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Jan Caron, ..., Raju

V. Ramanujan,

Rajarshi Banerjee,

Rafal E. Dunin-

Borkowski

q.lan@fz-juelich.de (Q.L.)

a.kovacs@fz-juelich.de (A.K.)

Highlights
Al(Co,Cr)FeNi alloys

consist of hierarchically

decomposed B2 +

magnetic A2 phases

In AlCoFeNi, nanosized

phases form magnetic

domains with small angle

alignment

In AlCo0.5Cr0.5FeNi, B2

region contains A2

magnetic vortices and A2

with B2 inclusions

The switching behavior of

the magnetic

microstructure is related

to soft magnetism

Lan et al., iScience 25, 104047
April 15, 2022 ª 2022 The
Authors.

https://doi.org/10.1016/

j.isci.2022.104047

mailto:q.lan@fz-juelich.de
mailto:a.kovacs@fz-juelich.de
https://doi.org/10.1016/j.isci.2022.104047
https://doi.org/10.1016/j.isci.2022.104047
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.104047&domain=pdf


ll
OPEN ACCESS
iScience
Article
Highly complex magnetic behavior resulting
from hierarchical phase separation
in AlCo(Cr)FeNi high-entropy alloys
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SUMMARY

Magnetic high-entropy alloys (HEAs) are a new category of high-performance
magnetic materials, with multicomponent concentrated compositions and com-
plex multi-phase structures. Although there have been numerous reports of their
interesting magnetic properties, there is very limited understanding about the
interplay between their hierarchical multi-phase structures and the resultingmag-
netic behavior.We reveal for the first time the influence of a hierarchically decom-
posed B2 +A2 structure in an AlCo0.5Cr0.5FeNi HEA on the formation ofmagnetic
vortex states within individual A2 (disordered BCC) precipitates, which are
distributed in an ordered B2 matrix that is weakly ferromagnetic. Non-magnetic
or weakly ferromagnetic B2 precipitates in large magnetic domains of the A2
phase, and strongly magnetic Fe-Co-rich interphase A2 regions, are also
observed. These results provide important insight into the origin of coercivity
in this HEA, which can be attributed to a complex magnetization process that in-
cludes the successive reversal of magnetic vortices.

INTRODUCTION

Magnetic materials are essential in a wide and growing variety of industrial, commercial, and residential

applications, including rotating electrical machines, electric vehicles, wind turbines, transformers, power

converters, electronic article surveillance systems, magnetically coupled devices, sensors, and high-fre-

quency electromagnetic devices (Chaudhary et al., 2020; McHenry et al., 1999),. To illustrate the importance

of magnetic materials, we note that the energy utilization of electrical machines is a significant fraction of

the total energy consumption in the world (Weiss et al., 2020). Even a 1% increase in their efficiency would

have a great impact on energy efficiency and on the reduction of CO2 emissions. Hence, there is consider-

able interest in the development of improved magnetic materials, such as magnetic high-entropy alloys

(HEAs), for next-generation magnets.

HEAs contain combinations of multiple principal elements in high concentration (Miracle and Senkov, 2017;

Yeh et al., 2004). They are attracting significant attention because their rich compositional variety and phase

space provide opportunities for discovering alloys that have outstanding mechanical and functional prop-

erties (George et al., 2019; Senkov et al., 2015). HEAs can form single phases, comprising random solid so-

lutions of their constituent elements. However, local variations in chemical composition and short-range

order have a strong effect on dislocation movement and planar defect energy, leading to increased yield

strength without compromising strain hardening and tensile ductility (Ding et al., 2019; Xu et al., 2018), just

as for numerous multi-phase alloys and composites in which increased heterogeneity results in improve-

ments in properties (Ma and Wu, 2019; Ma et al., 2018). Considering the huge number of possible combi-

nations of elements and processing conditions that can lead to the formation of secondary phases, the pos-

sibilities for developing multi-phase systems with different functionalities are enormous (Yan and Zhang,

2020).

Although the mechanical properties of many HEAs are well studied and can be superior to those of con-

ventional alloys, much less work has been performed to obtain an in-depth understanding of their magnetic

properties. Ferromagnetic HEAs have good mechanical properties and a wide range of tunable magnetic

properties, ranging from soft to semihard to hard (Chaudhary et al., 2018; Dasari et al., 2020; Na et al.,
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2021). The formation of compositional heterogeneities and secondary phases can also alter the magnetic

properties of HEAs. In general, ferromagnetic HEAs that have face-centered cubic (FCC) and body-

centered cubic (BCC) structures are based on Fe, Co, and Ni. An exception is the hexagonal-close-packed

(HCP) HoDyYGdTb HEA, which has a rich and complex magnetic phase diagram below room temperature

(Lu�znik et al., 2015). The magnetic characteristics of HEAs are highly sensitive to the compositions andmor-

phologies of the constituent phases over various length scales (Cieslak et al., 2020; Jung et al., 2019; Mir-

acle and Senkov, 2017; Vrtnik et al., 2018). For example, the addition of paramagnetic or antiferromagnetic

elements can induce phase segregation and decrease saturation magnetization MS (Jung et al., 2019), the

addition of 25% Cr to FeCoNi can make the resulting FeCoNiCr alloy paramagnetic (Lucas et al., 2011), and

the introduction of Mn to FeCoNiCr can eliminate the energy difference between FCC and HCP structures,

resulting in magnetic frustration (Niu et al., 2018).

An in-depth understanding of structure-magnetism correlations in HEAs has been limited by a lack of

appropriate methods to characterize their phases and properties at the nanoscale and beyond. Most mag-

netic property studies of HEAs are based on conventional magnetization hysteresis loop (M-H) measure-

ments of bulk forms of HEAs, and are unable to reveal local magnetic states and interactions between

the constituent phases. The magnetic properties of highly heterogeneous alloys, in which each phase dis-

plays chemical and topological disorder, cannot be described as a composition-weighted average of the

magnetic properties of the constituent phases (Cieslak et al., 2020; Vrtnik et al., 2018). Specifically, the

origin of the dramatic difference between the magnetic properties of AlCoFeNi and AlCo0.5Cr0.5FeNi

HEAs is unexplored. An experimental understanding of the relationship between the local structure and

magnetic texture of AlCoFeNi and AlCo0.5Cr0.5FeNi HEAs is crucial to control their properties.

Here, we use three-dimensional (3D) atom probe tomography (APT) and transmission electron microscopy

(TEM) methods, including the Fresnel mode of Lorentz TEM and off-axis electron holography (EH), to inves-

tigate the influence of complex hierarchical phase separation of the A2 phase (disordered BCC) (Badjuk

et al., 1974; Buschow et al., 1983; Ellis, 1941) and the CsCl-structured B2 phase (ordered BCC) (Dutchak

and Chekh, 1981) on local variations in the magnetic behavior of AlCo(Cr)FeNi HEAs. We study the local

magnetic characteristics of the individual phases, and provide quantitative measurements of saturation

magnetic induction. Our results provide local experimental measurements of correlations between struc-

ture and magnetic properties in HEAs with nm spatial resolution. This information is essential for under-

standing complex magnetism in multi-phase AlCo(Cr)FeNi alloys, as well as for the design of new HEAs

with unique tailored magnetic properties.
RESULTS

We first report the magnetic properties of AlCoFeNi and AlCo0.5Cr0.5FeNi bulk HEAs, followed by TEM

studies of the structure and magnetism of AlCoFeNi. The multi-length-scale structure of AlCo0.5Cr0.5FeNi

is then investigated. Two regions (R1, R2) are identified, within which a heterogeneous phase distribution is

observed. The static and dynamic magnetic behavior of R1 and R2, as well as the phases present in these

regions, is studied in detail.
Magnetic properties of heat-treated AlCoFeNi and AlCo0.5Cr0.5FeNi bulk HEAs

Figure 1A showsmagnetization vs magnetic field (M-H) hysteresis loops measured at 300 K for heat-treated

AlCoFeNi and AlCo0.5Cr0.5FeNi. The loops suggest soft ferromagnetic properties. AlCoFeNi has a satura-

tion magnetization (MS) of 99.8 Am2/kg and a coercivity (Hc) of 1.45 mT. When half of the Co is replaced by

Cr in the AlCo0.5Cr0.5FeNi HEA,MS decreases to 46.2 Am2/kg, while Hc increases to 9.56 mT. The HEAs are

almost fully magnetically saturated at fields of 500 mT. Figure 1B shows a comparison of MS and HC for Al-

CoFeNi and AlCo0.5Cr0.5FeNi HEAs with other HEAs and benchmark soft magnetic materials (Borkar et al.,

2017; Chaudhary et al., 2021; Dasari et al., 2020; Li et al., 2017; Zhang et al., 2013). The magnetic properties

of the HEAs that we have studied are similar to others. The HEAs have higher values of HC than those of

some soft magnetic materials (e.g., Permalloy, Hiperco). We do not claim that their soft magnetic proper-

ties are superior. Instead, we focus on the reasons for the substantial difference in magnetic properties

when 50% Co is replaced by Cr in AlCo0.5Cr0.5FeNi. For example, permeability is low (9.4 for AlCoFeNi

and 3.9 for AlCo0.5Cr0.5FeNi), which is also true for other HEAs (Gao et al., 2018). As mentioned earlier,

the application space for such HEA requires reasonable magnetic properties and mechanical properties

which are not available in conventional magnetic materials.
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Figure 1. Magnetic properties of AlCoFeNi and AlCo0.5Cr0.5FeNi HEAs

(A) Magnetization (M) vs applied magnetic field (H) measured at a temperature of 300 K for AlCoFeNi and AlCo0.5Cr0.5FeNi HEAs. The inset shows a

magnified view of the central part of the hysteresis loop.

(B) Saturation magnetization MS and coercivity HC of selected soft magnetic materials (dashed black oval) and HEAs (solid blue oval) (Dasari et al., 2020).

The AlCoFeNi and AlCo0.5Cr0.5FeNi HEAs studied here are represented by red squares.
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Microstructural and magnetic properties of heat-treated AlCoFeNi

The AlCoFeNi HEA has a polycrystalline structure with a grain size of above 100 mm. Figure 2A shows an

HAADF STEM image of a grain boundary region between two adjacent AlCoFeNi grains. Grain 1 was

aligned in the electron microscope to the closest crystallographic zone axis, at which an (001) direction

was parallel to the electron beam direction. In this projection, chemically sensitive contrast reveals inhomo-

geneities. 3D APT studies of AlCoFeNi have previously revealed the presence of nm-sized Fe-Co-rich A2

precipitates in an Al-Ni-rich B2 matrix (Chaudhary et al., 2018). Figure 2B shows Al and Fe elemental dis-

tributions measured using energy-dispersive X-ray spectroscopy (EDXS) in grain 1, confirming the presence

of compositional variations. The average sizes of the Al-rich and Fe-rich regions are approximately 10 nm.

Figures 2C and 2D show an atomic-resolution image and a corresponding elemental map of the Al-rich B2

phase and the Fe-rich A2 phase. The structures are mostly coherent, with occasional dislocations at the

interface due to the lattice misfit.

The magnetic domain structure at remanence was initially studied using Fresnel defocus imaging in Lorentz

mode in magnetic-field-free conditions. Figure 2E shows an overfocus Fresnel image recorded from grain 2.

This region contains large magnetic domains, which are separated by magnetic domain walls that appear as

black orwhite lines. The ripple-like contrast in the domains originates from small-anglemagnetization variations.

Figure 2F shows a representation of the projected in-plane magnetic induction obtained from two defocused

images using the transport-of-intensity equation (Gureyev andNugent, 1997;Gureyev et al., 1995). Themagnetic

domain configurationwas observed to rearrange upon applying amagnetic field as small as 5mT perpendicular

to the specimen using the microscope objective lens. This observation suggests isotropic soft ferromagnetic

behavior, in which the phase-separated structure is not strong enough to pin domain walls.

Multi-length-scale structure of AlCo0.5Cr0.5FeNi

Figure 3A shows that the annealed AlCo0.5Cr0.5FeNi HEA specimen has a strikingly different structure from

that of the AlCoFeNi alloy, comprising an Al-Ni-Co-rich B2 phase, Fe-Cr-Co-rich A2 regions, and their com-

binations. The different length scales of the A2 phases are referred to here as a) coarse A2 gen-1 (with an

average size of 1–5 mm), b) medium-scale A2 gen-2 (50-150 nm), and c) fine-scale A2 gen-3 (<10 nm). Two

characteristic regions are labeled R1 (A2 gen-2 + A2 gen-3 + B2 matrix) and R2 (A2 gen-1 + B2 matrix). An

additional A2 phase (A2 shell) is observed between the B2 and A2 phases (see below), taking the form of a

few-nm-thick shell around the A2 gen-1 and A2 gen-2 phases. Figure 3B shows a schematic diagram of the

constituent phases and regions in the AlCo0.5Cr0.5FeNi HEA specimen.
iScience 25, 104047, April 15, 2022 3



Figure 2. Structural and magnetic texture of the AlCoFeNi HEA

(A) HAADF STEM image of two grains, with grain 1 aligned to a zone axis. The grain orientations are indicated.

(B) Combined Al + Fe elemental map obtained from grain 1 using STEM EDXS imaging.

(C and D) Atomic-resolution HAADF STEM image and (D) corresponding EDX map.

(E) Overfocus (100 mm) Fresnel defocus image recorded from grain 2.

(F) Corresponding magnetic induction map reconstructed using the transport-of-intensity equation. The color wheel indicates the direction and magnitude

of the projected in-plane magnetic induction.
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Figure 4 shows TEMandAPTmeasurements of the shell A2phase. Figure 4A shows anAPT reconstruction of the

elemental distribution in a needle-shaped specimen of region R1 in the AlCo0.5Cr0.5FeNi HEA, revealing small

Fe-Cr-rich A2 gen-3 precipitates and large A2 gen-2 precipitates surrounded by Fe-Co-rich A2 shells in a B2ma-

trix. Figure S1 shows the chemical composition of the shell around the A2 gen-2 precipitates in details.

Figures 4B–4D show an HAADF STEM image and corresponding Co and Fe EDXS elemental maps of the

shell region. The enhancement in Co and Fe at the edges of the A2 gen-2 precipitate appears to be discon-

tinuous, perhaps because of the geometry of the thin TEM specimen, from which part of the precipitate

may have been removed by ion milling. Figure 4E shows an atomic-resolution HAADF STEM image of

A2 gen-3 precipitates in the B2 matrix. Figures 4F and 4G show atomic-resolution HAADF STEM images

of the A2 structure of the shell, whose thickness is 2 nm around the A2 gen-2 precipitates and 7.5 nm around

the A2 gen-1 island. The measurements are consistent between the APT result and the EDXS images shown

in Figures 4H and 4I. The A2 shell is rich in Fe and Co, whereas little or no Al or Cr is present inside it.

Atomic-resolution HAADF STEM images of the interface region are presented in Figure S3.

Magnetic properties of AlCo0.5Cr0.5FeNi (I) – A2 gen-2 precipitates in the B2 matrix (region R1)

Static magnetic behavior

Highly heterogeneous systems, in which each region contains both chemical and topological disorder,

such as heat-treated AlCo0.5Cr0.5FeNi HEAs, typically have complex magnetic properties in the
4 iScience 25, 104047, April 15, 2022



Figure 3. Phase separation in the AlCo(Cr)FeNi HEA

(A) HAADF STEM image of the multi-scale hierarchical B2 and A2 structure, containing characteristic R1 and R2 regions. EDXS elemental maps of Al, Cr, Fe,

Co and Ni recorded from the marked rectangular area are shown around the main frame. An orange arrow marks an A2 shell around an R2 island.

(B) Schematic diagram of the R1 and R2 phase arrangements. In the R1 phase, fine A2 gen-3 and medium A2 gen-2 precipitates form in a B2 matrix. The A2

gen-2 precipitates are covered by an A2 shell. In region R2, B2 precipitates form in an A2 gen-1 matrix covered by an A2 shell.
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constituent phases that cannot be understood from bulk magnetic measurements alone. We studied the

local magnetic properties of the A2 and B2 phases in the R1 and R2 regions of the AlCo0.5Cr0.5FeNi spec-

imen using Fresnel defocus imaging and off-axis EH. The latter technique provides a direct quantitative

measurement of the phase shift of the electron wave that interacted with the specimen, from which the

local magnetic state of the region of interest can be determined with nm spatial resolution (Dunin-Bor-

kowski et al., 2019). The total electron-optical phase shift contains electrostatic and magnetic contribu-

tions that need to be separated to measure the magnetic field distribution in the specimen. In the

absence of electron-beam-induced charging, the electrostatic contribution to the phase shift is propor-

tional to the projected mean inner potential (MIP) of the specimen, which depends on its composition,

density, and ionicity.

Figure 5A shows the MIP contribution to the electron-optical phase shift in region R1 measured using off-

axis EH at magnetic remanence. In this image, the A2 gen-2 precipitates, which have close-to-spherical

morphologies and diameters of between 50 and 120 nm, appear brighter than the surrounding B2 matrix,

as they have a higher mean atomic number per unit volume. Figure 5B shows the corresponding magnetic

contribution to the phase shift 4M, which provides a measure of the in-plane component of the magnetic

induction within and outside the specimen integrated in the electron beam direction (Kovács and Dunin-

Borkowski, 2018). Bright or dark contrast is visible within the boundaries of the A2 gen-2 precipitates, which

are each surrounded by a thin Fe-Co-rich A2 shell. Figure 5C shows a magnetic induction map obtained by

generating contour lines and colors from the magnetic contribution to the phase shift and its gradient,

respectively. This image reveals that each A2 precipitate contains a magnetic vortex, with the magnetic

field rotating either clockwise or counterclockwise. Similar 3D magnetic vortex states have been observed

in sub-100-nm spherical Fe-Ni particles without strong magnetocrystalline anisotropy (Hÿtch et al., 2003;

Kim et al., 2014). In region R1, the A2 precipitates are well separated by the B2 matrix, preventing dipolar

interactions between individual crystals. The ratio of clockwise to counterclockwise magnetic vortices is

approximately 1:1 at remanence after saturating the specimen using the microscope objective lens, sug-

gesting the formation of energetically independent magnetic states that are only weakly coupled to the

surrounding phases. The magnetic vortices are not associated with significant stray magnetic fields that

could bemeasured at remanence using either bulk magnetometry or surface-sensitive magnetic character-

ization techniques.
iScience 25, 104047, April 15, 2022 5



Figure 4. Microstructure and chemical composition of the annealed AlCo0.5Cr0.5FeNi HEA

(A) 3D APT reconstruction of A2 gen-2 and gen-3 precipitates in a B2 matrix in region R1. An Fe-Co-rich shell forms around the A2 gen-2 precipitates. The

colors represent Al (red), Ni (green), and Fe (magenta).

(B–D) HAADF STEM image and corresponding Fe and Co elemental maps measured using EDXS imaging. Fe and Co enrichment is evident in the interface

region of the two phases.

(E–G) Atomic-resolution HAADF STEM images of A2 gen-3 in the B2 matrix, the A2 shell around the A2 gen-2 precipitates (marked by a white rectangle in B),

and the A2 shell around an A2 gen-1 island (marked by an orange arrow in Figure 3A), respectively.

(H and I) Compositional profiles across the A2 shells around the A2 gen-2 phase and the A2 gen-1 phase, respectively. Fe and Co enrichment is observed in

the shells.
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A model-based iterative reconstruction algorithm (Caron, 2017) was used to convert the measured mag-

netic phase images 4M into maps of projected in-plane magnetization Mxy, as shown in Figure 5D for

the two A2 gen-2 precipitates marked in Figure 5B. The magnetization direction of the vortex core is par-

allel to the incident electron beam direction in the center of each precipitate and does not contribute to the

projected in-planemagnetizationmap in this region. In general, eachmagnetic vortex core can point either

up or down magnetically, irrespective of the vortex rotation direction (Shinjo et al., 2000). The magnetiza-

tion direction of the vortex core cannot be detected from these images, as EH is sensitive to the component

of the magnetic field that is perpendicular to the incident electron beam direction. An upper limit for the

magnetic vortex core diameter was measured to be �8 nm by fitting a Gaussian function to the projected

in-plane magnetization distribution. On the assumption that the specimen is magnetically active through

its entire thickness, themagnitude of the in-planemagnetic induction (Figure 5D) peaks at 0.5G 0.1 T in the

A2 gen-2 precipitates.

The Fe-Cr-Co-rich A2 gen-2 precipitates are surrounded by Fe-Co-rich A2 shells (Figure 4). The measured

magnetic signal is therefore a superposition of contributions from the two A2 phases. Non-uniformmagne-

tization distributions in some of the A2 precipitates may result from their ‘‘incomplete’’ morphologies in an

ion-milled TEM specimen. 3D tomographic reconstruction was used to clarify the shapes and distributions

of the A2 gen-2 precipitates in the B2 matrix from a tilt series of ADF STEM images (Midgley and Dunin-

Borkowski, 2009). Figures 5E and S4 show sections through a tomographic reconstruction of region R1

that contains approximately spherical A2 gen-2 precipitates (yellow) in a B2 matrix (blue). Some of the pre-

cipitates intersect the TEM specimen surface and are incomplete.
6 iScience 25, 104047, April 15, 2022



Figure 5. Static magnetic behavior of region R1 containing A2 precipitates in a B2 matrix

(A and B) Mean inner potential and (B) magnetic contributions to the phase shift recorded using off-axis EH with the specimen in a magnetic remanent state.

The magnetic phase shift (4M) in the A2 gen-2 precipitates is either bright or dark, as a result of the presence of a magnetic vortex in each precipitate. The

marked A2 gen-2 precipitates (A and B) are further analyzed in (D).

(C) Large-field-of-view magnetic induction map derived from the magnetic contribution to the phase shift, showing clockwise and counterclockwise

magnetic vortex states in the A2 precipitates. The contour spacing is 2p/24 rad.

(D) Projected in-plane magnetization (Mxy) in the A2 precipitates marked in (B) determined from the magnetic contribution to the phase shift using model-

based iterative reconstruction. An upper limit for the diameter of the magnetic vortex core, which has an out-of-plane magnetic field orientation, is 8 nm.

(E) Sections showing embedding of A2 precipitates in the B2 matrix extracted from a tomographic reconstruction obtained from a tilt series of ADF STEM

images.
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In situ magnetic switching of BCC gen-2 precipitates in the B2 matrix (region R1)

The magnetic switching properties of A2 gen-2 precipitates in the B2 matrix (region R1) were studied by

applying magnetic fields perpendicular to the specimen plane. In situ magnetization reversal was per-

formed by applying magnetic fields of up to 1.5 T using the conventional microscope objective lens. Fig-

ures 6A and 6B show magnetic phase images of region R1 recorded after returning to remanence from

opposite out-of-plane fields of �500 and 500 mT, respectively. The proportion of clockwise and counter-

clockwise magnetic vortices in the A2 gen-2 precipitates in region R1 was measured from the magnetic

phase images. A comparison of Figures 6A and 6B shows that the majority of the A2 gen-2 precipitates

changed their magnetic field rotation direction. Within the field of view of approximately 1.4 mm 3 1.4

mm, 46 counterclockwise and 34 clockwise vortices are visible in Figure 6A, whereas 35 counterclockwise

and 45 clockwise vortices are visible in Figure 6B. White squares in Figure 6B mark precipitates that re-

tained the same sense of magnetic rotation as in the initial remanent state.

Figure 6C shows themagnitude of the local change inmagnetic phase shift 4M recorded from representative A2

gen-2 precipitates of different size, plotted as a function of applied magnetic field from 0/ 500/ 0 mT. The

positive (or negative) sign of4M is related to a counterclockwise (or clockwise)magnetic field rotation direction in

the vortices. Two large A2 precipitates with diameters of 75 and 80 nm show a continuous decrease in magnetic

phase shift to close to zero as the appliedmagnetic field is increased to 500mT, suggesting that the internal field

in the precipitates becomes aligned parallel to the electron beam direction. As the applied magnetic field is

decreased (Figure 6C), the magnetic phase shift recovers, but with opposite sign, indicating that the magnetic

vortex now has a rotation sense opposite to the original rotation direction. Different switching behavior was

observed for a small A2 precipitate with a diameter of 55 nm (Figure 6C). The initial rotation sense is counter-

clockwise at 0 mT, changes sign at 200 mT, and decreases gradually to zero as the applied magnetic field in-

creases to 500 mT. A possible scenario is that the magnetic field direction of the vortex core was aligned anti-

parallel to the saturating magnetic field. At 200 mT, the vortex core switches to become aligned with the

saturating field, which also changes the vortex rotation direction. As the applied magnetic field is increased
iScience 25, 104047, April 15, 2022 7



Figure 6. Magnetic switching of A2 gen-2 precipitates in the R1 phase in the AlCo0.5Cr0.5FeNi HEA

(A and B) Magnetic contributions to the phase shift 4M recorded after returning to remanence from opposite out-of-plane fields of �500 and 500 mT,

respectively. The localized regions of dark and bright contrast correspond to clockwise or counterclockwise magnetization rotation directions in individual

A2 precipitates. Contrast reversal of the A2 gen-2 precipitates is associated with a change in the magnetic field rotation direction of the vortices. In (B),

marked precipitates (white squares) retained their magnetization rotation direction from that observed in (A).

(C) Magnitude and sign of the local change in magnetic phase shift (4M) of individual A2 gen-2 precipitates of different size plotted as a function of out-of-plane

magnetic field. Positive values are associated with counterclockwise magnetization rotation directions. Error bars are the standard deviations of the phase shift.

(D) Line profiles of magnetic phase shift extracted from (A and B) between two A2 gen-2 precipitates, as indicated by red and blue arrows in (A and B). The

steps in phase shift D4 result from the presence of projected in-plane magnetic field contributions from the B2 matrix.
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further, this state becomes aligned with the applied field direction and the magnetic phase shift approaches

zero. On decreasing the applied magnetic field, a magnetic vortex forms again at 400 mT and remains stable

as the applied magnetic field is reduced to zero.

The magnetic nature of the B2 matrix in region R1, which contains more than 60% Fe, Co, and Ni according

to APT and EDXSmeasurements (Figure 4), is now discussed. Figure 6D shows a plot of themagnetic phase

shift 4M in the B2 matrix in region R1 before and after magnetization reversal, revealing a region with a

gradient in phase and an associated step D4M of �1.3 rad. The greatest intensity maxima and minima in

the plot correspond to A2 gen-2 magnetic vortices that changed their rotation direction during switching.

These A2 phases serve as a reference for studying the magnetic phase contrast change within the matrix

region. Changes in the sign of the magnetic phase shift 4M indicate that part of the Al-Ni-Co-rich B2 matrix
8 iScience 25, 104047, April 15, 2022



Figure 7. Magnetic domain structure of a B2 + A2 solid solution mixture in regions R1 and R2 and the A2 shell of the AlCo0.5Cr0.5FeNi HEA

(A) Fresnel defocus image recorded at remanence at a defocus value of �200 mm.

(B) Mean inner potential contribution to the phase measured using off-axis EH from the R2 (+A2 shell) region between two R1 regions.

(C) Corresponding magnetic induction map. The contour spacing is 2p/16 rad. Selected B2 inclusions in the A2 gen-1 matrix are marked with white frames in

(B) and (C). The colors and arrows mark the projected in-plane magnetic field direction.

(D) Line profile of the magnetic phase shift across an R2 region that includes A2 shell regions and a single B2 precipitate. The dip in the middle of the phase

shift profile is associated with a weakly magnetic or non-magnetic region of B2.

(E) Line profile of the magnetic phase shift, in which the slope in an A2 shell region (0.075 rad/nm) is 25% higher than that in an R2 region (0.06 rad/nm).
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is also magnetized in the plane of the specimen, is ferromagnetic, and reverses in sign magnetically.

Dipolar or magnetostatic interactions (Krishnan, 2016) between the A2 precipitates are expected to be

affected by the nature of the surrounding magnetic phases and interphase boundaries. It is noteworthy

that the same magnetic contrast is observed in the B2 matrix, but with a sign change in the magnetically

switched region R1 (Figure 6).

The in situ magnetic switching experiments reveal details about the magnetic properties of region R1 in

annealed AlCo0.5Cr0.5FeNi HEAs that contain A2-type precipitates in a B2 matrix. However, the lack of in-

formation about the core direction from off-axis EH experiments limits our understanding of the details of

the process. The switching characteristics of the magnetic vortices depend on the sizes and shapes of the

A2 gen-2 precipitates, the external magnetic field, and coupling to the B2 matrix.

Magnetic properties of AlCo0.5Cr0.5FeNi (II) – B2 precipitates in the A2 gen-1 matrix (region R2)

The AlCo0.5Cr0.5FeNi alloy contains regions (R2) of micrometer-sized Fe-Cr-Co-rich A2 gen-1 matrix with B2

precipitates. Microstructural and chemical studies show that an A2 shell is present between the B2 and A2

phases (Figure 4). Figure 7A shows a Fresnel defocus image of an R2 island surrounded by R1 recorded at

a defocus value of �200 mm. The magnetic nature of the R2 phase is apparent from the presence of dark

and bright bands of contrast. The image also shows the limitation of Fresnel defocus imaging, as the phase

boundaries give rise to strong fringing fields at their edges, making it difficult to interpret the magnetic state.

Figures 7B and 7C show the MIP contribution to the phase and a corresponding magnetic induction map

recorded using off-axis EH. In Figure 7B, the A2 gen-1 and gen-2 (bright) and B2 (dark) phases can be
iScience 25, 104047, April 15, 2022 9
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distinguished, as they have different mean atomic numbers per unit volume. Selected B2 precipitates are

marked by white frames. The color-coded magnetic induction map shows that the R2 region contains large

magnetic domains. Themagnetic field lines are disrupted or missing at the B2 precipitates, suggesting that

they are weakly magnetic or non-magnetic. The effect of the smaller (<50 nm) B2 precipitates on the mag-

netic field is less clear, as it can bemasked by the signal from the A2 gen-1 matrix in the�100-nm-thick TEM

specimen.

Figure 7D shows a line profile of the magnetic phase shift across region R2, which contains a B2 precipitate

at its center. The weakly magnetic or non-magnetic Al-Ni-Co-rich B2 precipitate has a lower contribution to

the magnetic phase shift and appears as a dip. The phase profile in Figure 7E has a change in slope at the

position of the A2 shell, suggesting a difference in its magnetic properties from the A2 gen-1 matrix. The

phase gradients in the A2 shell and the A2 gen-1 matrix in region R2 are 0.075 and 0.06 rad/nm, respec-

tively, based on fitted linear functions. As the magnetic phase shift scales with projected in-plane magnetic

induction, it can be inferred that the A2 shell has �25% higher magnetization than the A2 gen-1 matrix in

region R2. This difference is thought to result from the higher Cr concentration in the A2 gen-1 matrix,

which decreases the magnetization of the Cr-Fe-Co-rich A2 gen-1 matrix in the R2 region.
DISCUSSION

Bulk measurements of structure and magnetic properties are not able to resolve and provide an under-

standing of the separate contributions of each phase. In contrast, the high spatial resolution analyses pre-

sented in this work reveal the intimate relationship between the structure and magnetic properties of the

different phases. It is only then possible to rationalize the compositional effect on phase segregation, the

elemental effect on the magnetic moment of each phase, and the contribution of constituent phases on the

magnetic behavior.
Compositional influence on phase segregation

The structural and magnetic properties of AlCo(Cr)FeNi HEAs are affected by the presence of non-mag-

netic Al and antiferromagnetic Cr. In AlCo(Cr)FeNi HEAs, Al has a favorable interaction with every other

component, with particularly strong interactions with Ni and Co, which can be explained by the strengths

of nearest-neighbor interaction energies, as determined using Monte Carlo simulations (Santodonato

et al., 2018). This situation favors the formation of an AlNiCo phase. The nearest-neighbor-pair probabili-

ties of elements in AlCo(Cr)FeNi HEAs show two characteristics: (i) strong ordering of Al, Co, and Ni with

vanishing self-neighbor probability at low temperature; (ii) disordered segregation of Cr and Fe(Zhou et al.,

2014). The Al-Ni-Co-rich phase possesses a B2 structure, since the B2 ordered structure has lower site

ordering energy and spin ordering energy than a site-disordered BCC structure (A2) (Santodonato et al.,

2018). These predictions are consistent with our experimental results and account for phase segregation

in AlCo(Cr)FeNi HEAs.
Compositional effect on magnetic properties in each phase

The saturationmagnetic induction of AlCoFeNi and AlCo0.5Cr0.5FeNi is associated primarily with ferromag-

netic ordering of Fe, Co, and Ni. According to current knowledge, Al atoms do not show magnetic mo-

ments in either the B2 or the A2 phase (Jung et al., 2019). In the Al-Ni-Co-rich B2 matrix, Ni atoms are

very weakly magnetic in either the ferromagnetic (�0.1 mB per atom) or the paramagnetic state (Santodo-

nato et al., 2018; Zhou et al., 2014). The Co atoms are less magnetic in the ferromagnetic state (�0.7 mB per

atom) than in elemental Co, and their moments become even smaller in the completely spin-disordered

(A2) paramagnetic state (Santodonato et al., 2018; Zhou et al., 2014). The Co atoms have a weak contribu-

tion to the magnetic moment of the phase. The Fe atoms have a much larger magnetic moment (�2.9 mB
per atom) in the B2 or L21 ordered phase and have an almost similar moment to that in elemental Fe in the

completely site-disordered phase (Santodonato et al., 2018; Zhou et al., 2014). In other words, in the Al-Ni-

Co-rich B2 phase, site ordering increases the Fe moment and decreases the Co moment.

In the Fe-Cr-Co-rich A2 phase, Fe is the main magnetic element. Although the magnetic moments of Co

atoms are approximately half of those of Fe atoms, their contribution to the total magnetic moment cannot

be neglected (Cieslak et al., 2017). Jung et al. calculated the magnetic moments of all of the atoms in the

B2, BCC (A2), and FCC phases in AlFeCoCrMn HEAs and came to similar conclusions (Jung et al., 2019). Fe
10 iScience 25, 104047, April 15, 2022



Figure 8. Schematic diagrams of magnetism of AlCo0.5Cr0.5FeNi

(A and B) Schematic diagrams of (A) magnetic induction and (B) magnetic states in the phase-separated AlCo0.5Cr0.5FeNi

HEA. The grayscale intensity in (A) corresponds to the deduced saturation magnetic induction in the different phases. The

colors in (B) represent clockwise/counterclockwise magnetic field rotation in magnetic vortices, a slowly varying magnetic

field in region 1 (R1), and large magnetic domains in region 2 (R2). The scale bar is 200 nm.
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and Co have high average magnetic moments, with higher average magnetic moments in the A2 phase

than in the B2 phase.

In AlCoFeNi, our microstructural study reveals the presence of nanosized A2+B2 phases, while the replace-

ment of Co by Cr results in greater B2+A2 phase segregation in the AlCo0.5Cr0.5FeNi alloy. Substitution of

Co by Cr decreases the average magnetic moment as a result of its antiparallel magnetic ordering with Fe

and Co in the A2 phase. Calculations of the partial density of states distribution show that Cr atoms in the

BCC and FCC phases exhibit a more spin down than spin up distribution. Such distributions result in a

reduction of the net magnetic moment owing to antiparallel alignments of the magnetic moments of Cr

with respect to those of Fe and Co (Jung et al., 2019). In other words, the average magnetic moment of

Cr atoms in the B2 phase is parallel to those of Fe and Co atoms, while the average magnetic moment

of Cr atoms in the BCC and FCC phases is antiparallel to those of Fe and Co atoms. Schneeweiss et al.

report the same conclusion: irrespective of the initial configuration of local magnetic moments, magnetic

moments associated with Cr atoms align antiferromagnetically with respect to the cumulative magnetic

moment of their first coordination shell and thus reduce the magnetic moment according to ab initio elec-

tronic density functional theory (Schneeweiss et al., 2017).

The effect of constituent phases on magnetic properties of AlCo0.5Cr0.5FeNi HEAs

The constituent phases in AlCo0.5Cr0.5FeNi HEAs have different magnetic properties, resulting in rich and

complex magnetic behavior. Based on the measurements in this work, schematic representations of the

deduced saturation magnetic induction and magnetic states are presented in Figure 8. There are three pri-

mary contributions to the saturation magnetic induction:

(i) Fe-Cr-Co-rich A2 gen-2 and A2 gen-3 precipitates in region R1 and the A2 gen-1matrix in region R2;

(ii) Fe- Co-rich A2 shells between the A2 and B2 phases;

(iii) the Al-Ni-Co-rich B2 phase.

The magnetic state of each phase is distinctly different. The first two contributions are strongly linked, as

they form core-shell structures with thin A2 shells around A2 spheres or islands. Off-axis EH measurements

reveal that the A2 shell in region R2 (Figure 7) has a higher magnetic induction than the A2 core (Figure 8A).

Magnetic interactions, which can affect magnetization reversal, are expected between the two ferromag-

netic A2 phases. The A2 spheres in region R1 support 3D magnetic vortex states in the B2 matrix. Based on

the magnetic phase shift measurement and on the result of model-based iterative reconstruction of
iScience 25, 104047, April 15, 2022 11
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projected in-plane magnetization, the saturation magnetic induction in the A2 spheres, which have a core-

shell structure, is estimated to be approximately 0.5 T (Figure 5). For a 2.6-nm-thick shell around a core with

a radius of 40 nm, the shell occupies almost 20% of the total volume. Therefore, the contribution of the thin

Fe-Co-rich A2 shell to the total magnetization is significant. A magnetic contribution is also expected from

the B2 phase, which contains more than 50% Fe, Ni, and Co. In addition, the magnetic phase images (Fig-

ure 6) provide evidence for a slowly varying weak magnetic signal in the B2 matrix (Figure 8B). In a multi-

component and multi-phase alloy, one can estimate the effective value of Ms using an atomistic simulation

based on density functional theory and by applying the rule of mixtures(Jung et al., 2019; Kao et al., 2011).

However, it is likely that such a model cannot be used to describe coercivity.

In a multicomponent and multi-phase alloy, the coercivity Hc is expected to be sensitive to impurities,

deformation, grain size, and phase decomposition (Herzer, 1990). For example, the coercivity of AlNiCo

permanent magnets is known to depend on the nanostructure that develops during spinodal decomposi-

tion, involving an Fe-Co-rich phase and an Al-Ni-rich phase. The coercivity mechanism involves an interplay

of size, chemistry, and possibly stress at interfaces (Zhou et al., 2014; Zhu et al., 2017). However, the relation-

ship between these parameters and coercivity in HEAs that contain multiple phases on different length

scales has rarely been studied.

The magnetic texture in the AlCoFeNi HEA (Figure 2) is characterized by large magnetic domains with small-

angle magnetization variations. Magnetic domain walls move easily in the presence of an applied magnetic

field. In contrast, in the AlCo0.5Cr0.5FeNi HEA, which has a multi-scale hierarchical B2+A2 decomposed struc-

ture, the A2 spheres in region R1 support 3D magnetic vortex states in the B2 matrix (Figure 5), with a random

distribution of clockwise and anticlockwise field rotations. Based on these observations, magnetization

reversal and domain wall movement across the different magnetic components are expected to be highly

complex processes. Our magnetic switching study (Figure 6) shows that, in region R1, magnetic vortices in

A2 gen-2 precipitates can change their rotation direction in the presence of external magnetic fields of

100–500 mT. The smaller the diameter of the A2 gen-2 precipitate, the lower is the magnetic field that is

needed to change the magnetic vortex rotation direction, suggesting that the coercivity of such an

AlCo0.5Cr0.5FeNi HEA can be tuned by changing the sizes and separations of the constituent A2 precipitates

and islands. This prediction also matches well with the observation that nanosized A2+B2 phase separated

AlCoFeNi shows a smaller value of Hc than that of the AlCo0.5Cr0.5FeNi alloy.

Our results provide direct information about the intricate complexity of magnetic remanent states and

reversal processes in multicomponent HEAs that contain coexisting magnetic phases and hierarchical

structures that span multiple length scales. The increased coercivity of the AlCo0.5Cr0.5FeNi HEA, which re-

mains in the soft ferromagnetic range, can be attributed to a complicated magnetization reversal process,

which involves the reversal of magnetic vortices in a weakly ferromagnetic matrix. Our results indicate that

better soft magnetic properties (largeMs, small HC) can be obtained by optimizing the balance of themass

fraction of the A2 phase and the size of the A2 phase in AlCo(Cr)FeNi HEAs. It is therefore of interest for

future studies of AlCo0.5Cr0.5FeNi magnetic HEAs to determine the effect of external magnetic field

and/or stress annealing, kinetics, and other external stimuli on the formation of the precipitates and to

achieve a control of magnetic anisotropy and magnetic properties, as already demonstrated successfully

for AlNiCo. For instance, soft magnetic HEAs, in which moderate coercivity is tunable by magnetic nano-

structures, are yet to be explored for high-frequency device applications.
Limitations of the study

Our work described the correlation between the magnetic domain structure and constituent phases in a

phase-separated high-entropy alloy. The magnetic imaging experiments have revealed the magnetic

states at the remanence; however, the interactions between the different magnetic elements are remained

unclear. In situ magnetizing experiments and micromagnetic simulations should address the dynamic and

reversal processes. In addition, the effects of temperature, strain, and magnetic field on the formation of

precipitates can be systematically investigated in the future to achieve control over the coercivity.
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Kovács, A., and Dunin-Borkowski, R.E. (2018).
Magnetic Imaging of Nanostructures Using off-
axis Electron Holography. In Handbook of
Magnetic Materials, 27, E. Brück, ed (Elsevier),
pp. 59–154.

Krishnan, K.M. (2016). Fundamentals and
Applications of Magnetic Materials (Oxford
University Press), pp. 388–398.

Li, P.P., Wang, A.D., and Liu, C.T. (2017).
Composition dependence of structure, physical
and mechanical properties of FeCoNi(MnAl)(x)
high entropy alloys. Intermetallics 87, 21–26.
https://doi.org/10.1016/j.intermet.2017.04.007.

Lucas, M.S., Mauger, L., Munoz, J.A., Xiao, Y.M.,
Sheets, A.O., Semiatin, S.L., Horwath, J., and
Turgut, Z. (2011). Magnetic and vibrational
properties of high-entropy alloys. J. App. Phys.
109, 07E307.

Lu�znik, J., Ko�zelj, P., Vrtnik, S., Jelen, A., Jagli�ci�c,
Z., Meden, A., Feuerbacher, M., and Dolin�sek, J.
(2015). Complex magnetism of Ho-Dy-Y-Gd-Tb
hexagonal high-entropy alloy. Phys. Rev. B 92,
224201.

Ma, E., and Wu, X. (2019). Tailoring
heterogeneities in high-entropy alloys to
promote strength-ductility synergy. Nat.
Commun. 10, 5623. https://doi.org/10.1038/
s41467-019-13311-1.

Ma, Y., Wang, Q., Jiang, B., Li, C., Hao, J., Li, X.,
Dong, C., and Nieh, T. (2018). Controlled
formation of coherent cuboidal nanoprecipitates
in body-centered cubic high-entropy alloys
based on Al2(Ni, Co, Fe, Cr)14 compositions. Acta
Mater. 147, 213–225.

McHenry, M.E., Willard, M.A., and Laughlin, D.E.
(1999). Amorphous and nanocrystalline materials
for applications as soft magnets. Prog. Mater. Sci.
44, 291–433. https://doi.org/10.1016/S0079-
6425(99)00002-X.

Midgley, P.A., and Dunin-Borkowski, R.E. (2009).
Electron tomography and holography in
materials science. Nat. Mater. 8, 271–280. https://
doi.org/10.1038/nmat2406.

Miracle, D.B., and Senkov, O.N. (2017). A critical
review of high entropy alloys and related
concepts. Acta Mater. 122, 448–511. https://doi.
org/10.1016/j.actamat.2016.08.081.

Na, S.M., Lambert, P.K., and Jones, N.J. (2021).
Hard magnetic properties of FeCoNiAlCuXTiX
based high entropy alloys. AIP Adv. 11, 015210.
Artn 015210. https://doi.org/10.1063/9.0000097.

Niu, C., LaRosa, C.R., Miao, J., Mills, M.J., and
Ghazisaeidi, M. (2018). Magnetically-driven phase
transformation strengthening in high entropy
alloys. Nat. Commun. 9, 1363. https://doi.org/10.
1038/s41467-018-03846-0.

Santodonato, L.J., Liaw, P.K., Unocic, R.R., Bei, H.,
and Morris, J.R. (2018). Predictive multiphase
evolution in Al-containing high-entropy alloys.
Nat. Commun. 9, 4520. https://doi.org/10.1038/
s41467-018-06757-2.
Saxton, W., Pitt, T., and Horner, M. (1979). Digital
image processing: the Semper system.
Ultramicroscopy 4, 343–353.

Schneeweiss, O., Friak, M., Dudova,M., Holec, D.,
Sob, M., Kriegner, D., Holy, V., Beran, P., George,
E.P., Neugebauer, J., and Dlouhy, A. (2017).
Magnetic properties of the CrMnFeCoNi high-
entropy alloy. Phys. Rev. B. 96, 014437. ARTN
014437. https://doi.org/10.1103/PhysRevB.96.
014437.

Senkov, O.N., Miller, J.D., Miracle, D.B., and
Woodward, C. (2015). Accelerated exploration of
multi-principal element alloys with solid solution
phases. Nat. Commun. 6, 6529. https://doi.org/
10.1038/ncomms7529.

Shinjo, T., Okuno, T., Hassdorf, R., Shigeto, K.,
and Ono, T. (2000). Magnetic vortex core
observation in circular dots of permalloy. Science
289, 930–932. https://doi.org/10.1126/science.
289.5481.930.

Vrtnik, S., Guo, S., Sheikh, S., Jelen, A., Kozelj, P.,
Luzar, J., Kocjan, A., Jaglicic, Z., Meden, A., Guim,
H., et al. (2018). Magnetism of CoCrFeNiZrx
eutectic high-entropy alloys. Intermetallics 93,
122–133. https://doi.org/10.1016/j.intermet.
2017.11.017.

Weiss, M., Cloos, K.C., and Helmers, E. (2020).
Energy efficiency trade-offs in small to large
electric vehicles. Environ. Sci. Eur. 32, 1–17.

Xu, X.D., Liu, P., Tang, Z., Hirata, A., Song, S.X.,
Nieh, T.G., Liaw, P.K., Liu, C.T., and Chen, M.W.
(2018). Transmission electron microscopy
characterization of dislocation structure in a face-
centered cubic high-entropy alloy Al0.1 cocrfeni.
Acta Mater. 144, 107–115. https://doi.org/10.
1016/j.actamat.2017.10.050.

Yan, X.H., and Zhang, Y. (2020). Functional
properties and promising applications of high
entropy alloys. Scripta Mater. 187, 188–193.
https://doi.org/10.1016/j.scriptamat.2020.06.
017.

Yeh, J.W., Chen, S.K., Lin, S.J., Gan, J.Y., Chin,
T.S., Shun, T.T., Tsau, C.H., and Chang, S.Y.
(2004). Nanostructured high-entropy alloys with
multiple principal elements: novel alloy design
concepts and outcomes. Adv. Engineer. Mater. 6,
299–303. https://doi.org/10.1002/adem.
200300567.

Zhang, Y., Zuo, T., Cheng, Y., and Liaw, P.K.
(2013). High-entropy alloys with high saturation
magnetization, electrical resistivity, and
malleability. Sci. Rep. 3, 1455. https://doi.org/10.
1038/srep01455.

Zhou, L., Miller, M.K., Lu, P., Ke, L.Q., Skomski, R.,
Dillon, H., Xing, Q., Palasyuk, A., McCartney,
M.R., Smith, D.J., et al. (2014). Architecture and
magnetism of alnico. Acta Mater. 74, 224–233.
https://doi.org/10.1016/j.actamat.2014.04.044.

Zhu, S.M., Zhao, J.T., Xia,W.X., Sun, Y.L., Peng, Y.,
and Fu, J.C. (2017). Magnetic structure and
coercivity mechanism of AlNiComagnets studied
by electron holography. J. Alloys Compd. 720,
401–407. https://doi.org/10.1016/j.jallcom.2017.
05.210.

https://doi.org/10.1016/j.mtla.2020.100755
https://doi.org/10.1016/j.mtla.2020.100755
https://doi.org/10.1038/s41586-019-1617-1
https://doi.org/10.1038/s41586-019-1617-1
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref13
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref13
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref13
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref13
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref14
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref14
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref14
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref14
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref15
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref15
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref15
https://doi.org/10.1557/jmr.2018.323
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1016/S0030-4018(96)00454-3
https://doi.org/10.1364/Josaa.12.001942
https://doi.org/10.1364/Josaa.12.001942
https://doi.org/10.1103/PhysRevLett.91.257207
https://doi.org/10.1103/PhysRevLett.91.257207
https://doi.org/10.1109/20.104389
https://doi.org/10.1016/j.actamat.2019.04.007
https://doi.org/10.1016/j.actamat.2019.04.007
https://doi.org/10.1016/j.jallcom.2010.10.210
https://doi.org/10.1016/j.jallcom.2010.10.210
https://doi.org/10.1063/1.4903741
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref25
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref25
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref25
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref25
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref25
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref26
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref26
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref26
https://doi.org/10.1016/j.intermet.2017.04.007
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref28
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref28
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref28
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref28
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref28
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref29
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref29
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref29
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref29
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref29
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref29
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref29
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref29
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref29
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref29
https://doi.org/10.1038/s41467-019-13311-1
https://doi.org/10.1038/s41467-019-13311-1
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref31
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref31
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref31
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref31
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref31
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref31
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref31
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref31
https://doi.org/10.1016/S0079-6425(99)00002-X
https://doi.org/10.1016/S0079-6425(99)00002-X
https://doi.org/10.1038/nmat2406
https://doi.org/10.1038/nmat2406
https://doi.org/10.1016/j.actamat.2016.08.081
https://doi.org/10.1016/j.actamat.2016.08.081
https://doi.org/10.1063/9.0000097
https://doi.org/10.1038/s41467-018-03846-0
https://doi.org/10.1038/s41467-018-03846-0
https://doi.org/10.1038/s41467-018-06757-2
https://doi.org/10.1038/s41467-018-06757-2
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref38
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref38
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref38
https://doi.org/10.1103/PhysRevB.96.014437
https://doi.org/10.1103/PhysRevB.96.014437
https://doi.org/10.1038/ncomms7529
https://doi.org/10.1038/ncomms7529
https://doi.org/10.1126/science.289.5481.930
https://doi.org/10.1126/science.289.5481.930
https://doi.org/10.1016/j.intermet.2017.11.017
https://doi.org/10.1016/j.intermet.2017.11.017
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref43
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref43
http://refhub.elsevier.com/S2589-0042(22)00317-0/sref43
https://doi.org/10.1016/j.actamat.2017.10.050
https://doi.org/10.1016/j.actamat.2017.10.050
https://doi.org/10.1016/j.scriptamat.2020.06.017
https://doi.org/10.1016/j.scriptamat.2020.06.017
https://doi.org/10.1002/adem.200300567
https://doi.org/10.1002/adem.200300567
https://doi.org/10.1038/srep01455
https://doi.org/10.1038/srep01455
https://doi.org/10.1016/j.actamat.2014.04.044
https://doi.org/10.1016/j.jallcom.2017.05.210
https://doi.org/10.1016/j.jallcom.2017.05.210


ll
OPEN ACCESS

iScience
Article
STAR+METHOD

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Co elemental powder Alfa Aesar CAS: 7413-34-5

Cr elemental powder Alfa Aesar CAS: 7440-47-3

Fe elemental powder Alfa Aesar CAS: 7439-89-6

Ni elemental powder Alfa Aesar CAS: 7440-02-0

Al elemental powder Alfa Aesar CAS: 7429-90-5

AlCoFeNi This paper

Borkar et al., 2017

Mendeley Data

https://doi.org/10.1002/adem.201700048

AlCo(Cr)FeNi This paper

Borkar et al., 2017

Mendeley Data

https://doi.org/10.1002/adem.201700048

Deposited data

Related code for magnetization calculation This paper https://doi.org/10.5281/zenodo.6331522

Software and algorithms

DigitalMicrograph Gatan Inc https://www.gatan.com/

HoloWorks Gatan, Inc https://www.gatan.com/products/tem-

imaging-spectroscopy/holoworks-software

Semper Saxton et al. (1979) https://doi.org/10.1016/S0304-3991(79)

80,044-3

Esprit Bruker https://www.bruker.com/en/products-and-

solutions/elemental-analyzers/eds-wds-ebsd-

SEM-Micro-XRF/software-esprit-family.html

IVAS 3.6.2 Cameca Instruments, Inc https://www.cameca.com/service/software/

ivas

Inspect 3D Thermo fisher scientific https://www.thermofisher.com/order/catalog/

product/INSPECT3D?SID=srch-srp-

INSPECT3D

Avizo Thermo fisher scientific http://www.thermofisher.com/amira-avizo

OriginLab OriginLab Corporation https://www.originlab.com

Python version 3.6 Python Software Foundation https://www.python.org

Other

TEM Thermo fisher scientific https://www.thermofisher.com/de/de/home.

html

Fischione 2050 Thermo fisher scientific https://www.thermofisher.com/de/de/home.

html

Gatan K2 IS Gatan, Inc https://www.gatan.com/

FEI Helios Nanolab 400s Thermo fisher scientific https://www.thermofisher.com/de/de/home.

html

FEI Nova Nanolab 20 Thermo fisher scientific https://www.thermofisher.com/de/de/home.

html

LEAP 3000X Cameca Instruments, Inc https://www.cameca.com/

VSM-Lakeshore 7404 Lake Shore Cryotronics, Inc https://www.lakeshore.com/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Dr. Qianqian Lan (q.lan@fz-juelich.de).

Materials availability

This study did not generate new unique materials.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

All original code has been deposited at repository and is publicly available as of the date of publication.

DOIs are listed in the key resources table.

Any additional information required to reanalyze the data reported in this work paper is available from the

Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Our study does not use experimental models typical in the life sciences.

METHOD DETAILS

Specimen preparation

AlCoxCr1–xFeNi (x = 0.5 and 1) bulk specimens were prepared by arc melting Al, Co, Cr, Fe and Ni pellets in

an Ar atmosphere, followed by annealing at 600�C for 15 h in an Ar atmosphere and quenching in water

(Borkar et al., 2017). Bulk magnetometry measurements were performed in a vibrating sample magnetom-

eter (VSM-Lakeshore 7404) using a maximum magnetic field of 1 T. Specimens for TEM and APT were pre-

pared using focused Ga ion beam milling in FEI Helios Nanolab 400s and FEI Nova Nanolab 20 dual beam

systems using a standard lift-out method. Electron-transparent (�100 nm) lamellae were attached to Cu

Omniprobe support grids for TEM measurements.

Atom probe tomography

APT experiments were conducted in a LEAP 3000X local electrode atom probe system (Cameca Instru-

ments, Inc.). All atom probe experiments were conducted in electric field evaporation mode at a temper-

ature of 60 K using an evaporation rate of 0.5% and a pulsing voltage of 20% of the steady-state applied

voltage. Data analysis was performed using IVAS 3.6.2 software.

Transmission electron microscopy

High-angle annular dark-field (HAADF) scanning TEM (STEM) imaging, energy-dispersive X-ray spectros-

copy (EDXS) mapping and electron to-mography were performed in an FEI Titan G2 80-200 transmission

electron microscope equipped with a high brightness field emission gun, a probe aberration corrector

and an in-column Super-X EDXS system. HAADF STEM images were recorded on a Fischione detector us-

ing a beam convergence semi-angle of 24.7 mrad and an inner detector semi-angle of 69 mrad. The chem-

ical compositions were analyzed using Esprit (Bruker) software.

3D reconstruction of region R1 using STEM tomography

The three-dimensional shapes of the A2 gen-2 precipitates and their distribution in the B2 matrix in the Al-

Co0.5Cr0.5FeNi HEA were studied using ADF STEM tomography. A tilt series of ADF STEM images was re-

corded over a specimen tilt range of �70� to +70� using a tilt increment of 5� between -50� and +50� and
2.5� otherwise. The tilt series was recorded automatically using FEI tomography software version 4.0, with

the dynamic focus function calibrated and enabled. Each ADF STEM image had a size of 20483 2048 pixels

with a pixel size of 0.19 nm. The electron beam convergence semi-angle was 24 mrad and the inner collec-

tion semi-angle of the ADF detector was 43 mrad. The ADF STEM images were aligned using cross corre-

lation and binned by a factor of 4. Tomographic reconstruction was carried out using the simultaneous iter-

ative reconstruction technique with 100 iterations. Image alignment and reconstruction were performed
16 iScience 25, 104047, April 15, 2022
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using FEI Inspect3D software version 4.1.2. Visualization of the three-dimensional reconstruction was car-

ried out using FEI Avizo software version 9.0.
Lorentz microscopy and off-axis electron holography

The same specimens that were used for microstructural characterization were used to study magnetic

texture using Lorentz microscopy and off-axis EH. Off-axis electron holograms were recorded in mag-

netic-field-free conditions (i.e., in Lorentz mode) in an image-aberration-corrected FEI Titan 80-300 trans-

mission electron microscope equipped with a high brightness field emission gun, an electron biprism, and

a direct electron counting detector (Chang et al., 2016) camera (Gatan K2 IS) using a typical exposure time

of 6 s. The biprism voltage was typically set to 100 V, resulting in an overlap interference width of 2.1 mmand

a holographic interference fringe spacing of 2.76 nmwith a contrast of 48% in vacuum. The objective lens of

the microscope was used to apply out-of-plane magnetic fields to the specimen of between 0 and 1.5 T.

Figure S5 shows an illustration of the approach used for off-axis electron holography experiments and

data processing. The electrostatic andmagnetic contributions to the phase shift were separated by turning

the specimen over inside the electron microscope using a modified Fischione 2050 tomography specimen

holder. Off-axis electron holograms were reconstructed numerically using a standard Fourier-transform-

based method with sideband filtering using HoloWorks software in DigitalMicrograph in the Gatan micro-

scopy suite, as well as using the Semper image processing language (Saxton et al., 1979). Contour lines and

color maps were generated from recorded magnetic phase images to yield magnetic induction maps. Ori-

ginLab and Python were used to process the data.
QUANTIFICATION AND STATISTICAL ANALYSIS

Values shown in Figure 6C are mean values obtained by multiple measuring the phase shift of individual A2

gen-2 precipitates of different size in each magnetic field using DigitalMicrograph. Error bars in Figure 6C

are the standard deviations of the phase shift.
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