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A B S T R A C T   

Microstructural features across different length scales have a profound influence on the coercivity of magnetic 
alloys. Whereas the role of homophase boundaries on the pinning of magnetic domain walls is well established, 
the influence of heterophase interfaces on domain wall motion is complex and poorly understood. Here, we use 
state-of-the-art electron microscopy techniques to show that the magnetization reversal process in an Al0.3CoFeNi 
magnetic complex concentrated alloy (CCA), which is responsible for its coercivity, changes dramatically from a 
nucleation-type mechanism in the FCC+L12 state of the CCA, with a domain wall width of 171 nm, to a pinning 
type mechanism in the microstructure with colonies of FCC/L12 nanorods embedded in a BCC/B2 matrix, with a 
domain wall width of 35 nm. Our work reveals that heterophase FCC/BCC interfaces have a much stronger effect 
on coercivity than isostructural chemically ordered/disordered interfaces and provides a powerful guide to the 
rational design of microstructure to tune magnetic properties in both complex concentrated alloys and con-
ventional magnetic alloys.   

1. Introduction 

Complex concentrated alloys (CCAs) or multi-principal-element al-
loys (MPEAs) or high entropy alloys (HEAs) are a novel class of materials 
that offer superior functional and structural performance in many ap-
plications [1]. Their properties can be tuned over a very wide range as a 
result of the vast number of possible combinations of elements and 
processing strategies. Whereas most previous studies of CCAs have 
focused on their structural properties, much less effort has been paid to 
understanding their local functional properties. 

Soft magnetic materials are key components in industrial applica-
tions that include electrical power generation, electrical machines, 
magnetic shielding and electromagnets [2,3]. High frequency electrical 
motors require materials with high mechanical strength and superior 
magnetic properties. However, the low strength of conventional soft 
magnetic materials limits their use in such applications, particularly in 
high rotational frequency devices. 

Recent research has focused on identifying novel high-strength soft 
magnets in the HEA domain. Most magnetic CCAs contain Fe, Co and Ni, 

in combination with other alloying elements. Although some FeCoNi-X 
(X = Al, Si, Cu, AlSi, AlCu, AlMn, etc.) CCAs have promising combina-
tions of magnetic and mechanical properties [4], their magnetic softness 
generally decreases with increasing mechanical strength, with their 
coercivity Hc depending sensitively on their composition and micro-
structure over various length scales. For example, the strength of the 
FeCoNi(CuAl)0.8Gax (0 < x < 0.08) HEA improved from 601 MPa for x =
0 to 1176 MPa for x = 0.08. However, its coercivity increased from 362 
to 685.8 A/m [5]. Another important property is saturation magneti-
zation Ms, which increases with diamagnetic Ga content in FeCoNi 
(CuAl)0.8Gax HEAs. Such changes in magnetic and mechanical proper-
ties result from the heterogeneous microstructure of these alloys and are 
not yet understood experimentally. 

Here, we study a model Al0.3CoFeNi CCA, whose magnetic and me-
chanical properties can be tuned by varying the processing conditions 
[6,7]. The first sample was obtained by solutionizing the alloy at 
1250 ◦C (cold rolling solution annealing or CRSA) to form an FCC+L12 
microstructure. The second sample was obtained by annealing the sol-
utionized alloy at 600 ◦C for 50 h to form a hierarchical microstructure 
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Contents lists available at ScienceDirect 

Acta Materialia 

journal homepage: www.elsevier.com/locate/actamat 

https://doi.org/10.1016/j.actamat.2023.118672 
Received 5 August 2022; Received in revised form 16 December 2022; Accepted 2 January 2023   

mailto:a.kovacs@fz-juelich.de
www.sciencedirect.com/science/journal/13596454
https://www.elsevier.com/locate/actamat
https://doi.org/10.1016/j.actamat.2023.118672
https://doi.org/10.1016/j.actamat.2023.118672
https://doi.org/10.1016/j.actamat.2023.118672
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2023.118672&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Acta Materialia 246 (2023) 118672

2

(CRSA600). The magnetic and mechanical properties of the two alloys 
are given in Table 1. The large difference in properties (increase in Hc by 
a factor of >60 and increase in yield strength and hardness by a factor of 
>2) obtained by changing the heat treatment makes this alloy a model 
material to understand the influence of local variations in composition 
and microstructure on coercivity using quantitative in situ magnetic 
imaging techniques in the transmission electron microscope (TEM). 

2. Experimental 

A plate-shaped arc-melted Al0.3CoFeNi ingot was procured from ACI 
Alloys Inc., CA, USA. The composition of the cast ingot was measured to 
be 9.4Al-30.1Co-31.9Fe-28.6Ni (at.%) using energy dispersive X-ray 
spectroscopy (EDXS) in a scanning electron microscope. The cast alloy 
was initially homogenized at 1250 ◦C for 1 h. Subsequently, all samples 
were cold rolled to 90%, encapsulated in quartz tubes backfilled with Ar 
and either solutionized at 1250 ◦C for 5 min (CRSA) or solutionized and 
annealed at 600 ◦C for 50 h (CRSA600), followed by water quenching. 
Magnetization (M) vs magnetic field (H) measurements obtained from 
the CRSA and CRSA600 samples are shown in Fig. S1 in the Supple-
mentary Materials. 

Electron-transparent (<200 nm thick) specimens for TEM in-
vestigations were prepared using focused ion beam (FIB) sputtering with 
Ga in a dual beam scanning electron microscope (FEI Helios 400). A 
protective C layer was deposited on the surface of the alloys, followed by 
a conventional lift-off preparation process. The specimens were trans-
ferred to Cu Omniprobe grids. Ga-ion-beam-induced surface damage 
was reduced [8] by subsequently using low energy (<1 keV) Ar ion 
beam milling (Fischione 1040 Nanomill). 

Microstructural and chemical composition analyses were carried out 
using a probe-aberration-corrected scanning transmission electron mi-
croscope (FEI Titan 80-200) equipped with an in-column EDXS system 
[9] (Super-X technology). High-angle annular dark-field (HAADF) 
scanning TEM (STEM) and EDXS spectrum images were recorded and 
processed using ThermoFisher Velox software. The inner semi-angle of 
the annular dark-field detector was 69.1 mrad for HAADF STEM 
imaging. 

Magnetic imaging of domain structures was carried out in magnetic- 
field-free conditions (Lorentz mode) by switching off the conventional 
objective lens of the microscope in an image aberration-corrected TEM 
(FEI Titan 60-300) [10]. Images were recorded using a 4k direct electron 
counting detector (Gatan K2 IS) operated in counting mode. Off-axis 
electron holography was carried out using a single electron biprism. A 
positive voltage of up to 120 V was applied to the biprism wire, resulting 
in a 3.2 nm interference fringe spacing and approximately 40% inter-
ference fringe contrast. Electron holograms were analyzed using a 
standard fast Fourier transform algorithm in a custom-made software 
package written in the Semper image processing language [11]. 

3. Results 

3.1. Microstructure of the CRSA sample 

Previous atom probe tomography and TEM studies of the CRSA 
sample [6] revealed the presence of Al+Ni rich L12 (ordered FCC) 

precipitates of average size ~1.95 nm dispersed in an FCC matrix. Fig. 1 
(a) shows a composition-sensitive HAADF STEM image (Image intensity 
~Z2, where Z is atomic number) and a corresponding bright-field (BF) 
STEM image recorded from the same region. The HAADF STEM image 
confirms the presence of local fluctuations in chemical composition, 
while the BF STEM image, which is sensitive to diffraction conditions, 
reveals dense contrast variations that are attributed to the presence of 
the L12 precipitates. As this specimen was prepared for magnetic im-
aging with a large lateral size and a uniform thickness of ~100 nm, 
many particles contribute to the contrast. The fact that the precipitates 
are coherent with the matrix is evidenced by the absence of misfit dis-
locations in the high-resolution HAADF STEM image shown in Fig. 1(b). 

3.2. Magnetic imaging of the CRSA sample 

The magnetic domain structure was first studied qualitatively using 
Fresnel imaging at a defocus of 1 mm in magnetic-field-free conditions. 
Magnetic domain walls are visible in the form of black and white 
contrast lines in Fig. 1(c). Splitting of vertical domain walls into pairs 
close to the edge of the specimen is associated with the formation of 
closure domains to reduce or eliminate energetically-costly stray fields 
around the specimen. The regular pattern of domain walls results in part 
from the anisotropic magnetic properties of the sample. As it is difficult 
to extract quantitative information from the analysis of Fresnel defocus 
images, off-axis electron holography was used to further study the 
magnetic properties of the CRSA sample. The technique can be used to 
recover the phase shift ϕ of the electron wave induced by the projected 
in-plane component of the magnetic field within and around the spec-
imen [12]. The phase shift can be displayed in the form of a magnetic 
induction map using contour lines at the positions of equiphase contours 
and colors. Fig. 1(d) shows a magnetic induction map of closure domains 
in the lower left corner of Fig. 1(c). (The magnetic and electrostatic 
contribution to the phase shift were not separated here, as the sample 
has uniform thickness, resulting in a constant electrostatic contribution 
to the phase shift). The magnetic induction map shown in Fig. 1(c) 
confirms the presence of one 180◦ and two 90◦ domain walls. The width 
of the 180◦ domain wall was determined from the differential (∂ϕ/∂x) of 
the recorded phase shift by using a fitting function of the form y =

y0 ± atanh((x − x0)/w), where y0, a, x0 and w are constants obtained 
from the fit. The domain wall width δw is defined as δw = πw and is 
measured to be 171 ± 5 nm in the CRSA sample, which is larger than 
typical domain wall widths in Co (24 nm), Fe (64 nm) and Ni (82 nm). 
The electron beam direction is close to perpendicular to the field di-
rection in the magnetic domains, which provides a reliable way to 
determine the domain wall width in thin TEM specimens. 

3.3. Microstructural and magnetic imaging of the CRSA600 sample 

Heat treatment of the CRSA600 sample resulted in the formation of a 
striking nanorod structure comprising FCC+L12 and BCC+B2 regions, as 
reported previously [7]. For magnetic imaging, a TEM specimen con-
taining more than one grain was prepared in such a way that magnetic 
domains oriented both parallel and perpendicular to the nanorods could 
be studied. Fig. 2(a) shows a low magnification BF TEM image of the 
CRSA600 sample. Region I contains multiple long nanorods of FCC (+

Table 1 
Summary of magnetic and mechanical properties of the CRSA and CRSA600 samples of the Al0.3CoFeNi complex concentrated alloy.   

Structure Ms emu/g Hc 

Oe 
Dc 

µm 
δw 

nm 
Hardness 
VHN 

Yield stress 
MPa 

Tensile strength 
MPa 

Plastic strain 
% 

CRSA FCC/L12 131.4 2.5 8 171 196.6 457 853 76 
CRSA600 FCC/L12+BCC/B2 138.7 160 0.1 35 513 1074 1302 8 

Ms is the saturation magnetization, Hc is the coercivity, Dc is the magnetic domain size measured using TEM, δw is the magnetic domain wall width, VHN is the Vickers 
hardness number.  
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L12) colonies in a BCC (+ B2) matrix, whose width varies between 50 
and 200 nm. Region II appears to contain equidimensional grains, which 
correspond to the nanorods viewed along their long axes. 

Fig. 2(b, c) shows selected area electron diffraction (SAED) patterns 
recorded from regions I and II using an aperture of size ~1 µm. Based on 
the SAED patterns, region I is oriented along [110]FCC/[111]BCC, 
while region II is oriented along [001]FCC/[001]BCC. The diffraction 
spots from the FCC and BCC phases overlap each other, indicating a 
close epitaxial relationship. By bringing each phase separately to a zone 
axis orientation (see Fig. S3), a mistilt of ~3◦ was measured between the 
FCC and BCC columns. Red triangles in Fig. 2(b, c) mark weak super-
lattice reflections, which are associated with L12 and B2 ordering in the 
FCC and BCC phases, respectively. 

Fig. 2(d, e) shows Fresnel defocus images of representative magnetic 
domain structures in the two regions recorded in magnetic-field-free 
conditions. Strikingly, the magnetic domain walls in region I are regu-
lar and follow the straight heterophase interfaces closely. Inside the 
columns, fine black and white streaks are visible. In contrast, region II 
contains a highly dense random network of magnetic domain walls. The 
Fresnel defocus images cannot alone be used to determine unambigu-
ously whether the streaks in region I are magnetic or structural in origin. 
Fig. S4 in the Supplementary Materials shows a large-field-of-view 
image of the projected in-plane magnetic induction in region I deter-
mined from a pair of Fresnel defocus images using the transport-of- 
intensity equation. 

3.4. Correlation between magnetic domains and microstructure 

STEM EDXS spectrum imaging was used to correlate the variations in 
composition associated with the FCC and BCC phases with the positions 

of magnetic domains in the CRSA600 sample. Fig. 3(a) shows a BF STEM 
image and corresponding Co, Fe, Ni and Al maps recorded from region 
II, showing that the Co–Fe-rich BCC phase is the matrix, in which Ni–Al- 
rich FCC columns are distributed. The nanorod structure shown in Fig. 3 
(b) corresponds to this microstructure viewed from the side (in region I). 

The EDXS maps reveal compositional fluctuations in the Ni–Al-rich 
FCC columns, as well as additional Ni and Al enrichment parallel to the 
FCC/BCC interphase boundaries. Fig. 3(c) shows higher magnification 
EDXS maps of the fluctuations in chemical composition, which consist of 
Co–Fe-rich and Ni–Al-rich regions in the FCC columns. An additional 
Ni–Al-rich region is present close to the interface and parallel to the 
interphase boundary. The Fe and Co distribution in the BCC column is 
also not uniform, as shown in the maps in Fig. 3(a) and in Fig. S3 in the 
Supplementary Materials. The apparently homogenous distribution of 
Fe and Co in the BCC phase in Fig. 3(c) results from the small field of 
view and possible overlap between different regions in the electron 
beam direction. Fig. 3(d) shows EDXS line scans across the interface 
between the BCC and FCC columns, with the heterophase boundary 
marked by a vertical dashed line. Within the FCC column, an approxi-
mately 7-nm-wide Ni–Al-rich and Co–Fe-poor region runs parallel to the 
FCC/BCC interface. Based on the results shown in Fig. 3 and on atom 
probe tomography (APT) reconstructions shown in Fig. S2 in the Sup-
plementary Materials, the morphology of the FCC and BCC based regions 
can be described as colonies of FCC/L12 nanorods embedded in a BCC/ 
B2 matrix. Within the FCC/L12 nanorods, as well as within the BCC/B2 
matrix, there is a finer-scale decomposition into ordered and disordered 
regions. The morphology of these ordered L12 and B2 regions appears to 
be lamellar based on the APT reconstructions. Fig. 3(e) shows a high- 
resolution HAADF STEM image recorded from the same region as the 
maps in Fig. 3(c). The image shows a uniform lattice in both grains. The 

Fig. 1. Microstructural and magnetic imaging of the CRSA sample (a) HAADF STEM and BF STEM images show local variations in chemical composition and 
diffraction contrast originating from Ni/Al-rich precipitates. The HAADF detector inner semi-angle was 69 mrad for the HAADF STEM image. (b) Atomic-resolution 
HAADF STEM image. (c) Fresnel defocus image showing black and white contrast at the positions of magnetic domain walls recorded in magnetic-field-free con-
ditions at a defocus of 1 mm. (d) Magnetic induction map of a flux closure region measured using off-axis electron holography. The contour spacing is π radians. 
Arrows and colors indicate projected in-plane magnetic field directions. (e) Magnetic domain wall width measurement using the (inset) phase shift differential across 
the 180◦ wall shown in (d). The magnetic domain wall width (δw) is determined to be 171 ± 5 nm. (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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orientation of the phases (visible in the digital diffractogram shown as 
an inset to Fig. 3(e)) is similar to that in the SAED pattern from region I 
in Fig. 2(b). 

The magnetic domains in the CRSA600 sample were further analyzed 
using off-axis electron holography. Fig. 4(a) shows an amplitude image 
of the columns, which were tilted slightly away from the crystallo-
graphic zone axis to reduce diffraction contrast. In order to study the 
magnetic domains, the electrostatic and magnetic contributions to the 
phase shift were separated by using a cartridge-based specimen holder 
[13] to record pairs of electron holograms before and after turning the 
TEM specimen over. Half of the sum and half of the difference between 
each pair of phase images were then used to separate the electrostatic 
and magnetic contributions to the phase shift, respectively. Fig. 4(b) 
shows a magnetic induction map created from a magnetic phase image 
of the magnetic domain walls, which overlap with the heterophase 
FCC/BCC boundaries in the specimen (Fig. 2(d)). Identical location 
chemical mapping using EDXS was used to confirm the compositions of 
the phases (see Fig. S3 in the Supplementary Materials). The 
downward-oriented magnetic domains, which are present in the 
FCC+L12 columns, contain straight magnetic contour lines. Closer in-
spection of the contour lines and colors in the magnetic induction map in 
Fig. 4(b) reveals small variations in magnetic properties in the FCC 
columns, which may be associated with the presence of ordered L12 
regions. In contrast, the observation of well-defined regions that have no 
magnetic field lines in the BCC+B2 columns indicates the presence of 
weakly magnetic or non-magnetic inclusions. EDXS spectrum imaging 

(Fig. S3) confirms that these regions correspond to the locations of the 
Ni–Al-rich inclusions. 

The width of the magnetic domain walls pinned at the grain 
boundaries in the CRSA600 sample was determined, using the phase 
differential method described above, to be δw = 35 ± 3 nm, as shown in 
Fig. 4(c). This value is almost 5 times smaller than that measured in the 
CRSA sample. In a simple single-phase ferromagnetic system, the 
domain wall width is described by the expression δw ∼

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
A/Keff

√
, where 

A is the exchange stiffness and Keff is the effective magnetic anisotropy. 
However, the CRSA600 sample contains several phases with different 
magnetic properties. In addition, the magnetic domain walls overlap 
with the Al–Ni-rich enrichment between the FCC and BCC columns 
revealed by EDXS (Fig. 3(c)). 

4. Discussion 

Magnetism in HEAs can be a complex phenomenon, especially in the 
presence of hierarchical multi-phase microstructures over multiple 
length scales, which in turn result from competing phase stabilities be-
tween solid solution and ordered phases. The possibility to combine 
transition metals with other elements in the periodic table and different 
processing parameters provides a wide range of opportunities to tailor 
the magnetic and functional properties of HEAs [14]. 

In the present non-equimolar Al0.3CoFeNi CCA, solid state decom-
position induced by thermomechanical treatment results in the forma-
tion of a eutectoid-like microstructure consisting of FCC+L12 nanorods 

Fig. 2. Microstructural and magnetic imaging of the CRSA600 sample (a) BF TEM image showing the nanorods viewed from the side (I) and parallel to their long 
directions (II). (b, c) SAED patterns recorded from regions I and II. Red arrows mark superlattice reflections associated with L12 and B2 ordering. (d, e) Fresnel 
images recorded at a defocus of 0.25 mm from regions I and II, respectively. (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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in a BCC+B2 matrix. Table 1 summarizes the magnetic and mechanical 
properties of the CRSA and CRSA600 samples. Thermomechanical 
treatment of the CRSA600 sample increases the coercivity (Hc) by a 
factor of 64. High spatial resolution magnetic characterization reveals 
that the average magnetic domain size (Dc) in the thin TEM specimens is 
reduced by an order of magnitude in the CRSA600 sample as result of the 
presence of magnetic domain walls at heterophase boundaries sepa-
rating the FCC and BCC phases. Furthermore, the magnetic domain wall 

width is reduced significantly from 171 ± 5 to 35 ± 3 nm. 
The different length scale of chemical ordering and phase separation 

in the CRSA and CRSA600 samples has a significant effect on the 
observed magnetic states (Figs. 1 and 2). The CRSA sample (Fig. 1) ex-
hibits rapid variations in composition (on a scale of <20 nm) and a 
domain wall width of 171 nm, suggesting that homophase interfaces in 
the FCC alloy are ineffective at pinning magnetic domain walls, leading 
to low coercivity. In contrast, in the CRSA600 sample the presence of 

Fig. 3. Microstructure and chemical composition of the nanorod structure in the CRSA600 sample (a, b) BF STEM images and corresponding Co, Fe, Ni and Al EDXS 
maps recorded from (a) region II and (b) region I. (c) Higher magnification EDXS maps of the interface between the BCC and FCC columns. The scale bar is 100 nm. 
(d) Elemental distribution across the interface (marked by a dashed line) extracted from the EDXS spectrum images shown in (c). The EDXS composition mea-
surement error is <10%. The shaded area is rich in Ni and Al and depleted in Fe and Co. (e) High-resolution HAADF STEM image of the interface. The inset shows a 
digital diffractogram of the crystallographic relationship between the FCC and BCC phases. 

Fig. 4. Magnetic domains in the CRSA600 sample. (a) Amplitude image of the FCC and BCC columns. (b) Magnetic induction map recorded using off-axis electron 
holography from the marked region in (a), showing alternating magnetic field directions in the domains. Colors and arrows indicate the projected in-plane magnetic 
field directions. Note the regions with lower densities of magnetic field lines in the BCC columns. The upside-down ‘Y’-shaped region (marked by dashed white lines) 
is confirmed to be Ni–Al-rich from EDXS measurements (Fig. S3 in the Supplementary Materials). (c) Line scan obtained from the phase differential (not shown) used 
to measure the magnetic domain wall width δw as 35 ± 3 nm. (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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FCC and BCC phases with different compositions results in different local 
magnetic properties. In the FCC nanorods, the Ni–Al-rich ordered L12 
phase displays magnetic field lines that are straight and contain only 
slight angular variations, as shown in Fig. 4(b). In contrast, the Ni–Al- 
rich ordered B2 regions in the BCC phase have a strong effect on the 
magnetic induction (Fig. 4(b)), as the density of the magnetic field lines 
is reduced at the locations of these ordered phases. The saturation 
magnetization of the two samples is similar, with a slight increase in 
CRSA600 (Table 1) that can be attributed to the presence of the BCC 
phase. The pinning of magnetic domain walls at heterophase FCC/BCC 
boundaries in the CRSA600 sample is influenced by crystallographic and 
compositional transitions across these boundaries, as well as by the 
enrichment of Ni and Al in the FCC phase along the boundaries. The 
presence of the boundaries results in a relatively narrow domain wall 
width of 35 nm in the CRSA600 sample. 

Our microstructural and magnetic observations suggest that the 
magnetization reversal mechanism that is responsible for the coercivity 
changes from nucleation-type in the CRSA sample to pinning-type in the 
CRSA600 sample. In order to validate this hypothesis, in situ magneti-
zation reversal experiments were carried out inside the TEM. An in- 
plane component of the applied magnetic field was obtained by 
exciting the vertical magnetic field of the objective lens of the micro-
scope to a pre-calibrated value [15]. The sample was then tilted between 
− 30◦ and +30◦ to apply an effective in-plane magnetic field and to 
observe magnetization reversal. 

Fig. 5 shows a selection of Fresnel defocus images of the magneti-
zation reversal process in the CRSA and CRSA600 samples displayed as a 
function of effective in-plane magnetic field. In the CRSA sample (Fig. 5 
(a-e)), magnetic domain walls (marked by arrows in Fig. 5(a, b)) 
nucleate at the edge of the specimen and move across the field of view 
without interruption. The full cycle of the reversal experiment can be 
found in the Supplementary Materials. Successive experiments showed 
similar movement and a lack of domain wall pinning. In the CRSA600 
sample, at the maximum in-plane field of approximately 600 mT TEM 
imaging was still possible, but the field was insufficient to generate a 
saturated state without any magnetic domain walls. Fig. 5(f) shows the 
initial magnetic domain structure in the CRSA600 sample at − 81 mT. 
There is no substantial change as the effective in-plane field is decreased 
to 0 mT (Fig. 5(g)). An increase in field to +81 mT results in a few 
switching events at domain walls (yellow arrowheads in Fig. 5(g, h)). At 

these locations, the domain wall contrast changes to the opposite sign, 
suggesting that the magnetization direction switched in these domains. 
This process extends to adjacent domains as the field is increased to 
+133 mT. The arrowheads in Fig. 5(i, j) mark domain walls that switch 
at this stage. It is interesting to note that magnetization switching forms 
domain walls that contain both black and white contrast, which are so- 
called Bloch caps in 180◦ domain walls (dashed ovals in Fig. 5(h, j)). 

The in situ magnetizing experiments presented in Fig. 5 confirm that 
the magnetization reversal process changes from nucleation-type in the 
CRSA sample to pinning-type in the CRSA600 sample as a result of phase 
decomposition after prolonged annealing at 600 ◦C for 50 h, leading to 
the formation of a nanorod microstructure with heterophase FCC/BCC 
interfaces. 

The present study provides fundamental insight into the role of 
interphase interfaces on magnetization reversal mechanisms through 
domain wall pinning. Fig. 6 summarizes schematically the basic struc-
tural features in the samples that lead to fundamentally different mag-
netic properties. Heterophase interfaces between phases with different 
crystal structures (e.g., FCC/BCC) are effective at pinning magnetic 
domain walls and consequently increase coercivity. This pinning 
mechanism is particularly effective when the heterophase interfaces 
occur at near-periodic intervals in the microstructure on deep-sub-µm 
length scales, such as in the present nanorod microstructure. In contrast, 
homophase interfaces of order/disorder type, such as FCC+L12 or 
BCC+B2, do not hinder magnetic domain wall motion significantly. This 
insight can be used to provide guidance for the design of both high 
entropy and conventional alloys with desired combinations of magnetic 
and mechanical properties. For example, if high mechanical strength is 
desired while preserving low coercivity then the introduction of a large 
volume fraction of ordered precipitates within a parent solid solution 
can be effective, especially if misfit strain can be minimized. Similarly, 
higher coercivity can be produced by the presence of a nanorod struc-
ture with heterophase boundaries, while uniaxial magnetic anisotropy 
can be tailored through the introduction of strain or magnetic-field- 
induced anisotropy during the annealing process. Such strategies for 
tuning the coercivity of high entropy alloys are analogous to those used 
for Alnico-type hard magnets [16] and for hard magnets based on 
Sm-Co. 

Fig. 5. Magnetization switching processes. Fresnel defocus images showing (a-e) nucleation-type magnetization reversal in the CRSA sample and (f-j) pinning-type 
magnetization reversal in the CRSA600 sample. The effective in-plane field was applied in the horizontal direction and is indicated in the images. The defocus value is 
500 µm. In (a) and (b), arrows mark the positions of magnetic domain walls. In (g-j), yellow and orange arrowheads mark the positions of magnetic domain walls that 
switch. Dashed ovals mark the positions of Bloch caps in domain walls. Note the presence of diffraction contrast (in particular, wide bands of dark contrast associated 
with bending of the sample) in addition to magnetic domain wall contrast. (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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5. Conclusions 

Our high spatial resolution investigation of the microstructural and 
magnetic behavior of an Al0.3CoFeNi complex concentrated alloy has 
revealed an intricate coupling between the presence of a hierarchical 
multi-length-scale multi-phase microstructure and the motion of mag-
netic domain walls. High-resolution in situ techniques show that the 
magnetization reversal process, which is responsible for coercivity, 
changes from a nucleation-type mechanism in the FCC+L12 micro-
structure of this alloy, with a domain wall width of 171 nm, to a pinning- 
type mechanism in the nanorod microstructure of the same alloy, with a 
domain wall width of 35 nm. Significantly, heterophase FCC/BCC 
nanoscale interfaces strongly pin magnetic domain walls, increasing 
coercivity when compared to homophase chemically ordered/disor-
dered interfaces. These results provide a powerful guide for the rational 
design of microstructure to tune the magnetic and mechanical properties 
of both high entropy alloys and more conventional magnetic alloys. 
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