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Full Paper

Beyond Solid Solution High-Entropy Alloys: Tailoring 
Magnetic Properties via Spinodal Decomposition

Ziyuan Rao, Biswanath Dutta, Fritz Körmann, Wenjun Lu,* Xuyang Zhou, Chang Liu, 
Alisson Kwiatkowski da Silva, Ulf Wiedwald, Marina Spasova, Michael Farle, Dirk Ponge, 
Baptiste Gault, Jörg Neugebauer, Dierk Raabe, and Zhiming Li*

Since its first emergence in 2004, the high-entropy alloy (HEA) concept has aimed 
at stabilizing single- or dual-phase multi-element solid solutions through high 
mixing entropy. Here, this strategy is changed and renders such massive solid 
solutions metastable, to trigger spinodal decomposition for improving the alloys’ 
magnetic properties. The motivation for starting from a HEA for this approach is 
to provide the chemical degrees of freedom required to tailor spinodal behavior 
using multiple components. The key idea is to form Fe-Co enriched regions 
which have an expanded volume (relative to unconstrained Fe-Co), due to 
coherency constraints imposed by the surrounding HEA matrix. As demonstrated 
by theory and experiments, this leads to improved magnetic properties of the 
decomposed alloy relative to the original solid solution matrix. In a prototype 
magnetic FeCoNiMnCu HEA, it is shown that the modulated structures, achieved 
by spinodal decomposition, lead to an increase of the Curie temperature by 48% 
and a simultaneous increase of magnetization by 70% at ambient temperature 
as compared to the homogenized single-phase reference alloy. The findings thus 
open a pathway for the development of advanced functional HEAs.
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lattice friction for dislocation glide. In this 
context, phase decomposition has been 
seen as an unwanted phenomenon, as 
phase separation leads to a state of lower 
atomic mixing and hence lower lattice 
distortion.[3] Despite this original prefer-
ence for designing single-phase HEAs, 
phase decomposition happens in most 
single-phase solid–solution HEAs after 
prolonged annealing at medium tempera-
tures,[4] and the focus in the field is pro-
gressively shifting toward exploiting rather 
than counteracting the metastability of 
these alloys. The reason for this shift in 
strategy is that additional phases may offer 
multiple advantages, ranging from high 
interface density to beneficial properties 
of the phases that are formed. The prac-
tically unbounded compositional space 
offered by the HEAs concept, particularly 
when dropping the tenet of a homogenous 

solid solution, provides numerous possibilities for exploiting 
complex phase transformation sequences compared to con-
ventional alloys. However, it is still unclear whether phase 
decompositions can be exploited to truly improve the proper-
ties of HEAs, which in turn would provide ample room for fur-
ther well-targeted thermodynamics and kinetics investigations. 
Phase decomposition has indeed been frequently observed 
in HEAs, however, mostly creating side effects outside of the 
target mechanical and magnetic properties, leading for instance 
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1. Introduction

High-entropy alloys (HEAs), composed of multi-principal ele-
ments, have shown great potential for achieving excellent 
mechanical and functional properties,[1] for example, a good 
combination of strength and ductility,[1e,h] high creep resist-
ance[2] and tunable magnetic behavior.[1j] The high-entropy 
effect was originally proposed to stabilize single- or dual-phase 
solid solutions, enabling high lattice distortion, to increase the 
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to brittle intermetallic precipitates,[5] grain boundary phase 
formation[4] or precipitates for strength increase following the 
Orowan effect.[6]

Here, we target phase decomposition of a HEA to inten-
tionally trigger spinodal decomposition for tailoring magnetic 
properties. Spinodal decomposition is a phase separation reac-
tion happening in a homogenous, supersaturated, and hence 
metastable phase. It does not involve nucleation but the free 
energy of the system is spontaneously reduced under energy 
gain through isostructural chemical decomposition.[7] The 
two formed regions, with initially identical crystal symmetry 
but different composition, form spontaneously and progres-
sively. They result from small initial compositional fluctua-
tions that grow into compositional modulations that follow 
the spinodal lines.[8] The lattice coherency among the adjacent 
spinodal regions is maintained during the early stages of this 
transformation pathway. This allows to study and exploit their 
chemical and structural states under the effect of the resulting 
compressive or tensile coherency stresses, which derive from 
Eshelby-type constraints between decomposition zone and 
matrix. The direction and magnitude of the coherency stresses 
depend on the volume misfit among the spinodal regions and 
their surrounding matrix as well as their shapes.

While the effect of hydrostatic and chemical pressure 
(e.g., via substitutional alloying) on the magnetic properties has 
been recently studied,[9] the role of spinodal decomposition in 
this context remains unexplored. As spinodal decomposition is 
accompanied by the build-up of elastic coherency strains and 
stresses, as explained above, the resulting pressure and volume 
changes can be used for adjusting local thermodynamic states. 
More specifically, volume expansion of a particular phase, rela-
tive to its free-standing counterpart, created by hydrostatic ten-
sile stresses, creates a state which is otherwise inaccessible in 
the design of bulk phases.[10] This is exploited as a key idea in the 
present study: the many chemical degrees of freedom offered 
by the HEA concept, compared to conventional alloys, are ben-
eficial to i) chemically design appropriate spinodal regimes; 
ii) realize the magnitude and direction (compressive/tensile) 
of the elastic distortion and the associated Hooke stresses of 
the decomposing spinodal phase(s) and the remaining matrix; 
and iii) tailor the magnetic features of the spinodal phase(s). 
Spinodal decomposition in HEAs and related multicomponent 
alloys thus opens a novel route to realize materials with well-
tailored internal elastic distortion states and magnetic proper-
ties via the design of coherent multiple phase arrays.

Spinodal decomposition in HEAs was reported before[1c,g,11] 
but only in confined and segregated regions such as in the 
Cr-Fe-Co enriched dendrites of an equiatomic AlCoCrCuFeNi 
alloy[11a] or at the grain boundaries of an equiatomic CoCrF-
eMnNi alloy.[11b] Moreover, most of these works did not unveil 
the associated thermodynamics and temporal evolutions of the 
spinodal. Since the decomposition effects previously observed 
in HEAs only occurred in spatially confined and segregated 
lattice defect regions, detailed or systematic observations 
regarding possible associated improvements in mechanical, 
electrical, or magnetic behavior were not conducted. For 
instance, spinodal decomposition phenomena observed in 
the zones between the primary solidification dendrites in an 
AlCoCrCuFeNi HEA were observed to increase the saturation 

magnetization by 9% at ambient temperature.[12] These find-
ings indicate that spinodal decomposition might be a suited 
design vehicle to enhance the magnetic properties of HEAs as 
will be demonstrated in this paper.

In this work we compose a novel non-equiatomic 
Fe15Co15Ni20Mn20Cu30 (at. %) HEA by bulk spinodal decompo-
sition upon annealing at 600 °C for 240 h. We find a dramatic 
increase in Curie temperature by 48%, that is, from 201 K to 
ambient temperature, and also in magnetization by 20%, 24%, 
and 70% at 5, 150 K, and ambient temperature, respectively. 
In situ and ex situ scanning transmission electron microscopy 
(STEM) and atom probe tomography (APT) were combined to 
elucidate the temporal evolution of the chemical compositions 
and the associated thermodynamics with progressing spinodal 
decomposition. Our results present a novel strategy to design 
metastable HEAs with outstanding functional properties.

2. Results and Discussion

Spinodal decomposition is effective for tailoring the mechanical 
and magnetic properties. It benefits from an uphill diffusion pro-
cess that can be used to create nanoscale dispersed phases with 
coherent interfaces in otherwise conventional alloys.[13] In previous 
studies, HEAs have been proven to achieve excellent mechanical 
properties via confined spinodal decomposition.[1c,g] However, 
research about tailoring magnetic properties of HEAs via spinodal 
decomposition is rare. Here, we show how to tailor the magnetic 
properties of HEAs by using bulk spinodal decomposition.

2.1. Design and In Situ Characterization of HEAs with Spinodal 
Decomposition

Predicting HEA compositions that are prone to undergo a 
spinodal decomposition in the bulk is challenging when con-
sidering that only a few quaternary or quinary experimental 
phase diagrams are known. In this work, we used the Ther-
moCalc 2019 software to calculate the range of temperatures in 
which the Fe15Co15Ni20Mn20Cu30 HEA will undergo a spinodal 
decomposition, using the TCHEA3 thermodynamic database 
for HEAs.[14] Figure 1a,b shows the thermodynamic calculation 
results obtained for the Fe15Co15Ni20Mn20Cu30 HEA. Figure  1a 
shows that a phase decomposition trend occurs below 830 °C 
and a spinodal decomposition below 730 °C, that is, where the 
stability function changes its sign. Figure 1b shows that Fe, Co, 
Ni, and Mn are enriched in phase 1 while Cu partitions into 
phase 2 below 800 °C. This trend of the elemental decompo-
sition behavior predicted by the thermodynamic calculations 
is consistent with the experimental results shown below but 
the compositions are not exactly the same. This is attributed 
to the fact that the used database (TCHEA3) has only been 
recently  developed and might still require refinement, as par-
ticularly the magnetic effects are challenging to be correctly 
captured by such thermodynamic database methods.

To monitor the real-time spinodal decomposition of the 
Fe15Co15Ni20Mn20Cu30 HEA at near-atomic level, we investigated 
this alloy using in situ heating in the STEM. Prior to in situ 
probing the bulk samples were first heated to 1000 °C with the 
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aim to form a completely homogeneous solid–solution and then 
fast cooled to room temperature by water quenching, resulting 
in a super-saturated solid–solution. Subsequently, TEM speci-
mens were prepared from the bulk samples, and annealed from 

200 to 800 °C in situ in the STEM mode to monitor the forma-
tion and growth of the compositionally modulated spinodal 
decomposition features. Figure 1c shows the high-angle annular 
dark-field (HAADF)-STEM images of the alloy after annealing at 

Figure 1.  Thermodynamics and in situ observation of spinodal decomposition in a Fe15Co15Ni20Mn20Cu30 HEA. a) Calculated mole fraction of the two 
phases and stability function for the Fe15Co15Ni20Mn20Cu30 HEA. Red squares and triangles indicate the mole fraction of the two phases as a function 
of temperature. The phase stability function, which describes the local curvature of the free energy curve, assumes a negative value if the phase com-
position is inside of a spinodal region. b) Calculated compositions of the two phases as a function of temperature. Fe, Co, Mn, and Ni are enriched 
in phase 1 while Cu is enriched in phase 2. The data of Fe (red) and Co (blue) are overlapping in the picture. The thermodynamic calculations were 
conducted using the Thermo-Calc software in conjunction with the TCHEA3 database. c) Temperature-resolved HAADF-STEM images of the spinodal 
decomposition of the Fe15Co15Ni20Mn20Cu30 HEA annealed in situ at 200, 600, 700 °C for 2 min and 800 °C for 6 min, respectively. d) Enlarged region 
marked by the short-dashed rectangle in (c) showing a high magnification HAADF-STEM image at 700 °C with corresponding EDS maps of the five 
principal elements, that is, Fe, Co, Ni, Mn, and Cu, in the same sample region.
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200, 600, 700 °C for 2 min and 800 °C for 6 min, respectively. All 
the images are taken along the <001> zone axis since the spinodal 
structures in this alloy are formed along {100} habit plane. No 
traces of the typical morphology of the spinodal decomposition 
can be observed in the alloy at a temperature of 200 °C, due to 
suppressed kinetics. When increasing the temperature to 600 °C,  
wavy and irregularly percolating regions appear as two distinct 
regions with bright and dark contrast, respectively. When the 
temperature is further increased to 700  °C, the features grow 
into typical modulated structures, characteristic of spinodal 
decomposition, into interconnected patterns. When increasing 
the temperature to 800 °C, the spacing between the intercon-
nected spinodal regions becomes wider, indicating competitive 
coarsening. To observe the modulated regions in more detail, 
Figure  1d shows a HAADF-STEM image of the area marked 
by the green dash rectangle in Figure  1c. The enlarged image 
reveals that the two regions have similar volume fractions and 
their average spacing follows a wavelength of about 20  nm. 
STEM energy-dispersive spectroscopy (EDS) maps are taken 
from a small area of 60 × 60  nm2 marked by a dark green 
dashed rectangle in Figure 1c. The EDS maps clearly reveal the 
pronounced redistribution of the five principal elements during 
the decomposition. The bright region caused by Z-contrast in 
the STEM image is enriched in Cu while Fe and Co are repelled 
to another dark-contrast region. The spatial variations of Mn 
and Ni are smaller than the ones of the other three elements, 
that is, Fe, Co, and Cu.

The effect of such elemental distribution on the corre-
sponding magnetic properties of the HEA is discussed below 
in Section 2.3.

2.2. Evolution of Size and Morphology of the Spinodal Patterns

We performed an isothermal annealing from 2 to 240 h at 
600 °C in order to investigate the decomposition mechanism 
and exploit its potential for tailoring the magnetic properties 
of the material. Figure 2 shows the APT and STEM results of 
the Fe15Co15Ni20Mn20Cu30 HEA annealed at 600 °C for 6 h. 
The APT results are presented in terms of 3D (Figure 2a), 2D 
(Figure  2b), and 1D (Figure  2c) reconstructions to reveal the 
morphology and elemental distribution during spinodal decom-
position. Modulated regions can be observed by the 3D recon-
structions of Fe, Co, and Cu in Figure 2a. Figure 2b reveals the 
50 at% iso-concentration surfaces of Cu and an in-plane compo-
sitional analysis of the identical sample region marked on the 
iso-concentration surfaces. The in-plane compositional analysis 
suggests that Cu is repelled by Fe, Co while Ni and Mn slightly 
partition to the Fe-Co enriched region. Figure 2c shows the cor-
responding 1D compositional profile taken along the length 
direction of the cylinder marked in Figure 2b. Cu enriched and 
Fe-Co enriched regions can be clearly distinguished in terms of 
the composition modulation. In the Cu enriched region, Cu has 
a maximum concentration above 60 at% while Fe and Co are 

Figure 2.  APT and STEM analysis of the homogenized Fe15Co15Ni20Mn20Cu30 HEA annealed at 600 °C for 6 h. a) APT tip reconstructions of Fe, Ni, 
Co, Mn, and Cu. b) 50 at% iso-concentration surfaces of Cu and in-plane compositional analysis of the identical sample region marked on the iso-
concentration surfaces. c) 1D compositional profiles taken along the length direction of the cylinder presented in the 50 at% iso-composition surfaces 
of Cu. d) High and low magnification HAADF-STEM images with corresponding EDS maps. The area of high magnification image is indicated by 
dark green dashed rectangle in the low magnification image. e) HR-STEM images of the Cu enriched region and the Fe-Co enriched region marked in 
(d) by the orange dashed rectangle and the blue dashed rectangle, respectively.
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depleted with minimum concentrations below 5 at%. The con-
centrations of Ni and Mn in this region are slightly below those 
in the bulk nominal composition. In the Fe-Co enriched region, 
Fe and Co are around 25 at% while the Cu content is only 
around 5 at%. It is interesting to note that Ni and Mn are also 
not uniformly distributed and prone to segregate to the Fe-Co 
enriched region. This is consistent with the TEM-EDS map-
ping results shown in Figure  1d. Figure  2d demonstrates the 
highly-interconnected structures observed by HAADF-STEM at 
both, high and low magnifications. The spinodal decomposition  
patterns in the HEA sample have an equiaxed shape and are 
crystallographically aligned along the <100>  directions because 
of the small coherency-strain energy associated with these direc-
tions.[8] The wavelength of the Cu enriched region observed in 
the HAADF-STEM is around 15 nm, consistent with the results 
from the APT analysis. Figure  2e shows the high-resolution 
STEM (HR-STEM) images of the Cu enriched region and the 
Fe-Co enriched region, which are marked in Figure  2d by the 
orange and blue dashed rectangle, respectively. The HR-STEM 
images reveal that the two coherent regions both have FCC 
structure.

Figure S1, Supporting Information presents the electron 
backscatter diffraction maps and APT analysis results of the 

homogenized Fe15Co15Ni20Mn20Cu30 HEA. The homogenized 
alloy is fully recrystallized in the FCC structure. Cu enriched 
zones are revealed using a set of iso-composition surfaces 
with a threshold value at 50 at% Cu. The Cu enriched zones 
embedded in the matrix have an average diameter of 2.94 nm 
with a volume fraction of 0.86%. These Cu enriched zones 
reveal the early stage of decomposition occurring already during 
quenching after the 1000 °C homogenization treatment.[13d] 
Figure S2, Supporting Information shows the APT analysis 
results of the HEA sample annealed at 600 °C for 2 h. Com-
pared to the homogenized alloy sample, the 600 °C/2 h  
annealed sample has higher volume fraction of Cu enriched 
zones (i.e., 2.7%). Figure S3, Supporting Information reveals 
the 3D reconstructions of Fe, Co, Ni, Mn, and Cu of the alloy 
samples annealed at 600 °C for 24 and 240 h. For the samples 
exposed to a prolonged annealing time (e.g., 240 h), the modu-
lated regions assume larger wavelengths.
Figure 3a shows the combined 1D compositional pro-

files taken from the APT reconstructions of the Fe15Co15
Ni20Mn20Cu30 HEA samples with different annealing time at a 
constant annealing temperature of 600 °C. These profiles have 
been corrected by using an analytical model[15] to account for 
the possible overlap caused by local magnifications associated 

Figure 3.  Wavelength and amplitude evolutions of the spinodal decomposition features in the Fe15Co15Ni20Mn20Cu30 HEA with increasing annealing time 
at 600 °C. a) 1D compositional profiles at different annealing times taken from the cylinders with longitudinal directions along <100>. b) Corresponding 
autocorrelation coefficient profiles of Cu in the 1D compositional profiles presented in (a). The calculated wavelength as a function of annealing time 
is shown in the inset. c) Evolution of the local Cu concentration in the Cu enriched region in alloy samples annealed at different times.

Adv. Funct. Mater. 2020, 2007668 2007668  (5 of 9) © 2020 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH



www.afm-journal.dewww.advancedsciencenews.com

to differences in the field evaporation behavior of the different 
phases. With increasing annealing time, the compositional 
differences between the Cu enriched region and the Fe-Co 
enriched region become stronger and the wavelength of the 
compositional modulations becomes wider. As a consequence, 
the magnetic properties of the HEA can vary significantly due 
to different annealing time which should be chosen appropri-
ately to achieve optimal properties. Figure  3b reveals the cor-
responding autocorrelation coefficient profiles[16] extracted 
from the 1D compositional profiles of Cu in Figure 3a. These 
reveal the increase of amplitude and wavelength of the spinodal 
decomposition with increasing annealing time. The parameter 
ki is the position of the ith Cu peak. The mean wavelength is 
calculated as the averaged values ki/i, i  = 1–5.[16,17] The exact 
wavelength as a function of annealing time is presented in 
the inset. The wavelength monotonically increases from 2.94 
to 44.26  nm with increasing annealing time from 0 to 240 h. 
The competitive coarsening kinetics, which becomes visible 
through the changing spacing λ among the spinodal decom-
position zones, can be approximated by using the classic 
Lifshitz–Slyozov–Wagner theory, which is a mean-field model 
for the kinetics of precipitation and Ostwald ripening from 
supersaturated solid solutions.[18] The relationship of the  
wavelength λ as a function of time t evolves as λ ∝ t1/3 during 
coarsening. Figure 3c shows the evolution of the local Cu con-
centration in the Cu enriched region as a function of annealing 
time. Ten measurements of the Cu concentration were obtained 
for alloy samples annealed from 0 to 240 h. The methods for this 
are described in Figure S4, Supporting Information. The local 
Cu concentration plots show that the amplitude of the spinodal 
decomposition reaches its equilibrium state after 6 h at 600 °C.

2.3. Magnetic Properties from Experiments and Ab Initio 
Calculations

Figure  4a presents the temperature dependent magnetization 
of the homogenized Fe15Ni15Co20Mn20Cu30 HEA upon heating 
from 5 to 390 K in an external field ranging from 0.005 to 
0.05 T. The solid curves were recorded after zero-field cooling 
while the dashed curve was measured after 0.5 T field cooling. 
The curves measured at lower magnetic fields (i.e., 0.005 and 
0.01 T) reveal a sharper drop of magnetization compared to that 
measured at higher magnetic fields (i.e., 0.02 and 0.05 T). We 
determine the Curie temperature Tc = 201 K of the alloy at the 
lowest point of the derivatives of the temperature dependent 
magnetization. The HEA sample annealed at 600 °C for 240 h 
with spinodal decomposition exhibits a substantially enhanced 
Curie temperature of 303 K, that is, a 48% increase (Figure 4b). 
The temperature dependencies of the magnetization curves for 
three intermediate annealing steps, that is, for 2, 6, and 24 h are 
shown in Figure S5, Supporting Information. Figure 4c shows 
the hysteresis loops up to 2 T of the Fe15Co15Ni20Mn20Cu30 HEA 
with different annealing time at 300 K. The magnetization of 
the HEA sample annealed for 240 h with spinodal decomposi-
tion increases by 70% (from 12 to 21 Am2 kg−1) as compared to 
the homogenized counterpart (0 h). The hysteresis loops of the 
HEA up to 2 T at 5 and 150 K, exposed to different annealing 
times, are shown in Figure S4, Supporting Information. The 

total magnetization for HEA samples prepared with different 
annealing times also increases with the formation of the mod-
ulated spinodal structures. Figure  4d highlights the impact of 
the different annealing times on the measured Curie tempera-
ture of the HEA samples. The APT reconstructions inserted in 
Figure  4d, all with dimensions of 40 × 40 × 200 nm3, include 
a set of 50 at% Cu iso-composition surfaces, which highlight 
the morphological evolution of the modulated structures. These 
results show that the Curie temperature experiences a slight 
drop after 2 h annealing and then increases to an equilibrium 
value after 6 h annealing at 600 °C. These results demonstrate 
that the Curie temperature is strongly related to composition 
changes of the different regions, as both the Curie tempera-
ture and the mean Cu concentration in the Cu enriched region 
(see Figure 3c) increase toward the equilibrium state after 6 h 
annealing.

It should be noted that a Cu-Ni-Mn enriched FCC phase and 
a Fe-Co enriched BCC phase are found at the grain bounda-
ries of the alloy samples annealed at 600 °C for 24 and 240 h,  
as shown in Figure S6, Supporting Information. The addi-
tional XRD peak marked as “unknown phase” in Figure S7, 
Supporting Information is likely to be caused by this Cu-Ni-Mn 
enriched FCC phase at the grain boundaries. The effects of the 
additional grain boundary phases on the temperature depend-
ence of magnetization curves of the alloy samples are shown 
in Figure S8, Supporting Information. For the alloy samples 
annealed at 600 °C for 0, 2, and 6 h (Figures S8a–c, Supporting 
Information), the magnetization is almost 0 when the tem-
perature is above the Curie temperature. However, for the alloy 
samples annealed at 600 °C for 24 and 240 h (Figures S8d,e, 
Supporting Information), there is still some remnant mag-
netization detected when the temperature is above the Curie 
temperature. This finding suggests that the additional grain 
boundary phases provide a small contribution to the magnetiza-
tion since they are still ferromagnetic when the temperature is 
above the Curie temperature determined by the Fe-Co enriched 
spinodal phase. Overall, the additional grain boundary phases 
have no effect on the Curie temperature of the bulk material 
but slightly enhance the material’s magnetization.

To rationalize the influence of annealing time and spinodal 
decomposition on the magnetic properties, we calculated the 
Curie temperatures at the corresponding experimental com-
positions employing ab initio density functional theory (DFT) 
simulations. The compositions of the Fe-Co enriched and Cu 
enriched regions, used in our theoretical simulations, are deter-
mined from APT measurements and summarized in Table S2, 
Supporting Information. Since the diameter of the individual 
regions are several nanometers (see Figure 2), we treated them 
in the simulations as bulk-like phases, that is, surface effects 
between the Fe-Co enriched and Cu enriched regions were 
neglected. The DFT calculations for the two individual bulk-
like systems reveal that the Curie temperature of the Fe-Co 
enriched region is approximately two times higher than that of 
the Cu enriched region. This large increase can be attributed 
to the higher amount of ferromagnetic Fe and Co in the Fe-Co 
enriched region. For an alloy with co-existing phases, multiple 
critical temperatures could be defined if some regions of the 
alloy lose their magnetic ordering at a lower critical tempera-
ture. Here we are interested in the highest temperature until 
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which magnetic long-range ordering in the alloy exists, which 
is determined by the phase with the higher Curie tempera-
ture.[19] We therefore determine the Curie temperature of the 
alloy from the calculated value for the Fe-Co enriched region 
(see Figure 4e). The computed Curie temperatures are slightly 
overestimated, a typical feature of the employed mean-field 
approximation.[20] An advantage of the computational study 
is that the impact of volume changes of the individual phases 
can be systematically studied. For a single-phase FeCoNiMnCu 
alloy,[21] we have estimated the Curie temperature at the alloys’ 

equilibrium volume. In the present study, however, the spinodal 
decomposition leads to regions with different compositions 
and, potentially, different local volumes due to coherency 
stresses, each capable of affecting magnetic properties such as 
the Curie temperature. To evaluate the volume effect, we per-
formed DFT calculations for the APT measured compositions 
and computed the volume of a hypothetically free-standing 
(unconstrained) Fe-Co solid solution (see also Figure S9, Sup-
porting Information). We find that the relaxed equilibrium 
volume of this Fe-Co region in the unconstrained bulk-like state 

Figure 4.  Magnetic properties of the Fe15Co15Ni20Mn20Cu30 HEA samples in different processing conditions. a) Temperature dependence of magneti-
zation of the homogenized and b) 600 °C/240 h annealed HEA samples after zero-field cooling in applied magnetic fields of 50-0.05 T and after a 
0.5 T field cooling in an applied magnetic field of 0.01 T. c) Hysteresis loops investigated up to 2 T of the HEA with different annealing time at 300 K. 
d) Experimental Curie temperatures as a function of annealing time. The morphological evolution of the alloy’s nanostructure as a function of annealing 
time is shown in terms of APT reconstructions of volume portions with dimensions of 40 × 40 × 200 nm3. The APT reconstructions also show 50 at. 
% iso-composition surfaces of Cu. e) DFT calculated Curie temperatures as a function of annealing time. The blue shaded area indicates the impact 
of strain induced volume dilatation on the Curie temperature, that is, the difference between the Curie temperature calculated for a hypothetical free-
standing unconstrained single-phase bulk-like Fe-Co alloy and that for the experimentally measured strained volume of the same region in the HEA. For 
the 6 and 24 h annealed samples, light blue squares and spheres indicate the Curie temperature values calculated for compositions corresponding to 
three different APT tips while the final value is the arithmetic mean over the three compositions. The oval shapes for these two annealing times mark 
the fluctuations in the Curie temperatures that occur due to the scatter in local composition among the different APT specimens.
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would decrease by ≈3.2% after 240 h of annealing with respect 
to the volume of the 0 h annealed HEA. In contrast, however, 
the XRD measurement (shown in Figure S6, Supporting Infor-
mation) for the HEA after 240 h of annealing exhibit only a 
1.1% reduction in volume of the Fe-Co enriched region. This 
suggests a tensile hydrostatic coherency strain acting on the 
Fe-Co enriched region, caused by the Cu enriched region. 
We estimated the lattice misfit of the current alloys based on 
Svoboda’s scheme[22] for calculating the stress created by two 
adjacent coherent phases in superalloys.[23] The lattice misfit δ 
is defined as δ = 2(ɑγ − ɑγ′)/(ɑγ + ɑγ′), where ɑγ and ɑγ′ are the 
lattice parameters of the two adjacent FCC phases. For the alloy 
annealed at 600 °C for 240 h, the lattice misfit is around 0.37% 
and the associated lattice misfit stress is estimated to be around 
375.9 MPa. Additionally, we also derived the volumetric strain, 
that is, (change in volume/original volume) × 100%, for the 
Fe-Co region which is in the range of ≈1.5% to 4% depending on 
the considered alloy (see Table S3, Supporting Information). To 
study the impact of such a volume effect on the Curie tempera-
ture, we simulate the Curie temperature of the Fe-Co enriched 
region not only using the experimentally measured volume, 
but also using the volume of the hypothetical isolated strain-
free Fe-Co bulk-like phase. Figure 4e shows the calculated Curie 
temperatures of the Fe-Co enriched region at these two dif-
ferent volumes, that is, at the equilibrium volume of the Fe-Co 
enriched region as a hypothetically single phase strain-free 
(marked with blue squares) and at the experimentally measured 
volume of this region in the decomposed alloy (marked with 
blue spheres). Note that for the 6 and 24 h annealed samples, 
Curie temperatures were calculated for three slightly different 
compositions (marked with light blue squares and spheres), 
corresponding to the compositions yielded for the three dif-
ferent APT tips with the final value being the arithmetic mean 
over the three compositions. This allows us to investigate the  
fluctuations in the calculated Curie temperatures (ovals) that 
occur due to the uncertainty in composition of the APT anal-
ysis. Such compositional uncertainties and thus fluctuations in 
the computed Curie temperature could also occur for the other 
considered annealing times. Such fluctuations are, however, 
not large enough to alter the main trend derived from the calcu-
lated Curie temperatures.

The calculated trend for the Curie temperature at the experi-
mentally measured volume of the Fe-Co enriched region 
(which is under tensile hydrostatic strain as compared to its 
hypothetical single-phase unconstrained counterpart) correctly 
describes the experimentally observed changes in Curie tem-
perature versus annealing time. Since the experimentally meas-
ured volume change is small (≈1.1%), the strong increase in the 
Curie temperature of about 60 K is governed by the chemical 
composition of the Fe-Co enriched region, in particular the 
increase of the Fe- and Co-amount, see Table  S2, Supporting 
Information). In contrast, the time evolution of the Curie tem-
peratures calculated for a hypothetical strain-free single-phase 
Fe-Co solid solution (with the same composition) shows a 
qualitatively very different trend. The increase of Curie tem-
perature in this case after 240 h of annealing is below 8 K. This 
much weaker increase of the Curie temperature is caused by 
the decreasing volume of this phase, if it would be a strain-
free single-phase bulk-like material. This clearly shows that the 

remarkably increased Curie temperature as obtained in the pre-
sent HEAs after prolonged annealing cannot be explained by 
the formation of the Fe-Co enriched region without considering 
some elastic strain. Rather, the tensile hydrostatic strain of ≈2% 
caused by the Cu enriched region, translating to the volume 
expansion of the Fe-Co enriched region is central to achieve the 
improved magnetic properties. Thus, the spinodal decomposi-
tion in the present HEA provides an ideal platform to constrain 
the decomposed regions (in this case Fe-Co enriched region 
at an expanded volume as compared to its strain-free state) 
thereby improving the overall alloys’ magnetic properties. Due 
to the presence of multiple principal elements, miscibility gaps 
in HEAs can be well tailored for triggering spinodal decomposi-
tion. Hence, the present approach of using the miscibility gap 
to purposefully trigger spinodal decomposition is a promising 
strategy to tailor functional properties of HEAs and other mul-
ticomponent alloys, as demonstrated here for the example of 
magnetism.

3. Conclusions

In conclusion, we show for a prototypical non-equiatomic meta-
stable FeCoNiMnCu HEA that spinodal decomposition can be 
used to design a specific Fe-Co enriched region at an expanded 
volume (due to coherency stresses) to improve the alloys’ 
magnetic properties, relative to those for an unconstrained 
single-phase bulk-like material of the same composition. We 
investigated the spinodal decomposition at atomic scale in situ 
with a heating stage in the TEM. The composition evolution 
was tracked ex situ by STEM and APT probing. By employing 
DFT calculations we identify as origin of the large enhance-
ment of the magnetic properties the formation of Fe-Co 
enriched region which is under a tensile hydrostatic strain, that 
is, volume dilatation, due to the coherency strains imposed by 
the surrounding matrix. The multi-component HEA approach 
provides an ideal platform for designing materials with an ade-
quate spinodal regime owing to its many degrees of freedom 
regarding both, composition and coherency strains. As a result, 
the decomposed HEA with two regions (Fe-Co enriched region 
and Cu enriched region) leads to a surprisingly large increase 
in Curie temperature and magnetization.

Thus, we show here that we break the initially advocated limits 
of stable solid solutions to stabilize HEAs, opening up alterna-
tive avenues for the design of advanced functional materials. The 
new approach is characterized by three measures that violate the 
original HEA concept: first, we use the wide compositional space 
of HEAs to render them not stable but instead thermodynami-
cally metastable. Second, the metastable state should be suited 
to trigger spinodal decomposition. Third, this decomposition 
should be associated with composition- and coherency-dependent 
elastic constraints that introduce site- and phase-specific internal 
stresses as an additional design parameter, here, used for lending 
the regions affected better magnetic properties.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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