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Soft magnetic compositionally complex alloys (CCAs) have attracted great attention in recent years. However,
the magnetic domain structures and magnetic properties have rarely been studied in a correlative way for dual-
phase CCAs. Here we investigate the microstructure and magnetic domain structure of a recently proposed dual-
phase Fe3gCo40Ti10Gezp CCA using scanning transmission electron microscopy-energy dispersive spectroscopy
(STEM-EDS), Lorentz TEM, differential phase contrast (DPC)-STEM and 4D-STEM. Three types of Fe-Co-rich

phases with different shapes were discerned in the Heusler phase matrix. The magnetic domain type of the
Fe-Co-rich phase is determined by its shape. A new vortex-like structure with subdomains in the Fe-Co-rich phase
was observed. The evolution of magnetic domain structure was investigated by in situ Lorentz TEM experiments
and correlated to the microstructure. These results provide insights into understanding the magnetic domain
structure in Fe-Co-Ni-based magnetic CCAs to design CCAs with better magnetic performance by manipulating

the microstructure.

There has been a growing interest in the magnetic properties of
compositionally complex alloys (CCAs), especially those alloyed with
Fe, Co and Ni [1-6], except for their excellent mechanical properties as
potential structural material applications. Similar to high entropy alloys
(HEAs), CCAs contain multiple elements in high concentration [7,8], but
consist of multiple ordered or disordered phases enabling to tune their
magnetic properties by composition and phase arrangement [5,9].
Although bulk magnetic properties and microstructure evolution have
been reported for magnetic CCAs/HEAs, magnetic domain structures
and their impact on magnetic properties are rarely studied. It is of sig-
nificant importance to correlate the microstructure and magnetic
domain structure to understand and advance the magnetic behavior.
Recently, Lan et al. investigated the magnetic microstructure of the
disordered A2 phase and ordered B2 phase in AlCo(Cr)FeNi alloys using
off-axis electron holography and Lorentz TEM [10]. They found that a
magnetic vortex structure evolves in nanoscale disordered A2 precipi-
tate embedded in an ordered B2 matrix. Radlinger et al. studied the
magnetic domain structure and the evolution of spinodally decomposed
CusgNis4Feq 4 alloys using STEM-related techniques and magnetic force
microscopy (MFM) [11]. Mechanisms related to the magnetic domain
structure contributing to coercivity were revealed by Zhou et al. using
Lorentz TEM in alnico alloys [9], whereas Kovacs et al. showed a
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coupling between the multi-phase structure and motion of magnetic
domain walls using in situ Lorentz TEM in an Aly 3CoFeNi CCA [12].

In our recent paper [13], we designed dual-phase Fe-Co-Ti-Ge CCAs
by introducing a ferromagnetic Fe-Co-Ti-Ge-based L2;-ordered Heusler
phase and a Fe-Co-rich BCC-A2 phase, which showed a good combina-
tion of high Curie temperature, moderate saturation magnetization and
coercivity. Here we investigate both the microstructure and magnetic
domain structure evolution of a proposed dual-phase Fe3yCo4Ti;0Gezg
CCA using S/TEM-related techniques and correlate the magnetic domain
structure with the emerging microstructure. We show that the magnetic
domain structure of the Fe-Co-rich phase is shape-determined. More-
over, we observe a new vortex-like structure with subdomains in the
Fe-Co-rich A2 phases and their strong interaction with magnetic do-
mains of the surrounding Heusler phase. These results provide a
fundamental understanding of the magnetic domain structure evolution
in soft-magnetic CCAs laying the foundation to design CCAs with tail-
orable magnetic performance by manipulating their microstructure.

An alloy with nominal composition given in atomic percent
throughout the paper of FegoCo40Ti1oGeyo (at.%) was investigated in its
as-cast state. The production of the investigated alloy has been described
elsewhere [13]. The microstructure was investigated in STEM. A
plan-view focused ion beam (FIB) lamella was lifted out along [011]
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crystal direction using a Scios2HiVac dual beam microscope based on
electron back scattered diffraction (EBSD) investigations. STEM obser-
vations of the FIB lamella were performed at an acceleration voltage of
300 kV with a probe-corrected Titan Themis 60-300, which is equipped
with four synchronized EDS detectors (ChemiSTEM system). Magnetic
domains were imaged with Lorentz TEM and DPC-STEM. Lorentz TEM
investigations were performed with an image-corrected Titan Themis G2
microscope at 300 kV. In and out-of-focus Lorentz images were obtained
in Fresnel mode at a magnetic-field-free atmosphere by completely
turning off the objective lens. Further, in situ Lorentz experiments were
conducted within the magnetic field range of —214 to 315 kA/m by
varying the objective lens strength. The magnetic field data at the
specimen was provided by the Ernst Ruska Center for the same super
twin pole piece configuration determined using a Hall-probe TEM
holder. The external magnetic field was applied almost perpendicular to
the FIB lamella. Yet, to minimize the artifacts stemming from sample
bending, the TEM specimen was slightly tilted (angle a < 3°) away from
a strong diffraction condition, which was also applied for DPC-STEM
imaging. DPC-STEM was performed in a probe-corrected Titan Themis
60-300 at 300 kV with a segmented detector with four quadrants. The
images were taken in low-magnification mode in which the objective
length strength was set manually to a near-zero value and the
semi-convergence angle was 0.24 mrad. It should be mentioned that
residual magnetic stray fields are still present in the sample under these
low-magnification STEM conditions. However, we image the same
sample regions by Lorentz TEM and DPC-STEM to draw conclusions on
both magnetic domain walls under zero-field conditions and magnetic
domains with DPC-STEM. 4D-STEM measurements were performed in a
Spectra 200 (Thermo Fisher Scientific) operated at 200 kV in low
magnification STEM conditions to minimize the magnetic field stem-
ming from the objective lens. A probe semi-convergence angle of 0.40
mrad was used and nanobeam diffraction patterns were recorded in each
probe position with the DECTRIS ARINA hybrid pixel detector (192 x
192 pixel?). Each scan grid contained 1024 x 1024 pixel? and a pixel
dwell time of 40 us was used. The center-of-mass (COM) images were
reconstructed using the open-source software package py4DSTEM. All
magnetic induction maps either obtained by DPC-STEM or 4D-STEM
were generated using the open-source package EMPyRE [14]. It
should be emphasized that compositional variations and dynamical
diffraction effects, for example, introduced by local sample bending, can
affect the determination of the center of mass shifts and thus impact the
DPC and 4D-STEM results.

The microstructure of the as-cast FesoCo40Ti;oGegg alloy is composed
of Fe-Co-Ti-Ge Heusler dendrites and interdendrites in which Fe-Co-rich

——
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phase form inside of Fe-Co-Ti-Ge Heusler matrix [13]. A plan-view FIB
lamella was lifted out in the interdendritic region to gain deeper insight
into the structural and compositional features of the two phases and to
correlate them to the magnetic domain structure. Fig. 1a shows a low
angle annular dark field (LAADF)-STEM image of the Fe-Co-rich and
Fe-Co-Ti-Ge Heusler phases in the interdendritic region, and the corre-
sponding STEM-EDS elemental mapping is shown in Fig. 1b. The
composition of the Fe-Co-rich phase and Heusler phase is Fes3Cosg.
Ti;Gey (at.%) and Fey;Co45Ti10Ge; g (at.%), respectively. The Fe-Co-rich
phase has a disordered A2 structure while the Heusler phase shows an
ordered L2; structure (see Fig. S1 in the Supplementary Material). Three
types of Fe-Co-rich phases with different morphologies are discerned:
spherical ones with a mean diameter of 0.6 um; elongated ones with an
average cross-section of 0.5 um x 0.2 pm; and large irregular ones. The
co-existence of the spherical and elongated Fe-Co-rich phases rather
than a cylindrical phase can be concluded by the higher number density
of the spherical ones than the elongated ones (see the overview SEM
image in Ref. [13]) and the round shape in two vertical directions (see
Fig. Sla in Supplementary Section). In all cases, an interfacial disloca-
tion network is observed between the Fe-Co-rich and Heusler phases,
indicating that the interface is semi-coherent.

Fig. 2a shows an in-focus Lorentz image of the three types of Fe-Co-
rich phases with different morphologies (marked in white) within the
Heusler matrix phase. Out-of-focus Lorentz images are shown in Fig. 2b
(defocus —500 pm) and Fig. 2c (defocus 500 pm), in which magnetic
domain walls present themselves as alternating bright and dark lines.
Fig. 2b and c show that the elongated Fe-Co-rich phases are single
magnetic domain structures, whereas the spherical and irregular Fe-Co-
rich as well as the Heusler matrix phase develop into a sub-domain
structure. Fig. 2d is the corresponding DPC-STEM image of the same
specimen region imaged in Fig. 2a-c. The color wheel indicates the di-
rection of the in-plane orientation of the magnetization in each domain.
It should be noted that the DPC-STEM image was taken in low-
magnification mode in which the objective lens excitation is strongly
reduced, but the absolute magnetic field at the sample is not necessarily
zero. Thus, minor magnetic stray fields can change the magnetic domain
structure, resulting in a slightly different magnetic state as shown in the
DPC-STEM image compared to its corresponding Lorentz images (Fig. 2b
and c). The in-plane magnetic induction of the spherical Fe-Co-rich
phases has a closure flux, either clockwise or anti-clockwise. Here we
term this magnetic domain structure as vortex-like structure with sub-
domains. This structure can be recognized in out-of-focus Lorentz im-
ages: a bright or dark spot, representing an edge-on view of the vortex
core, is observed within the particles, with an opposite contrast of the

Fig. 1. (a) LAADF-STEM image showing the Fe-Co-rich and Fe-Co-Ti-Ge-type Heusler phases in the interdendritic region in the as-cast Fe3oCo40Ti10Gezg (at.%) alloy,

(b) STEM-EDS elemental mapping of (a).



X. Zhang et al.

Heusler

Scripta Materialia 247 (2024) 116097

PV & S5 SESIUERS
S P S STSISINENES
P SR SCSIUINE SRS
- SESENRS

0.00

-025

-0.50 -0.50

-0.75 -0.75

(1) uonoalIp-x Ul uoonpul saubep "

-1.00

-1.00

Fig. 2. Lorentz TEM images (a) in focus (the three types of Fe-Co-rich phase with different morphologies are marked in white), with defocus of (b) —500 um and (c)
500 pm, showing the magnetic domain walls with alternating bright and dark lines, (d) DPC-STEM image with the color wheel inserted at the top right corner and
arrows indicating the in-plane induction strength and direction, (e) 4D-STEM image with the color wheel inserted at the top right corner, (f) magnetic induction in

the x-direction of (e), (g) magnetic induction in the y-direction of (e).

domain wall enclosing the precipitate, while several domain walls
extend from the core to the interface. Since the vortex structures are
observed by Lorentz TEM imaging and low-field DPC-STEM it can be
inferred that they are stable against small external magnetic field vari-
ations. Fig. 2d indicates that the in-plane magnetic induction of the Fe-
Co-rich phase is stronger than that of the Heusler phase and the adjacent
Fe-Co-rich and Heusler phases align in a similar direction. To quantify
the relative magnetic induction of the two phases, we performed 4D-
STEM measurements. Fig. 2e shows a reconstructed DPC map of a
spherical Fe-Co-rich phase and its surrounding Heusler matrix phase.
The magnetic induction of the phases was obtained using the methods
described in [15]. The magnetic induction in the x and y directions is
shown in Fig. 2f and g, respectively, which is roughly 6 times higher for
the Fe-Co-rich phase compared to the Heusler phase. We emphasize here
that these quantitative measurements depend on the residual magnetic
field at the sample, where we study in particular the stability of the
vortex structure by in situ Lorentz experiments.

Magnetic vortex structure has been extensively studied in 2D thin
films [16-18], but remained a theoretical prediction in 3D bulk material
[19]. Donnelly et al. used X-ray magnetic nanotomography to recon-
struct magnetic vortices through magnetic vorticity within a 3D GdCo,
micropillar and found two types of magnetic vortices: one type is made
up of parallel vortex and anti-vortex loops, which are very similar to
smoke rings; and in the other type the loops cross over each other,
forming singularities [20]. It is unclear whether the magnetic structure
of the spherical Fe-Co-rich phases in the bulk sample is the same as those
in the FIB lamella since the diameter of the spherical Fe-Co-rich phases
(mostly larger than 400 nm) is much larger than the thickness of the FIB

lamella (100 - 200 nm). Yet, in another specimen with a thickness of ~
500 nm, a spherical Fe-Co-rich phase of ~ 400 nm also shows a vortex
structure (Fig. S3a), suggesting that they are stable in the bulk. The
reconstructed DPC image of the 4D-STEM dataset even shows vortex-like
structures for spherical Fe-Co-rich phases with diameters between 50
and 100 nm (Fig. S3b). Currently, there are no techniques available to
image nanoscale 3D magnetic microstructures in bulk samples and a
combination of several methods (MFM-, TEM- and X-ray based) is
needed in combination with micromagnetic simulations [21] to fully
explore domain structures in bulk samples.

Fig. 3a shows a DPC-STEM image from another sample, where it
becomes apparent that the magnetic domain type of isolated Fe-Co-rich
phases seems to be shape-dependent (Fig. 2d, Fig. 3a and Fig. S1b).
Plate-like phases with a high aspect ratio adopt a single-domain struc-
ture, while spherical ones show vortices. The influence of the phase size
and aspect ratio § (the length of the long axis divided by its short axis) on
the magnetic domain type is illustrated in Fig. 3b. The analysis results
indicate that isolated Fe-Co-rich phases show a single magnetic domain
structure when § > 1.6 while developing into a vortex-like structure with
subdomains when 1 < § < 1.6. This is most likely related to the shape
anisotropy of the Fe-Co-rich phases. The crystal orientation of all the Fe-
Co-rich phases is confirmed to be the same based on the selected area
diffraction result (see Fig. S4). This conclusion agrees with the results
observed in Fe particles by Hanson et al. [22] who found that circular
particles with a diameter of 550 nm have closed magnetic domain
structures with a fourfold symmetry, whereas small circular particles
with a diameter of 200 nm and elliptical ones (~450 nm by 150 nm) are
considered to be a stable single domain. A single-domain magnetic
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Fig. 3. (a) DPC-STEM image from another FIB lamella (with the color wheel inserted at the top right corner and arrows indicating the in-plane induction strength and
direction), (b) the magnetic domain type of the isolated Fe-Co-rich phases is determined by the shape (all Fe-Co-rich phases have the same crystal orientation).

vortex structure in spherical Fe-Cr-rich phases with diameters of 50-120 suggest that besides the size and shape dependence, there is a critical
nm was imaged in a FeCrAlCoNi alloy [10]. Furthermore, Ven- size from developing into a vortex structure with a single domain to one
kateswaran et al. observed magnetic vortex structures in austenitic with subdomains.

NipMnGa Heusler alloys and ascribed them to the low magnetocrystal- In situ Lorentz experiments were performed to investigate the dy-
line anisotropy of the austenitic phase [23]. These considerations namics of the magnetic domain walls and the evolution of magnetic
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Fig. 4. (a - j) Lorentz TEM images with a defocus of —500 pm at different magnetic fields during in situ Lorentz experiments, showing the movement of magnetic
domain walls and the evolution of magnetic domains. The hysteresis curve indicates schematically under which magnetic field H and magnetization B each image
was taken. The magnetic domain walls in the Heusler phase first start to move with the increase in the magnetic field (indicated by the red circle in (a) and (b)). The
elongated Fe-Co-rich phases with a single magnetic domain remain in their state, but the domain wall contrast changes (indicated by the green arrow in (a) and (e)).
Most isolated spherical Fe-Co-rich phases remain in their vortex-like domain state (indicated by the blue arrows in (a)-(j)) except that a magnetic domain structure
switch between the single magnetic domain and the vortex-like structure is observed for a small spherical Fe-Co-rich phase (indicated by the red arrow in (a), (d), (f)

and (h)).
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domains under an externally applied magnetic field. The alloy reaches
magnetization saturation when the external magnetic field is ~ + 150
kA/m [13]. In this experiment, the magnetic field first increased from
0 kA/m to 315 kA/m, followed by a decrease back to 0 kA/m and further
down to —214 kA/m, and finally back to 0 kA/m. Lorentz TEM images
were taken in Fresnel mode with a defocus of —500 um. A video showing
the dynamic movement of the magnetic domain walls can be found in
the supplementary material.

Fig. 4a-j shows ten Lorentz TEM images under different external
magnetic fields (illustrated in a schematic B-H loop). The magnetic
domain walls in the Heusler phase (indicated by the red circle) begin to
move first when the magnetic field is increased to 15 kA/m (Fig. 4b).
This also leads to the movement of the magnetic vortex core in the
spherical Fe-Co-rich phases, since the domain wall extends from the
Heusler matrix into the Fe-Co-rich phases. However, even under high
magnetic fields (Fig. 4f and i), the vortex-like structures remain stable.
This strong interaction of the magnetic domains, leading to a connecting
network of magnetic domain walls will promote a low permeability and
high coercivity of the alloy.

The elongated Fe-Co-rich phases with a single magnetic domain
(indicated by the green arrow in Fig. 4a) remain to have a single mag-
netic domain during the experiments. However, the domain wall
contrast changes at 275 kA/m (Fig. 4e), indicating a spin reorientation
in the domain. The spherical Fe-Co-rich phases having the vortex-like
structure with subdomains (indicated by the blue arrows in Fig. 4a)
remain unchanged, with an exception for the one indicated by the red
arrow in Fig. 4a. This Fe-Co-rich phase remains a single magnetic
domain structure (Fig. 4a-c) up to 124 kA/m, where it transforms into
the vortex-like structure (Fig. 4d). The transition between the single
magnetic domain and the vortex-like structure occurs when the mag-
netic domain wall in the Heusler phase crosses this phase. It then
transforms back into the single domain when the magnetic field reaches
315 kA/m (Fig. 4f) and switches into the vortex-like structure at —126
kA/m (Fig. 4h) remaining in this state down to —214 kA/m (Fig. 4i).
This indicates that a field dependent transition from single domain to
vortex-like structure can occur in this two-phase alloy, which may
further contribute to the bulk coercivity. Magnetic vortex structures
have been predicted to be metastable [24] and yet, magnetic vortices in
3D GdCos nanopillars are stable even when exposed to a magnetic field
of up to 7 T [20]. The direction of the magnetic core in these magnetic
vortices remains unchanged when altering the direction and strength of
the magnetic field in this study. However, a direction reversal of the
magnetic core and hence change in the swirl direction of vortices in the
disordered A2 Fe-Cr-rich is observed under fields of 100-500 mT [10].
This is most likely determined by the relationship between the initial
magnetization direction of the magnetic core and the external magnetic
field direction.

To summarize, the microstructure, magnetic domain structure and
its evolution under an external magnetic field of a soft magnetic dual-
phase Fe3pCo40TijoGego alloy were investigated using STEM-EDS,
DPC-STEM, 4D-STEM and Lorentz TEM. Three types of Fe-Co-rich
phases with different shapes were discerned in the Hesuler phase ma-
trix: spherical, elongated and irregular. The magnetic domain type of the
isolated Fe-Co-rich phases is shape-determined. Fe-Co-rich phases show
a single magnetic domain structure when the aspect ratio & > 1.6 while
developing into a vortex-like structure with subdomains with 1 < § <
1.6. During in situ Lorentz TEM experiments, magnetic domain walls in
the Heusler phase first start to move with the increase in the magnetic
field, also promoting the movement of the magnetic vortex core in the
spherical Fe-Co-rich phases due to a strong magnetic domain interac-
tion. Most isolated Fe-Co-rich phases remain in their vortex-like domain
state except that a magnetic domain structure switch between the single
magnetic domain and the vortex-like structure was observed for a small
spherical Fe-Co-rich phase. The evolution of stable vortex structures in
spherical Fe-Co-rich phases and their interaction with magnetic domains
and domain wall movement in the surrounding Heusler matrix is one

Scripta Materialia 247 (2024) 116097

important contribution to the bulk coercivity of the alloy.
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