel through-focus images by reconstructing the phase of electron wave using the transport-of-
intensity equation. The alloy shows a nano-chessboard pattern composed of the L1, tetragonal and L1, cubic

phases. The magnetization distribution in four neighboring L1, tiles in the nano-chessboard structure is found to
follow a vortex/anti-vortex configuration to reduce the magnetostatic and magneto-crystalline anisotropy en-
ergies. An unconventional domain wall referred to as an inter phase magnetic domain wall (IPMDW) is observed
at the inter-phase boundaries of L1, and L1, phases. Magnetic domain walls in other microstructures (tweed
microstructure, macro-twinned structure, coarsened L1, plates) are also documented.

1. Introduction

L1o-based ordered magnetic alloys, including Fe-Pt, Fe-Pd, and Co-
Pt, have long been studied for their applications as hard magnetic
materials and in storage devices, primarily due to their high coercivity
(H,) and high energy product (BHy,.x) [1-3]. Nano-composite magnetic
materials are also increasingly studied in the development of present
generation magnetic devices [4-6]. These magnetic alloys usually go
through a suitable thermal processing step resulting in optimum mi-
crostructures that provide large magnetic anisotropy and high coer-
civity. One such microstructure is the “nano-chessboard” structure, first
discovered by Leroux et al. [7]. Co-Pt alloys with compositions in the
narrow eutectoid range around CogPtgy can undergo a eutectoid
transformation via pseudo-spinodal decomposition to produce a unique
self-assembled nano-chessboard structure. This microstructure consists
of a hard magnetic L1, phase (CoPt) and a soft magnetic L1, phase
(CoPt;), interleaved at the nano-scale.

Co-Pt alloys go through a range of transformations as they are heat-
treated to obtain the nano-chessboard structure. First, the eutectoid
decomposition transforms a high symmetry FCC disordered phase into
two low symmetry ordered phases: L1, (tetragonal) and L1, (cubic).
This ordering transformation gives rise to various crystallographic
boundaries, including anti-phase boundaries (APB), L1, structural or
orientational boundaries and twin boundaries. In addition, the alloy
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goes through a paramagnetic to ferromagnetic transformation as it is
cooled below the Curie temperature. The ordering of magnetic mo-
ments results in the formation of magnetic domains and domain walls.
Magnetic domains are coupled to the crystallographic domains through
the magneto-crystalline anisotropy energy. Thus, the interplay between
crystal domains and magnetic domains dictates the magnetic micro-
structure and, hence, the magnetic properties. The primary cause for an
increased coercivity in L1y-type alloys is believed to be magnetic do-
main wall pinning during the magnetization process [8]. The different
crystallographic defects mentioned above can act as pinning centers for
the motion of domain walls under the influence of an applied field.
However, the degree or extent of pinning varies across various defects.
For example, an APB is a weak pinning center whereas a twin boundary
is a relatively strong pinning center [9]. From these studies, it is clear
that the interaction between magnetic and crystallographic features
plays a major role in influencing the magnetic properties. The present
work represents an effort to understand the nature of such interactions.
A direct characterization of these types of interactions has not been
done before at fine length scales of a few nanometers. While there have
been reports on the magnetic microstructure studies in Fe-Pd and Fe-Pt
alloys, there is little work done on Co-Pt alloys.

Detailed TEM microstructural studies and bulk magnetic properties
studies (VSM) of CogPtg alloys have been performed by several au-
thors [7,10,11]. Recent work has focused on micro-magnetic
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Fig. 1. Conventional TEM images of the nano-chessboard structure. (a) Bright field TEM image, (b) (110) dark field TEM image showing L1, and L1, tiles arranged in
a nano-chessboard pattern; the relevant crystallographic directions are marked. Solid white arrows in (a) and (b) are pointing to rods corresponding to a nano-
chessboard colony along the [010] crystallographic axis, (c) [001] zone axis diffraction pattern of the region imaged in (a) and (b), the directions and planes in
diffraction pattern were indexed with respect to the axes of parent cubic lattice Al; the circle indicates the (110) superlattice reflection used for DF imaging, (d) low
magnification (110) dark field image of the same region showing multiple nano-chessboard colonies; red arrows point to coarsened L1, plates while blue arrows point
to APBs, (e) and (f) dark field images showing arrangement of coarse L1, plates within the L1, matrix.

simulations to understand the length-scale effect of L1, — L1, chess-
board on the exchange coupling behavior [12]. In a recently published
paper [13], we have shown Lorentz TEM image simulation results for
the nano-chessboard structure to interpret the various types of magnetic
contrast generated by Lorentz TEM imaging. The present paper focuses
on the entire range of magnetic microstructures observed in CosPtgo
alloys.

The arrangement of paper is as follows: first, a brief description of
the material and the methods used for imaging and data analysis is
presented. This is followed by results and discussions. In particular, we
show the magnetic domain structure of different crystallographic mi-
crostructures observed in CogPteo alloys; the morphology of magnetic
domains and the size/shape of magnetic domain walls is analyzed for
each microstructure to establish a relation between the crystallographic
microstructure and the magnetic domain structure. The direction of the
magnetic induction inside individual magnetic domains is determined
from experimental Lorentz through-focus images by reconstructing the
phase of the exit electron wave using the transport-of-intensity equa-
tion. The effect of the length-scale of the L1, and L1, phases on domain
wall formation is discussed in detail. The main conclusions of this work
are summarized in the final section.

2. Material and experimental methods
2.1. CogyoPtey near-eutectoid alloy
The samples analyzed in this study are polycrystalline samples of a

Coyo2Ptsg s alloy that were synthesized at the University of Virginia by
electric arc melting of high purity Co (99.9%) and Pt (99.99%) in an argon

atmosphere [10,12]. The bulk samples were homogenized at 925 °C for
8h in a tube furnace and then water quenched to retain the chemically
disordered FCC phase. The samples were then slow cooled from 750 °C
to 600 °C at a cooling rate of 80 °C per day. Finally, the samples were
isothermally annealed at 600 °C for 4 days. Thereafter, TEM thin spe-
cimens were prepared by mechanical grinding and dimpling followed
by ion milling the samples to electron transparency. X-ray diffraction
analysis by [12] shows the co-existence of L1y and L1, phases in this
material system. The bulk magnetic properties such as the saturation
magnetization (M;), the coercivity (H,), and the magnetic energy pro-
duct (BHyy) of this alloy are reported to be 4.82 X 105 A/m, 292.2 mT,
and 2.6 x 10* J/m?, respectively [12].

2.2. Transmission electron microscopy

Lorentz TEM studies were carried out on an FEI Tecnai F20 field
emission transmission electron microscope operated at 200kV and a
FEI Titan 80 — 300 TEM operated at 300 kV. Both microscopes are
equipped with dedicated Lorentz pole pieces that allow for field free
imaging of magnetic samples. Additionally, the FEI Titan 80-300 is
equipped with a spherical aberration image corrector, which was uti-
lized for high resolution imaging of magnetic domain walls in the nano-
chessboard structure observed in CoyPtg, alloys. Another advantage of
spherical aberration correction is that it makes it possible to acquire
Fresnel defocused images at low defocus values, which makes the
Fresnel images more useful for quantitative analysis. Conventional TEM
analysis was performed using the FEI Tecnai F20 microscope. The
Fresnel or out-of-focus mode of Lorentz imaging was employed to
capture images of magnetic domain walls in this alloy [14]. Phase
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Fig. 2. Lorentz TEM images from a region containing coarse L1, plates. (a) Over-focus image (Af = —7 pm), (b) under-focus image (Af = +7 um). The bright and dark
lines indicated by black arrows in (a) and (b) correspond to magnetic domain walls; (c) reconstructed phase map, (d) and (e) integrated B,t and Byt induction maps,
(f) integrated induction color map with the arrows showing the magnetic induction configuration across 180° walls and 90° walls (color legend in inset).

reconstruction based on the transport-of-intensity equation (TIE) was
utilized to extract integrated magnetic induction information from the
Fresnel through-focus images, as described in detail in [15]. It should
be noted that the conventional TEM imaging was performed after the
completion of Lorentz TEM experiments, hence it was non-trivial to find
the same sample region as used for the Lorentz imaging. However,
every effort has been made to correlate similar micro-structural features
during the observation and image acquisition process.

3. Results and discussions
3.1. Conventional TEM imaging of the nano-chessboard structure

Fig. 1 shows conventional TEM images of the nano-chessboard
structure from a region in the CoyPts alloy. The nano-chessboard
structure consists of chessboard colonies that are formed along all three
crystallographic axes of the parent cubic grain. When a grain is aligned
along one of the crystallographic axes inside the TEM and imaged under
the proper diffraction conditions, a perfect nano-chessboard structure is
observed. The chessboard colonies along the other two crystallographic
axes are seen as parallel rods under this imaging condition. Fig. 1(b)
shows one such (110) dark field (DF) TEM image with a nano-chess-
board structure containing the L1, phase and two orientation variants
of L1, phase. Fig. 1(a) is the corresponding bright field (BF) image. All
directions and planes in the TEM images and diffraction patterns shown
in this paper were indexed with respect to the axes of parent cubic
lattice A1 which are retained in L1,, and are the axes of the pseudo-
cubic cell of L1y. The crystal is oriented along the [001] zone axis, as
indicated by the zone axis diffraction pattern (ZADP) in Fig. 1(c). The
(110) superlattice reflection used for DF imaging has been marked in
the ZADP. As can be seen in the DF image, two orientation variants of
the L1, phase are alternating in the [110] and [110] directions. The L1,
tiles typically have a diamond or parallelogram shape, whereas the L1,
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tiles are more or less arbitrarily shaped, consistent with earlier results
[7,11]. The long axes of the diamond-shaped L1, orientation variants
lie along either the [100] or the [010] axis, in agreement with their
respective tetragonal directions. In Fig. 1(a) and (b), the solid white
arrows point to parallel rods corresponding to a nano-chessboard
colony along the [010] crystallographic axis; these rods are called nano-
rods. Since the sample is oriented along the [001] zone axis, the rods
along the [010] direction are projected as alternating bright/dark con-
trast in both BF and DF images.

Fig. 1(d) shows a (110) DF TEM image from the same region con-
taining several nano-chessboard colonies. Although this image displays
nano-chessboard microstructures with uniform tile size and shape in
most instances, several elongated or coarsened L1, plates can also be
observed and are indicated by red arrows in the image. This type of L1,
plates was also reported by Leroux et al. in [7]. They studied Cosg 5Pt 5
aged at 700 °C and allowed the sample to go through L1, = L1y + L1,
transformation instead of the Al — L1, + L1, transformation. This
transformation first led to the formation of thin platelets of L1, in the
L1, matrix, very similar to the L1, plates shown by red arrows in
Fig. 1(d). However, the further evolution of this structure resulted in
the formation of thick L1, plates in the L1, matrix with very similar
distribution of L1y and L1, as in nano-chessboards. The dark field
images shown in Fig. 1(e) and (f) also reveal thick plates of L1, deco-
rated in the L1, matrix. Hence, the regions that do not show perfect
nano-chessboard structures have gone through slightly different trans-
formations and ordering mechanisms, which may be attributed to
compositional inhomogeneity across the sample. Anti-phase boundaries
(APBs), indicated by the blue arrows in Fig. 1(d), form another inter-
esting microstructural feature. A detailed analysis of the different types
of APBs found in this alloy has been reported previously in [7,11].
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3.2. Magnetic domain structure of coarse L1, plates

Fig. 2(a) and (b) show Lorentz Fresnel over-focus and under-focus
images from a region of a CosPtg alloy. The defocus (Af) values for
each of the out-of-focus images have been specified in the figure cap-
tion. The exact orientation of the sample could not be identified be-
cause of the limitation of operating the Lorentz TEM in the diffraction
mode as there is no suitable lens placed at the back-focal plane of the
Lorentz lens. Nevertheless, a relative orientation between different
magnetic features can be determined by comparing Lorentz TEM
images with the conventional TEM images and electron diffraction
patterns of similar regions. The over-focus image in Fig. 2(a) shows a
series of magnetic domain walls appearing as white and dark lines apart
from the usual diffraction contrast. The under-focus image in Fig. 2(b)
has inverted wall contrast, a characteristic of magnetic domain con-
trast. Note that the over-focus and under-focus images have a slightly
different magnification due to the large lens defocus needed to observe
the domain walls; the two images are also shifted laterally with respect
to each other.

The type of magnetic domain arrangement is dependent on the re-
lative orientation of the easy axis of magnetization with respect to the
thin foil normal. Straight domain walls in Fig. 2 are indicative of an in-
plane magnetization direction. The direction of the in-plane integrated
magnetic induction was obtained by reconstructing the phase of the exit
electron wave from the Fresnel through-focus series; Fig. 2(c) shows the
reconstructed phase map. In this map, domain walls correspond to re-
gions where the phase map has curvature, i.e., ridges and valleys.
Fig. 2(d) and (e) show the integrated in-plane magnetic induction
components Byt and B,t. The white contrast corresponds to a large
induction component along the positive x-direction (from left to right),
or the positive y-direction (from bottom to top); regions of dark con-
trast correspond to induction components in the negative x- and y-di-
rections. A color map is generated from the induction component maps,
as shown in Fig. 2(f). The color encodes the in-plane magnetization
direction defined in the color legend (inset). Several white arrows are
overlaid on the color map to show the in-plane magnetization direction
for various domains.

Based on the reconstructed phase and color maps, it can be inferred
that the domain walls seen in the Fresnel images are 180° and 90° do-
main walls, since a 180° or a 90° change in color between adjacent
domains is observed. Two different magnetic domain morphologies are
observed: in the first morphology, the directionality of the magnetic
domains, e.g., the large green and red colored rods/plates, strongly
indicates that this magnetic region corresponds to a region of coarsened
L1, tetragonal variants that seem to have grown from the underlying
precursor tweed structure or from the coarsening of the nano-chess-
board structure. Since the nano-chessboard formation is strongly de-
pendent upon composition and temperature, a slight deviation in some
part of the sample may have resulted in L1, growth instead of nano-
chessboard growth. Hence, we observe different domain sizes and
shapes in the color map. These plate-like domains resemble the coarse
L1, plates shown in Fig. 1(d). The coarsening of the nano-chessboard
results in the formation of large L1, plates separated by thin regions of
L1, phase, as shown in the dark field images in Fig. 1(e) and (f).

The second morphology is a closure-type circular magnetic config-
uration indicated by white arrows in the color map. This morphology
can be seen repeating in this part of the sample. Closure-type magnetic
structures are considered to be stable domain configurations since the
magnetostatic energy is reduced by minimizing the stray field.
However, this structure is mostly observed in materials with more than
one easy magnetic axis or in soft magnetic materials, since a closure-
type configuration requires a change of magnetization direction. This
suggests that these magnetic regions should correspond to the cubic L1,
phase. However, the comparison with several dark field images similar
to Fig. 1(e) and (f) contradicts this interpretation and confirms that the
closure-type magnetic regions also belong to L1, plates. Within each
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closure-type domain structure, the magnetic domain wall separating
the two domains (e.g., blue and yellow) appears to lie within the thin
strip of L1, phase between the L1, plates. In this case, the magnetiza-
tion direction of the thin strip of soft L1, phase is completely controlled
by the neighboring hard L1, plates, ensuring a smooth transition of
magnetization between neighboring L1, plates. The magnetization
within domains is oriented along the c-axis or the easy axis of the L1,
variant. In this case, the green and red domains should correspond to
the X-variants of L1, phase while the blue and yellow domains should
correspond to the Y-variants. It should be kept in mind that the Lorentz
Fresnel images are acquired for unknown sample orientations, meaning
it is possible that the sample may not be oriented along a zone axis;
thus, only the in-plane component of the overall magnetic induction is
projected in the color induction map instead of the total magnetic in-
duction potentially, giving rise to non-uniform shapes and sizes of
magnetic domain contrast. Hence, the shape and size of magnetic do-
main contrast seen in the Lorentz images may not exactly match with
the shape and size of the L1, plates observed in the dark field TEM
images.

3.3. Magnetic domain walls in macro-twinned microstructure

Fig. 3 shows Lorentz Fresnel images from a location containing
macro-twins. In the in-focus image (Fig. 3(a)), a few macro-twin bands
can be observed; white-dashed lines delineate the twin boundaries.
Furthermore, macro-twins can be seen comprising fine twins/micro-
twins with adjacent bands having orthogonal twins. This is known as
the polytwin microstructure, a common phase morphology associated
with the Al — L1, transformation [16]. A selected area diffraction
pattern obtained in the conventional TEM mode confirmed the presence
of twin structure in this sample. In the under-focus image (Fig. 3(b)),
magnetic domain walls inside the macro-twins are not clearly visible
because of the strong diffraction contrast as well as the fact that the
domain walls coincide with the twin boundaries. Another interesting
feature in the under-focus image is shown by white arrow. These
magnetic features resemble the magnetic contrast due to the nano-
chessboard structure as will be shown later. However, the spatial re-
solution of the (uncorrected) Tecnai microscope was insufficient to
reveal the magnetic contrast of individual nano-chessboard tiles. The
integrated induction color map in Fig. 3(c) shows the in-plane mag-
netization direction of each of the micro-twins. A magnified view of the
marked rectangular area in Fig. 3(c) is shown in Fig. 3(d). It is likely
that the sample is not oriented along a zone axis, hence a non-uniform
distribution of colors is seen instead of perfectly alternating colors in-
side the micro-twins. In addition, the color induction map is integrated
along the thickness of the sample, which means that all the magnetic
domains (randomly oriented) along the sample thickness contribute to
the induction map.

3.4. Magnetic domain walls in the tweed microstructure

In addition to extensive regions comprised of nanochessboard co-
lonies, and less commonly observed areas of coarsened plates or poly-
twins, another frequently seen structure is shown in Fig. 4. Fig. 4(a) and
(b) shows a bright field (BF)-dark field (DF) image pair of the tweed
microstructure acquired in conventional TEM mode. The dark field
image was acquired using the (100) superlattice reflection in a sys-
tematic row beam condition as shown in the inset in Fig. 4(b). Fig. 4(c)
shows the [001] zone axis diffraction pattern of this region. The BF-DF
image pair clearly shows the tweed contrast along (110) directions. This
contrast is very similar to the tweed microstructure observed in dif-
ferent Fe-Pt [16] and Fe-Pd [8,16] alloys. The images also show a
striated contrast of fine plate shaped features along the [100] direction;
higher magnification images reveal that these features correspond to
the rods of nano-chessboards oriented along [100] crystallographic axis.

Fig. 4(d) and (e) show Fresnel over-focus and under-focus images
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Fig. 3. (a) Lorentz Fresnel in-focus image, white dashed lines indicate twin boundaries, (b) under-focus image (Af = +1 um), white arrows point to nano-scale fine
magnetic features, (c) integrated induction color map, (d) magnified color map of macro-twinned region showing magnetic induction orientation inside fine twins.

from a similar region containing the tweed microstructure. The com-
parison of the Fresnel images with the BF-DF image pair easily confirms
the tweed directions in the Fresnel images. The over-focus image shows
tweed contrast in region 1 whereas region 2 shows dark striated fea-
tures very similar to those observed in the BF-DF pair. Both out-of-focus
images show long black and white features in region 1 that resemble
180° and 90° magnetic domain walls; these are magnetic domain walls
associated with the tweed microstructure. Similar results were observed
by Wang et al. in L1, Fe-Pt alloys [8]. The integrated induction color
map in Fig. 4(f) shows the direction of magnetic induction inside the
fine L1y structural variants. The tweed microstructure/contrast is a
result of the relative arrangement of ordered L1, variants along (110)
directions within the disordered FCC matrix in order to accommodate
the lattice mismatch strain produced during ordering; two variants of
L1, usually persist as a result of continued annealing. In the case of the
eutectoid CogqPte alloy, the tweed microstructure is a result of in-
complete transformation of the parent FCC phase into the L1y — L1,
nano-chessboard structure. The easy axes of magnetization of the L1,
variants are along their c-axes (MII(100)). Hence, a 90° change in the
direction of magnetic induction between adjacent domains can be ob-
served.

The color induction map of region 2 also shows strong magnetic
contrast corresponding to nano-rods that consist of two variants of L1,
(X+Y or Y+Z or Z+X) and the L1, phase. The magnetic contrast in
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adjacent nano-rods can be clearly seen in another high magnification
image shown in Fig. 5. A grain boundary runs across the middle of
Fig. 5(b), indicated by black arrows. On the right of the grain boundary,
magnetic domain walls corresponding to the tweed microstructure are
visible; on the left, domain walls are associated with nano-rods lying
along [100] or [010] axis (assuming an [001] foil normal). The reversal
of magnetic contrast can be seen in the under-focus image in Fig. 5(a).
The integrated induction color map (Fig. 5(c)) of the marked rectan-
gular area in Fig. 5(b) clearly reveals the fine L1, magnetic domains.
Adjacent L1, variants have their magnetic easy axes perpendicular to
each other hence we see a 90° (blue to green or red to yellow) change in
magnetization in adjacent L1, nano-rods. In addition, the phase shift
profile (Fig. 5(d)) of the region marked by a white line in Fig. 5(c)
shows the existence of two curved macro domain walls cutting across
the nano-rods. Thus, a change in contrast from blue/green to red/
yellow and then again to blue/green is observed. Interestingly, these
macro-domain walls are not clearly visible in the out-of-focus images
because of overlapping contrast from various domain walls.

3.5. Magnetic domain walls in the nano-chessboard structure

Fig. 6 shows Lorentz images from another region in the CouPteo
sample acquired using aberration correction in a Titan 80-300 TEM.
The over-focus image in Fig. 6(b) shows S-shaped magnetic domain
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Fig. 4. (a) Bright field image showing tweed microstructure; white dashed lines indicate striated features, (b) dark field image corresponding to (a); inset shows
diffraction condition used for imaging, (c) [001] zone axis diffraction pattern, the directions and planes in diffraction pattern were indexed with respect to the axes of
parent cubic lattice Al, (d) and (e) Fresnel over-focus (Af = —4 um) and under-focus (Af = +4 pm) image; black and white straight lines are domain walls, (f)
integrated induction color map showing various magnetic domains (color legend in inset).
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Fig. 5. (a) under-focus image (Af = +4 um), (b) Over-focus image (Af = —4 um); black arrows point to a grain boundary, (c) magnified image of integrated induction
color map of marked rectangular area in (a); white arrows point to macro-domain walls, (d) phase shift profile of line marked in (c).
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Fig. 6. (a) corresponding under-focus image (Af = +1 um), (b) Over-focus image (Af = —1 pum) showing zig-zag domain walls, (c) phase reconstructed map, (d)
integrated induction color map showing vortex and anti-vortex type magnetic configurations.
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walls with white bright contrast; The corresponding under-focus image
is shown in Fig. 6(a). The phase map in Fig. 6(c) confirms the position
of domain walls. The color magnetic induction map is shown in
Fig. 6(d); a repetitive circular magnetization configuration consisting of
yellow-red-blue-green color domains can be seen in the color map. This
configuration resembles the vortex-type magnetization arrangement
observed in many magnetic materials [17-19].

By comparing the Lorentz color map with the conventional dark
field TEM images of the nano-chessboard structure shown in Fig. 1(a), it
is concluded that the repetitive vortex-type configuration corresponds
to different L1, tiles in the nano-chessboard structure. The length-scale
of L1y (4nm to 18 nm) in the DF TEM image match well when com-
pared with the size of magnetic domains in the color induction map.
The overlaid magnetization vectors (white arrows) in the color map
show the direction of magnetic induction in each of the L1, tiles; each
tile is a single magnetic domain whose magnetization points along the
easy axes/c-axes of the tetragonal L1, phase. For example, a yellow
color corresponds to a L1, tile whose magnetization lies along [0 — 10]
direction while the neighboring L1, tiles contribute red [100], green
[—=100], or blue [010] color to the magnetic induction map. The alter-
nating in-plane easy axis in adjacent L1, tiles leads to a vortex-type
magnetic configuration that minimizes the overall energy by mini-
mizing both the magneto-crystalline anisotropy energy and the mag-
neto-static energy. The area enclosed in a rectangular box in Fig. 6(d)
shows two vortices with an anti-vortex in between; in the phase map,
the vortices are bright, and the anti-vortex is dark.

It is not trivial to determine the Curie temperatures (Tr) of the L1,
and L1, phases in the 2-phase nano-chessboard structure; TEM and VSM
studies by Ghatwai et al. [20] on samples with compositions bracketing
the two-phase eutectoid region—Coy; 7Ptsg; and Cosz6Ptsr4 Which pre-
dominantly contained L1, phase and L1, phase respectively—demon-
strated T = 419 °C for the L1, phase and 354 °C for the L1, phase. They
claimed that these temperatures should also apply to the compositions
within the two-phase region and, therefore, to the nano-chessboard
structure. Furthermore, the stoichiometric L1, CoPt phase is known to
have Tr = 567 °C [21] whereas stoichiometric L1, CoPt; has a Curie
temperature of To = 15 °C [22]. Thus, we see that the deviations from
stoichiometry significantly affect the value of T and thus the magnetic
behavior of the alloy. Hence, the Curie temperatures of the individual
L1, and L1, phases of the nano-chessboard in our samples (Co4Ptsg)
cannot be predicted accurately. However, it is evident that the L1,
phase is largely ferromagnetic at room temperature while the same
cannot be said about the L1, phase. The L1, phase could be soft mag-
netic or paramagnetic at room temperature. In either case, we believe
that the magnetization of the L1, tiles is strongly modified/influenced
by the surrounding hard L1, tiles due to their close proximity in the
nano-chessboard structure. The L1, region essentially acts as a mag-
netic domain wall (vortex or anti-vortex type) connecting the two L1,
tiles with opposite magnetization; this type of magnetic domain wall
has not been reported before. The domain walls that have been reported
in the past usually exist within one crystallographic phase [9,8,23]. We
propose to call this an inter phase magnetic domain wall (IPMDW). An
IPMDW is a domain wall that encompasses a region containing two
different crystallographic phases, in this case the L1, and L1, phases.
The formation of an IPMDW is critically dependent on the following
factors:

1. The two phases should have a coherent interface which ensures that
the magnetization transition happens smoothly across the interface.

. One of the phases must to be able to influence the magnetization
direction of the other; this happens, for instance, when one of the
phases is a strong hard magnetic phase while the other phase is
relatively soft.

. The length scales of the individual phases have to be smaller than
the critical size for a single magnetic domain particle.
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In the case of the CosPts samples analyzed here, all three conditions
are satisfied. The L1, and L1, tiles have been reported [7] to have co-
herent interfaces in the nano-chessboard structure and the L1, phase is
a hard uniaxial magnet while the L1, phase is a soft magnet. In addi-
tion, the theoretical single domain particle sizes for L1 and L1, phases
were determined to be ~ 995nm and ~ 75nm, respectively, using ex-
perimentally obtained exchange and anisotropy constants: A(L1o, L15)
=2.5x 1071 J/m and K(L1y) = 1.5 x 10° J/m?, K(L1y) = 2 x 10* J/m?
[10]. The length-scale measurements show that the sizes of both the L1,
and L1, tiles are well below the respective calculated single domain
particle sizes. Hence, no domain wall formation is expected inside the
individual tiles. However, the opposite magnetization between two
adjacent L1, tiles necessitates the formation of a domain wall between
them to minimize the exchange energy, and this is only possible if a
domain wall is formed across the L1, region between the two L1, tiles.
In summary, the formation of IPMDWs and vortex-like magnetic con-
figurations in the nano-chessboard structure is a direct result of the
balance between the magneto-crystalline anisotropy energy, the ex-
change energy, and the magneto-static energy which vary rapidly over
a length scale of a few tens of nanometers. The domain structure in
exchange-coupled, nanocomposite ferromagnets is poorly understood.
A model similar to the IPMDW was suggested in [16] for the Co-Pt
tweed microstructure, but without the support of domain wall imaging.
Here, direct, high-resolution observations of the domain structure in
nano-chessboards better motivates and establishes the IPMDW concept.

4. Conclusions

The magnetic domain structure of a near-eutectoid CoyPtsy alloy
was investigated using Lorentz TEM and conventional TEM imaging.
This alloy showed different types of crystallographic and magnetic
microstructures as a consequence of the A1 — L1, + L1, transforma-
tion. The typical nano-chessboard structure was observed as a result of
the eutectoid transformation; the existence of other microstructures,
including tweed, a macro-twinned structure, and coarse L1, plates, was
attributed to compositional inhomogeneities and annealing conditions
across the bulk sample. Anti-phase boundaries due to L1, and L1, or-
dering transformations were also observed.

The tweed microstructure is a result of incomplete transformation/
ordering and shows a diffuse magnetic contrast associated with the L1,
structural variants running along (110) directions. Several 90° domain
walls were observed coinciding with the structural L1, boundaries and
a 90° change in direction of magnetic induction between adjacent
magnetic domains was observed as the magnetic easy axes of two dif-
ferent L1, variants are perpendicular to each other. Several 90° straight
domain walls were observed separating L1, nano-rods of different
magnetic orientation; 90° magnetization direction changes between
adjacent L1, nano-rods were also found, in addition to curved macro-
domain walls cutting across fine nano-rods.

The macro-twinned structure showed several 180° domain walls
coincident with the twin boundaries of micro-twins and 90° domain
walls lying at the boundaries between macro-twinned plates. The re-
gion containing coarsened L1, plates showed two types of magnetic
configurations: rod/plate shaped magnetic domains corresponding to
X—variants of the L1y phase, and circular closure-type patterns en-
compassing both the X- and Y-variants of L1, phase. 180° and 90° do-
main walls were observed separating adjacent L1, variants.

The nano-chessboard structure revealed the presence of a zig-zag
shaped magnetic domain wall which we label as an inter-phase mag-
netic domain wall (IPMDW) at the inter-phase boundaries between the
L1, and L1, phases. The magnetizations in four neighboring L1, tiles
are oriented in a closed vortex-type pattern in order to reduce both
magnetostatic and magneto-crystalline anisotropy energies. The for-
mation of IPMDWs is likely the result of the inability to nucleate do-
main walls within the single L1y or L1, phase because of very small
length-scale of the nano-chessboard structure.
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